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PREFACE 

Synthesis of materials by shock-induced chemical reactions (shock chemistry) has in 
recent years, evolved from the stage of curiosity-driven and proof-of-concept experiments, to 
the need for developing a fundamental understanding of this unique but complex process. The 
unusual combination of pressure and temperature states that produce the large plastic 
deformations, are only singularly possible during shock-compression. Shock chemistry can, 
thus, be applied for synthesis of metastable phases, non-stoichiometric compounds, and modified 
microstructures. The complex nature of the reaction process-mechanisms and kinetics, has 
however, been only recently realized. It is therefore essential to obtain a complete 
understanding of the fundamental mechanistic and kinetic aspects of processes responsible for 
shock-induced reaction chemistry. 

The workshop on "Shock Synthesis of Materials", held at Georgia Institute of 
Technology, brought together researchers having different backgrounds, with expertise in solid- 
state phase transformations, high-pressure chemistry, mechanical alloying, combustion synthesis, 
energetic materials, high-strain-rate deformation, and shock-wave physics. It was for the first 
time that such a group was assembled to review, discuss, and critique the current understanding 
of shock chemistry, and to provide different perspectives of the complex issues that need to be 
addressed. The workshop was attended by about 45 scientists, including five each from Japan 
and Russia. The specific focus highlighted for the workshop was to discuss about the "process 
mechanisms" and "reaction kinetics" associated with shock chemistry relevant to materials 
synthesis applications. 

This proceedings includes abstracts and viewgraphs/papers of talks presented during the 
four topical sessions: Shock-compression Principles; Real-time In-situ Measurements; 
Mechanistic Issues Associated Processes; and Shock-Synthesis Applications and Process 
Mechanisms. The comments and remarks of session chairs are included at the beginning of each 
session. The final half-day included coordinator-led discussions on general issues related to 
"Modeling and Measurements" and "Mechanisms and Applications." The questions that were 
targeted for discussions during the workshop, and the highlights of issues presented and 
discussed, as well as other questions raised, during the various sessions and on the final day, 
are presented as separate listings following this preface. 

The help of Ms. Ruth Book in coordinating the many things before and during the 
workshop, and in the compilation of this proceedings, is greatly appreciated. 

Naresh Thadhani 
Georgia Institute of Technology 
Office 

ated. 

Edward Chen 
U.S. Army Research 
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QUESTIONS  TARGETED 

The following questions were emphasized for the workshop and targeted 
during the various presentations and discussions: 

(a) Has the initiation and completion of chemical reactions during shock 
compression of powder mixtures, been conclusively demonstrated? 

(b) Is it possible to establish the progress of reaction (fraction 
transformed with time) with available time-resolved measurement 
techniques? 

(c) What are the limitations of current time-resolved measurement 
techniques and what other novel in-situ measurement techniques need 
to be explored? 

(d) What is the current understanding of the process mechanisms and 
kinetics of chemical reactions occurring during shock compression of 
powders? 

(e) Can mechanisms of other types of chemical reaction and phase 
transformation processes, occurring in time scales ranging from 10"9 

to 103 seconds, be used to develop mechanistic models of shock 
chemistry? 

(f) Can numerical models be developed to account for the influence of 
materials characteristics and shock compression conditions on 
configuration changes leading to chemical reactions during shock 
compression? 

(g) Can applications of shock chemistry be realized for synthesis of 
materials? 
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HIGHLIGHTS  OF  ISSUES 

Some of the important issues presented by the speakers, or more extensively 
discussed during the respective and general discussion sessions are 
highlighted below: 

Shock chemistry was first investigated almost fifty years ago, along with and 
at the same time as mechanical alloying of powders and sonar chemistry. 

Do chemical reactions initiate during the "collapse of pores (voids)" or 
during plastic deformation as a consequence of collapse of voids? What is 
the extent of reaction in each stage? 

Are mechanisms of shock chemistry analogous to those occurring during 
combustion synthesis or mechanical alloying of powders? 

Once initiated, chemical reactions in exothermic (AHR < 0) powder mixture 
systems, should be self-sustained. If not, what stops the reactions or 
prevents them from being self-sustained? 

Modeling of shock compression of powders with element dynamics shows 
local velocity increases, cracking of solid particles during compression 
(collapse), and rotations of particles (elements) in the vicinity of the cracks. 
Furthermore, smaller particles undergo more rotations than larger particles. 
Questions then arise about how would a liquid element behave in contrast 
to solid particle? Will it also show similar rotations, or will it act as a 
lubricant during element rotation. 

* Cylindrical implosion experiments on Mo-Si and Nb-Si powder mixtures 
show that chemical reactions in these systems occur in shear band regions. 

* What is the role of shear in reaction initiation? Shear will not enhance mass 
transport, but will promote plastic flow and cleansing of surfaces. 

* Initiation of chemical reactions can be correlated with regions of turbulent 
plastic flow and instabilities at interfaces. 

* Thermochemical modeling of shock-induced chemical reactions can be more 
correctly calculated from assumptions of constant pressure as a reference 
state rather than constant volume as the reference state. 

* 



Shock-induced chemical reactions occur by mechanisms involving solid- or 
liquid-state processes. Mixing in either state may be proposed by various 
types of conceptual models, but for complete chemical reaction to occur, 
need mixing at the molecular level. 

Factors influencing pore collapse during shock compression of powders 
include inertial effects and strain-rate sensitivity effects.    Both of these 
retard the collapse of pores. 

Strain-rates during pore-collapse are of the order of 1.5 x 105 s"1. 

There is convincing evidence that at the shock front, material is in a plasma 
state, and bonding electrons are free electrons. Therefore, transport 
numbers have to be similar to those for liquid-like and not solid-like 
systems. Furthermore, shock compression involves states that are far from 
equilibrium; thus, one has to be careful about how we define and distinguish 
between a liquid and a solid phase. Under shock loading, defect 
concentrations can pumped up beyond saturation levels such that a solid is 
not easily distinguished from a liquid. 

X-ray diffractions studied have been used for investigating sub-nanosecond 
resolution shock-wave effects in materials. Q. Johnson et al (1970-72) 
reported first such studies. Kondo also reported about some investigations 
in 1974. In more recent years J. Wark, R. Whitlock, and E. Zaretsky have 
used x-ray diffraction for investigations of sub-nanosecond effects. 

In-situ Raman spectroscopy has been used to investigate symmetry changes 
in diamond in real time. It has also been used to investigate decomposition 
mechanisms in amine-sensitized nitromethane explosives, where the breaking 
of C-N bonds is clearly revealed. 

Time resolved temperature (thermocouple) and pressure (manganin gauges) 
measurements have now been performed on Sn + S and Sn + Te systems, 
with a time resolution of better than 10"7 s. According to these 
measurements, shock-induced chemical reactions in Sn + S occur in 20 ns 
at 150 GPa, and in Sn + Te mixtures in 18 ns at 50 GPa threshold 
pressures. 

Mechanisms of chemical reactions in Sn+S and Sn+Te involve processes 
of superfast diffusion. 
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The time-dependent loading response of powders is a function of particle 
morphology. Teir crush strength is dominated by initial void volume and 
particle size. Shock-wave rise times in powders are of the order of several 
hundreds of nanoseconds, making them more like "dispersed" waves, thus 
use of jump conditions for such non-steady dispersed waves is limited. 

A model (or so-called "homogeneous") system needs to be used for attaining 
a detailed understanding of shock-induced chemical reactions. Can layered 
structures be used to simulate or develop a model system? Layered 
structures may not be truly representative of a powder mixture system. 
Particle velocity changes are different in powders in contrast to layers. 

Shock-compression is a means of producing very large strains at 
low/moderate temperatures. Since, solids sustain shear deformation at low 
temperature, the strain energy developed can be significantly greater than 
the thermal energy. 

Bridgman's shear experiments are classic examples of the role of shear on 
chemical reaction. He measured reactions in a shear cell at 15 kbar static 
pressure, in time scales of 0.1 ps, with the reaction wave propagating at 
velocities of 106 cm/s. But in these experiments, in the absence of gas, 
what does the work that causes an explosion. There is a large release of 
energy density and the product literally splits into particles. 

Shear deformation has the largest effect and shear can also break symmetry. 
Thus, shear should have a greater contribution on bond breakage than the 
dilatational changes. 

Combustion synthesis can be activated by the application of a magnetic field, 
mechanical force, and thermal means. Magnetic field introduces an excess 
thermal energy to the combustion synthesis process, thereby triggering self- 
sustained reactions in otherwise sluggish systems. 

The chemical driving force (A/*) for static high pressure chemistry is the 
contribution due to PAV. For example for teflon, the chemical potential 
increases from -1 to -100 kJ/mol, with pressure increase from 1 to 10 GPa, 
and volume change (AV) from -1 to -10 cmVmol. 

From the applications point, effect of physical/chemical shock activation has 
proven successful in enhancing the sinterability of hard-to-bond powders. 



Shock-compression has been used to synthesize /3-phase modifications in 
mixtures of different rare-earth oxides (AHR > 0), in which the product 
appears to form upon rapid solidification of the eutectic. 

Real-time (in situ) electrical conductivity measurements, in Sn + S powder 
mixtures shock-compressed at —10 GPa (much below pressures 
used/reported by Batsanov), show initiation of chemical reaction in 
millisecond time scales, while complete reaction occurs in 1 s. 

For successful theoretical modeling work, more information is needed 
regarding the dispersive nature of multiphase waves, localized mechanics, 
nature of hot spots, chemical and thermal paths, and mixed phase behavior. 

Present work on shock chemistry is only the beginning in the filed of 
synthesis of metastable materials by shock compression. 

Attempts to shock synthesize C-N compounds, from compounds such as 
C9H3N3 result in crystalline graphite with trapped N (C466N). 

Control of shock temperature and pressure are both necessary for 
maximizing the yield of diamond formed by explosive shock synthesis. 

Synthesis of high-pressure phases via phase transformations involve reaction 
paths that include diffusionless transformations followed by diffusional 
processes to lock in the high-pressure phase. 

Precursors of B-C-N mixed with 96 mass % Cu and compacted to 70% 
TMD, forms B-N-C products containing a solid-solution of BN and C. 

For   shock-induced  polymorphic   phase  transformations,   the   threshold 
pressure is a function of the crystal orientation. 

Unusual shock-induced phase transitions are observed in rare earth materials 
in which the product phase density is lower than that of the initial state. 
Some of these systems include Tm2Sm3(5/>=7.27 to 6.07) , Nd203 (5p = 
7.42 to 6.29), SmF3(6.93 to 6.64), HoF3(5p=7.83 to 7.64), GeSeTe (a to 
ß phase).   There are only 20 compounds that show such a behavior. 

Model experiments and internal state variables need to be designed and 
identified to help model numerical simulations. 
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SESSION I:  SHOCK - COMPRESSION PRINCIPLES 

K. Iyer, SESSION CHAIR COMMENTS 

The subjects of shock synthesis and shock-induced reactions have been somewhat oversold in 
the past. Not really knowing what the "other side" was doing was enough of an inducement to 
get into any subject in the past. I hope, at least from now on, we can formulate directions for 
our research activities on well-thought out scientific reasons. 

Conditions at or behind the shock front are severe and uniquely different from quasi-static 
loading conditions. There is reason to believe that many processes and phenomena (phase 
transformations, chemical reactions, material conditioning etc.,) are possible under such 
conditions; some of them may even turn out to be technologically significant. 

The workshop was a first in the sense just about everybody who was either working in the field 
or interested in the field was a participant. For the first time workers from several countries 
could exchange ideas without having to guess at it. I think the workshop tried to cover too 
much and too many subjects. A much more focussed affair, say on chemical reactions, might 
have produced tangible conclusions and directions for future work. Many potential applications 
were mentioned and they were all based on wishful thinking. 

From a scientific point of view, a lot of qualitative observations have been made. Many 
speculative models have been proposed. Knowledge from studies of SHS reactions, mechanical 
alloying, and equilibrium phase diagrams have been extended to understand an essentially non- 
equilibrium process. I see a need for unambiguous, reliable, and reproducible diagnostics; 
development of theory to interpret the measurements; and then development of models for 
predictive capability. Until questions such as when?, what?, and how much? are answered it 
is difficult to see much future for this kind of endeavor. I hope this is not viewed as a negative 
remark but as a strong suggestion for future direction. 
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KINETIC MODELING OF SHOCK CHEMISTRY 

Y. Horie 
North Carolina State University 

Abstract 

There is increasing experimental evidence that significant 
fast chemical reactions occur at the shock front in inorganic 
powder mixtures. These observations are based on (1) anomalies in 
the Hugoniot of reactant mixtures, (2) pressure and temperature 
profile measurements, and (3) a combined analysis of recovered 
specimens and pressure measurements. It is thought that these 
fast reactions that occur on the order of one microsecond or less 
cannot be adequately described by conventional diffusion 
mechanisms, but at the present time there is very little 
understanding of the detailed mechanisms. 

This paper describes the development and selected testings 
of the hydrodynamic constitutive models called VIR to analyze and 
interpret the observed fast chemical reactions in powder 
mixtures. The acronym VIR signifies the three most important 
ingredients of the model: Void, Inactive and Reactive species. 
The critical assumption of the VIR is that the latter two form 
separate thermodynamic sub-systems within a closed mixture system 
as a whole. Theoretically, this separation is intended to 
describe localized reactions, but is also based on recovery 
experiments. The most recent model, however, includes reactions 
even in the I sub-system. 

Currently, there are two basic types of the VIR model. The 
difference is based on the assumptions we ascribe to the behavior 
of the subsystems. The first and most often used model is based 
on homobaric (mechanical equilibrium) and homokinetic (single 
particle velocity) assumptions. There is no mass transport 
between the two subsystems, but heat transport is permitted. 

The major purpose of developing this model is to study the 
interaction of hydrodynamic flow of porous inorganic media with 
thermodynamic changes associated with chemical reactions. 
Recently, however, we found that the theoretical underpinning of 
this model is very closely related to that of Johnson, Tang, and 
Forester for solid explosives, and the Herrmann's formulation of 
reactive solid media. 

Testing of this model has been successfully carried out with 
a variety of material combinations. They include Al/Ni, 
Al/Hematite, Ti/Si, and Si/C/diamond. But, it is important to 
note that these calculations are basically model calculations 
involving a variety of assumptions. They are for instance, 
hypothesized chemical reactions, estimated equations data, and 
crush-up behavior of the powder mixtures. 
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The second model is a heterogenous model and removes the 
homobaric and homokinetic assumptions. The resulting governing 
equations resemble basically those for two phase flow. But, our m 
model which is based on the continuum mixture theory extensively » 
used by Baer at Sandia for the study of solid explosives, contain 
an extra term that is controlled by the volume fractions of g 
constituent species. m 

At the present time this model is only used to study the „ 
heterogenous flow in binary powder mixtures» Also, voids are^ m 
treated not as a separate entity, but as a part of the equation m 

of state of each constituent. 
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For application the model is used to demonstrate the 

existence of slip velocity in shock-loaded Ni/Al powder mixtures. 
Obviously, the result strongly depends on the inter-particle 
interactions we specify in the model, but a model with viscous 
shear produces the slip velocity on the order of several hundred 
meters per second under the symmetric impact of a Ni/Al mixture 
at 1 km/s. There is experimental evidence that the chemical W 
initiation may be related to the question of how this large_   _       • 
kinetic energy is dissipated under shock compression. That is, if 
it were dissipated "uniformly" among the powder grains, then 
there will be no significant chemical reactions. Under such 
circumstances, the powders maintain their starting neighbor 
configurations. However, if it were dissipated heterogenously, m 
the results are intense localized flow and may even cause global       £ 
turbulent and chaotic motions. These localized intense shear_ 
motions and vorticity will then enhance mass mixing and initiate 
explosive chemical reactions because of elevated temperatures. H 
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"Shock chemistry 9 as It now exists^ Is an exercise In 
old-fashioned chemistry? a science of end states In 
which substances were mixed and processed^ and the 
reaction products were collected and analyzed,," 

George K Duvall (1984) 



1 
1 
1 

Real-Time Measurements of Shock Initiation and 
Shock-Wave Profiles in Reactive Granular Mixtures 

1 
Year Team Measurement Threshold 

(GPa) 

1986 Batsanov et (Sn+S) Shift in Hugoniot 15 

1 1988 Boslough (Al+Fe203) Temperature 5 

1 1990 Hardt (Al+Fe203) Pyrometer 12-15 

1 
1 

1992 Bennett et al (Al+Ni) Reflected Hugoniot 15 

1992 Yoshida & Thadhani (Nb+Si)    Cs & Hugoniot 20 

1993 Dunbar et al (Ti+Si) Hugoniot 1-2 

1 1990's SNL P&u 
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BatsaeoY et al (198 ") 

Sn + S Mixture 

Screen 

Figc 1 

Sample 
v, cmVg 

Figo 2 

Fig, 1.  A typical x-t oscilloscope trace and p-U diagram for 
calculating the shock parameters in a test sample, 

Figo 2o  The shock adiabat of tin sulfide (points 1) and of a 
stoichiometric mixture of Sn + S (points 2).  (Points 3 denote 
the shock adiabat of an inert Sn + S mixture.) 
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Bennett et aS (1992) 

Lead wires Manganin 
gauge 

Stainless steel 
backing plate 

Stainless 
steel 

cover disk 

Steel cover 

Steel flyer plate 

Steel sample 
retainer ring 

3S0 

300 - 

250 - 

2 200^ 
a. 

°iso ^ A 
V) 

100 

Predicted Pressure 
8     Measured 3-7j*m Ni 

Measured OpmNi 
 1 T—i——r 

600      800     1000    1200    1400    1600 
lapacC Velocity   ("/s) 

Figure 2. Measured reflected shock pressure vs impact 
velocity for two series of experiments. 



Bask Issues 

1, Initiation and Growth of Chemical Reactions 

»Threshold conditions 
-Mechanisms 
»Mierostractural effects 
-Chemical paths 
-Rates 

2c Equation of State and Pore Compaction Data 

-Properties of exotic liquid products 
-Crush-up pressure 
-Rate effect 

3o Dynamics of Heterogenous Flow 

-Fundamental theoretical problems associated 
with multiphase and meltlspecies systemSo 

4. Instabilities of Flow and Interfaces 

So Energetic VoS0 Ballotechnlc Reactions 

6o Non=Hydrostatk Stress Components 



Focus of Theoretical Work at NCSU 

- Interaction of complex material motion with the 
thermodynamic changes associated with chemical 
changes 

Appraoch 

- Numerical analysis of detailed simulation models 



IX. 

P-a model 

Inert 
subsystem 

P T 

de, = 5q, - (p + nWu, 

de, = Tds, - p,du, 

Reactive 

P  T 

d^ a^a-(p-*- n)(du-du() 

Heat Transfer 

Postulates: 

Total system        e s 2 ^fc** 

des-fp-s-rjjdv 

ee subsystems: one void 
temal heat transfer (two T) 
echanical equilibrium; sing 
ultispecies 

two material 
not mass 

p and u 

leat transfer 
"hemical kinc 
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MATHEMATICAL VIR MODEL 
a) Specific internal energy equations: 
IdE = - (P+Ti) dv 

i) Subsystem (a): 
dEa = 5qa - (P+Ti)dva dEa = Tadsa - Padva + IdCaigai 

ii) Subsystem (b): 
dEb = 8qb - (P+T!)(dvb + dvvoidAb) dEb = Tbdsb - Pbdvb + Ed^bigbi 

| b) Extensive properties: 
Ex = ^x iEx i 

M sx = ^'xisxi sxi = sxi^vxi' 4xF 
v    - EC   .v   • v   . =  v   .(P   . T   ■) 

x 'XI    XI XI Xlv     Xl'      Xl' 

where x = a,b and the summation applies over the species i 

c) Heat conduction between subsystems (a) and (b): 

qa = Asht(Tb - Ta) 

% = - (W % 
where ht = p0Cv8/R0 (5 = thermal diffusivity, Ro = mean particle radius) 

1 d) Chemical reactions: 
^v = 4nv(l ■ ^v) em£x       *■ , First order Arrhenius equation 

Reactant: Cxj = (Mxj/ZMxj)(l - ^x) 

Product:   ^xk = (M^lM^)^ Initiation = f(p, T,...) 

e) Pore Collapse: 
Polynomial  P-a model 

f) Volumetric compatibility equation: 

v =   ocvd + aaava +   Xbvb) where vd = lava +   Xb\} 

I g) Equation of state: 
PxiKi'Txi) = (ßi»xi [(vx/vxi0)-n -1] + Cvxi (r/v)xi(Txi -Txi0) 

h) Mechanical equilibrium: 
Pa=Pb 



JO X as 

p- 
+ 

of 
,   ed c3 

U        > 

8 
CO. 

UK 

ed 

U 

ca 
p 
+ 

£3 

c< 

X 
> 

cd 
H 

ea 
X 
> u 
X 

urc 

u 
rt 

r< 

H 

X 

o 
I 
5 

U        > 
H 

ea 

+ 

I 

of 

U* > 

of 
X 

ca 

P + 

X 
> 

> 
ce 

0= 

u 
X 

+ 
u    u1 X 

> 

of > u 

u* 
u 

X) 
H ea 

x 
> 

X 

ca 
+ 

£3 
S3 

H 

x 

c3 

ca 
o 

+ 
• a4 

03 

ca 

C3 

u 

I———I 
X 

X 
O 

+ 
X 

• or1 

+ 

C3 

I 
©   > 

P" 
+ x 

l i 
X 

£ > 
X 

CGL, > u 

T3 
> 
Ö 

I 
> 

+ 

cal     x 



»I 

I 
I 
I REDUCED VTR MODEL 

I 
1 m 

I 

I 
I 
I 
I 
I 
I 
I 

Pressure and Temperature for a Single Reactive Mixture 

1 •          t     •    r     *   •    ß S ♦ P = (H0^-Pvch)--(v-Vch)^- 
V V I 

1 •        •    •     i     •  •     r 8 ♦ T = (H04-»Pvch)—-(v-Vch)T- 

1 
1 where H0 % = Internal Energy Change due to Reaction 

and vCh = XCjVj. 
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Mode! Simulation of      Al-Fe203 Experiment (Boslough) 
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20% Reaction During 
the Incident Shock Front 

36% Reaction During 
the Reflected Shock Front 
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J 
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Figure 3. Experimental and numerically computed incident and reflected shock temperature profiles 
for an Al-Fe203 powder mixture. The experimental arrangement is illustrated in the insert. 

Disagreement between the arrival time of the measured and calculated reflected shocks is most 
likely caused by inaccuracies in the material properties. 



Features of Shock-Induced Inorganic Reactions 

-Reaction Rate Constant« 0o5 ~ 2 jisec 

-Initiation Thresholds 800 -19200 K, 
sensitive to p and u9 
Initiation in the shock front 

-Incubation time: § ~» L4 (isec 

-Key Parameters: Heat of reaction, ßs9 and specific 
volumes of products« 
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Shock-Induced Heterogeneous Flow in a Powder Mixture 

Shock Front 
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Void 

Material A Material B 
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TA T B 
Heat 
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PQTTATION OF MOTION FOR A BINARY MIXTURE 
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SIMULATION OF SHOCK-INDUCED HETERQGBNOÜS 
FLOW IN 5Q/5Q wt % Ni-Al MIXTURE 

(Symmetric Impact) 
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Transformation of Kinetic Energy to Surface Energy 

Neighbor Preserving 

Mixing Length: 

_ 6<7 1 = 
8 pU 

Typical Metals: 

Instability, Turbulance, etc. 

a =    1 joule/m 

u =    200 m/s } 1 =0.1 micrometer 



Concluding  Remarks 

More Light 

»More material data 
-Experiments to test model assumptions 
-New Models 
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Comments by Y. Horie 

My comments will made in the form of replies to the 
questions raised in the preamble of the Workshop. 

(a) Has the initiation and completion of chemical reactions 
during shock compression of powder mixtures, been conclusively 
demonstrated? 

There are strong experimental indications (pressure 
measurements) that can only be explained by the initiation of 
chemical reactions at the shock front. It is not fruitful to 
argue whether they are conclusive or not, because short of 
spectroscopic measurements the term can connote different things 
to different people. What is more important at the present time 
is to demonstrate the reproducibility of the observed phenomena. 
There is nothing more stimulating in science than a repeatable 
phenomenon that cannot be explained by existing theories. 

To my knowledge there has been no experiment that showed the 
completion of reactions during shock compression. Like phase 
transitions, this question could be settled by measuring 
Hugoniots. 

(b) Is it possible to establish the progress of reaction 
(fraction transformed with time) with available time-resolved 
measurement techniques? 

I believe so. The techniques such as VISAR and PVDF gauge 
have the time resolution of a few nanoseconds. This should be 
fast enough to resolve the progress of hypothesized reactions in 
real time. The problem is how to design experiments so that data 
from the probes will provide the information we are seeking. It 
is conceivable that there is no single configuration that will 
yield all the information we need. We may have to design a 
combination of experiments. But whatever we do, it is likely that 
the results will not be conclusive on the microscopic level, 
because the question of reaction paths will remain near 
impossibility for many years to come. 

Design and engineering of starting microstructures need to 
be tried to control the reaction rate. Also recovery experiments 
should not be abandoned. Rapid quenching techniques is still a 
viable technique to obtain information (obviously limited, but 
useful) on the progress of reaction. 

(c) What are the limitations of current time-resolved measurement 
techniques and what other novel in-situ measurement techniques 
need to be explored? 

The problem as I see it is not the limitations of 
measurement techniques, but often the question of how to use them 
as I indicated in (b). For instance, VISAR has been a workhorse 



in shock physics and its limitations are well documented, but so 
far as I am aware of, there has been no systematic use_of it to 
investigate shock-induced reactions in inorganic materials? 
Before we try a novel, expensive technique, there is plenty we 
can do with existing techniques. I am not, however, denying the 
significance of any new technique that are superior to the 
existing ones. 

(d) What is the current understanding of the process mechanisms 
and kinetics of chemical reactions occurring during shock 
compression of powders? 

1 

I 

1 
Obviously there is no one technique that solves all the 

questions. We need a variety of techniques. In this regard I 
believe that it is more important to try techniques that probe 
electro-magnetic properties of materials than the development of 
new techniques for in-situ measurements (though they are not « 
mutually exclusive). It is also conceivable that such non- £ 
mechanical measurements may show unique properties produced by 
shock loading. I 

I 
There is increasing experimental evidence of chemical 

initiation, but there is not enough data to clearly articulate __ 
the mechanisms as well as kinetics. There are lots of proposals 1 
for mechanisms, but I am not certain that there is a consensus m 

about any of them and how widely these models are studied beyond 
the small circles of the authors' inner group. Time has come that 
we begin to think about conducting experiments to test model 
assumptions and competing models. Without well integrated 
programs, shock compression chemistry, particularly as it relates 
to materials synthesis, will remain "just exploratory, old- 
fashioned chemical experiments." 

Proof of uniqueness of any sort is difficult to get, but B 
sometimes there exists a qualitative test that can be used to ■ 
test models. One such example is the onset of instability. Hwang, 
for instance, has shown numerically (1993) that even with 
chemical reaction, there is splitting of a plane shock as that 
with phase transition in solids. The testing of a prediction like 
this can be easily accomplished without advanced instrumentation. 

I 
I 

I 
I 

(e) Can mechanisms of other types of chemical reaction and phase 
transformation processes, occurring in time scales ranging from 
10"9 to 103 seconds, be used to develop mechanistic models of K 
shock chemistry? H 

I May be. In view of the status of (d) above, however, this 
question remains a moot point. 

(f) Can numerical models be developed to account for the « 
influence of materials characteristics and shock compression _ B 
conditions on configuration changes leading to chemical reactions 
during shock compression? 
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Obviously, yes. But, again time has come that we conduct 
S     experiments based on some theoretical predictions and model 

calculations. There is still a lot of art in materials science, 
but, without theorizing about why and what we are doing, progress 
is totally a chance event. It is my belief that there is enough 

H      "theoretical machineries" around to tackle shock chemistry and 
"      put it on a firm scientific ground. The questions is how to build 

a comprehensive model using those theories and test it 
experimentally. I 

I 
5 
I 
I 
1 
I 
I 
m 
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Definitely yes. But again, the question is "how we test the 
model? What experiments? 

Probably we need new models to deal with heterogeneity 
inherent in powder mixtures. There is also a question of scales 
(time, space, etc) associated with such media. All in all, the 
question is not something we can solve in a short time. 

(g) Can applications of shock chemistry be realized for synthesis 
of materials? 

At the moment the community is too "in-grown." We need 
people from outside to build a robust community of diverse ideas. 

Ten years ago, Duvall in his NMAB report concluded that 
there are substantial grounds for believing that the novel 
physical and chemical processes involved may ultimately serve as 
the basis for useful technologies, but that many of the questions 
that need to be answered are not addressed by work now in 
progress. 

Since then some of the questions have been answered and 
there is increasing evidence for a unique sequence of shock- 
induced chemical reactions, but an overwhelming portion of the 
questions still remain unanswered. I will cite two outstanding 
problems that remain unanswered. 

1. Understanding of physical processes in mixed powders 
under shock loading. 

2. Theory, either fundamental or empirical, that gives 
even semiquantitative insight to the final products. 

Reference 

Hwang, M.D., Ph.D thesis, North Carolina State University, 1993 
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SHOCK SYNTHESIS: GENERAL REMARKS AND 
RECENT RESULTS 

M.A. Meyers, K. S. Vecchio and A. Strutt 
U. of California, San Diego 

La Jolla, CA 92093 

Shock-induced chemical reactions have been actively studied since the 1960's. A 
brief review of the principal studies is presented. These reactions have been classified 
into polymorphic phase transformations, chemical decomposition processes, and 
chemical synthesis processes. The effects of pressure and shear strains/stresses imparted 
by the propagation of shock waves through dense and porous materials is discussed. 
There are essentially two schools of thought regarding shock-induced synthesis 
processes: solid-state and solid-liquid reactions. These two mechanisms will be 
discussed in light of the unique stress, strain, and of the high density of defects (point, 
line, interfacial defects, microcracks) generated. 

Experiments carried out by the authors and collaborators over the past eight years 
will be described. Five experimental configurations have been used, enabling a good 
understanding of the reaction mechanism in the Nb-Si system. These configurations, as 
well as the principal results obtained, are described: 
a) Sawaoka shock compression fixtures (collaboration with N. N. Thadhani and L. H. 

Yu) 
b) Sandia Bear fixtures (collaboration with R. A. Graham) - This fixture was used for 

Ni-Al reaction investigation [5]. 
c) Cal Tech gas gun experiments (collaboration with G. Ravichandran and W. Tong) 
d) LLNL gas gun experiments (collaboration with W. Nellis) [6]. 
e) Novosibirsk TWC (thick-wall cylinder) experiments (collaboration with V. F. 

Nesterenko, M. Bondar, and B. Chen) [7]. 

The effects of particle size, initial temperature, and shock compression pressure 
on the chemical reaction Nb+Si between elemental powders were established. These 
experiments enable the identification of the principal reaction mechanism for the Nb-Si 
system. The effect of shock compression is to produce a large plastic deformation, 
leading to melting of Si and to a reaction between liquid silicon and solid niobium. The 
niobium suicide layer (Nb Si2) formed a liquid layer surrounding the Nb particles. This 
layer separates into small spherulles (~ 1-2 |im) which float into the silicon, ensuring the 
maintenance of a fresh reaction interface and a high reaction rate. 

Recent experiments in which intense plastic deformation and shear localization 
were created yielded enhanced reaction in these regions, indicating that plastic 
deformation energy, in addition to shock deformation energy, helps the reaction. Two 
different experimental configurations using the cylindrical implosion method were used 
to produce controlled shear bands in porous mixtures: MoSi2 + SiC + Mo + Si and 
Nb + Si. The thick-wall cylinder (TWC) method [7] and a simple cylindrical 
configuration in which the powders were placed in a tube loaded by explosives in an 
implosion mode. Localization of plastic deformation with localized reaction was 
observed. The configurations used enabled the measurement of the average strain and 
strain rate of the shear process. The shear localization regions had high plastic 



silicides. 

1 
1 
I macrostrain (7 ~ 5-10) and strain rate(106s_1); particle fracture and melting resulting in 

reaction were observed. The structure of the shear bands included rotations and 
microshear bands within the particles and was dependent on porosity. 

These observatiorgwere the basis into a mechanism that incorporates the 
thermodynamics and kinetics of shock-induced chemical synthesis of (Nb, Mo, Ti) m 

I 
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EXPERIMENTAL METHODS 

1 Sawaoka shock compression fixtures 
(collaboration with N. N. Thadhani and 
L. H. Yu) 

2 Sandia Bear fixtures (collaboration with 
R. A. Graham) - This fixture was used 
for Ni-Al reaction investigation [5]. 

3 Cal Tech gas gun experiments 
(collaboration with G. Ravichandran and 
W. Tong) 

4 LLNL gas gun experiments (collaboration 
withW.Nellis)[6]. 

5 Novosibirsk TWC (thick-wall cylinder) 
experiments (collaboration with V. F. 
Nesterenko, M. Bondar, and B. Chen) [7]. 



REACTION MECHANISMS 

1968       Dreimlm and BreesoY - ROLLER MODEL 

1986       Bat§anov9 DonMioia, et al 
ULTRA-RAPID SOLID-STATE DIFFUSION 

pl2   =  Upl " Up2 

1988       Horie + Kipp - VIR COMPUTER MODEL 

1989        Graham - CONMAH MODEL 

1990       Boslough and Yu et aL 
E - E0 - (1/2) P (V0 - V) + AQ 

1991        Kreeger and Vreeland - THRESHOLD ENERGY 
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CONCLUSIONS - GENERAL 

1) Shock synthesis is an extremely complex 
physico-chemical process. 

2) Both solid state and liquid-solid 
reactions seem to occur. 

3) Initiation of reaction under shock 
compression. These seem to be different 
cases: (a) continuation and termination 
after shock pulse passage; (b) completion 
during shock-wave passage; (c) 
interruption of reaction after shock pulse 
passage. 

4) For suicide systems, there seems to be a 
threshold energy level for shock synthesis, 
in accordance with Kruegar and 
Vreeland's proposal. 

5) There are strong indications from 
literature that shear stresses/strains can 
have a significant effect on reactions. 



7) Controlled experiments with a high 
shear strain concentration Indicate that the 
reaction can be Influenced by localization 
of plastic deformation, 

8) Post-shock thermal effects are Important. 



CONCLUSIONS - OUR RESEARCH 

1)  Different experimental configurations 
are needed to fully understand the shock 
chemistry. 

Sawaoka - wide range of shock energy 
conditions in each capsule - high 
pressures. 

Graham-Bear - wide range of shock 
energy conditions in each capsule - low 
pressures. 

Nellis-LLNL - rapid cooling after shock- 
wave passage. 

Cal Tech - recovery of intact specimens 
and post-shock thermal effects. 

TNL - effect of plastic deformation/shear 
localization. 



2) In Nb-Si system, reaction occurs by the 
melting of silicon, formation of a NbSi2 
layer (liquid) on the Nb particles (solid), 
their separation from the Interface by the 
formation of spherules, and the 
confirmation of reaction» 

3) Consistently with energy threshold 
model, the reaction Is Initiated for a 
fraction of molten silicon of 
approximately 30pct 

4) The thermal energy can be added to the 
shock energy, as shown by experiments 
on pre-heated powders. 

5) A kinetic mechanism was proposed for 
the reaction and is combined with 
thermodynamlc considerations to explain 
the extraordinarily high reaction rate 
obtainedo 

6) The kinetics of the Nb-Si reaction is 
accelerated by the reduction in powder 
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SHOCK SYNTHESIS OF SILICIDES—II. THERMODYNAMICS 
AND KINETICS 
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La Jolla, CA 92093-0411, U.S.A. 

(Received 16 September 1992; in revised form 23 July 1993) 

Abstract—A thermodynamic and kinetic analysis of shock-induced reactions in the (Nb or Mo)-Si systems 
provides a framework for the extraordinarily high reaction rates and a quantitative interpretation of the 
experimental results obtained in Part I. The thermodynamic analysis is conducted by adding the heat of 
reaction to the shock energy; increases in shock pressure, temperature, and velocity are predicted. At the 
particle level, melting at the silicon-metal interface is found to be a necessary condition for the initiation 
of reaction: heat conduction calculations enable the prediction of a critical molten (Si) region size for which 
the heat generated through the reaction exceeds the heat lost to the unreacted regions. The calculation 
of melt fraction (of Si) as a function of shock energy coupled with critical melt pool sizes enables the 
determination of a minimum shock energy for the initiation of shock-induced reaction. At the local level, 
the reaction kinetics can be rationalized through the production of a liquid-phase reaction product 
(NbSi:), the formation of spherical nodules (~2 /im diameter) of this product through interfacial tension 
and their subsequent solidification (in times of 1-5 ns). The heat generated by the reaction is sufficient 
to melt niobium along the interface which facilitates both the expulsion of the NbSi, nodules into the liquid 
Si, and the generation of fresh Nb interface for further reaction. In addition, the dissolved Nb enriches 
the surrounding Si liquid, promoting more NbSi, reaction and formation. 

1. INTRODUCTION 

Shock-wave propagation through materials gener- 
ates significant structural changes; these effects have 
been the object of extensive studies, that were 
initiated with the Manhattan project in the early 
1940's and continue to this day. Analytical investi- 
gations coupled with experimental studies have 
yielded mechanisms rationalizing the production of 
dislocations and point defects due to shock-wave 
passage through solid materials. The first mechanism 
was proposed by Smith [1], followed by Hornbogen 
[2] and later modified by Meyers [3] and Weertman 
[4]. This work is reviewed by Mogilevski [5], who also 
applied molecular dynamics to explain the gener- 
ation of defects at the shock front [6]. Weak shock- 
wave effects have been modeled by Weertman and 
Follansbee [7, 8]. The effects of shock-wave passage 
through porous (powder) materials are considerably 
more complex, because intense and non-uniform 
plastic deformation is coupled with the shock-wave 
effects. Thus, the particle interiors experience primar- 
ily the effects of shock waves, while the surfaces 
undergo intense plastic deformation which can result 
in melting. This localized melting leads to the bond- 
ing of the powder, and this gave rise to the research 
field of shock-wave compaction. A theoretical frame- 
work predicting a minimum shock energy and shock 
pulse duration to create and solidify an interparticle 
melting layer has been developed by Gourdin [9] and 
Schwarz et al. [10]. This framework has recently been 

extended by Potter and Ahrens [11] to ultrahard 
materials incorporating material strength effects 
through a Carroll-Holt model. When potentially 
reactive powder mixtures are used, the shock pulse 
may trigger these reactions and synthesize new 
materials. The energy of reaction has to be incorpor- 
ated into the computations, and efforts by Horie 
and Kipp [12], Boslough [13], and Yu and Meyers [14] 
are noteworthy. Recently, Krueger et al. [15] and 
Krueger and Vreeland [16] proposed models that 
address, in a predictive manner, shock-induced reac- 
tions, with the postulation of a threshold energy 
(provided by the shock wave) for the initiation of 
reaction. 

In this paper, a rational and quantitative analysis 
is provided for the results reported by Vecchio et al. 
[17], consistent with the threshold energy concept 
proposed by Krueger and Vreeland [16]. 

The introduction of exothermic reactions in con- 
currence with the physical processes under shock 
compression of porous materials requires special 
analyses, at the following levels: 

(i) continuum—thermodynamic; 
(ii) local—particle level; 

(iii) local—sub-particle (interface) level. 

It will be shown that the extraordinarily high reac- 
tion rates encountered under shock conditions can 
be rationalized and quantified. The experimentally 
obtained   regions   where   shock-induced   reactions 
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occur are compared with computational predictions 
in Section 2. An analytical framework that enables 
a mechanistic understanding of shock synthesis of 
suicides will be developed in Section 3-5. Through 
this framework it will be possible to develop quanti- 
tative expressions that predict the major effects of 
shock synthesis. 

2. COMPUTED SHOCK PRESSURES AND -- 
ENERGIES 

In order to rationalize the experimental results of 
the companion paper (Part I) [17], computed predic- 
tions of shock pressures and energies within the 
capsules are important. The contours of partially 
and fully reacted regions of Fig. 2 of Part I [17] 
can be correlated to the pressure and energy levels 
experienced by the powders within the capsules. A 
strictly one-dimensional strain computation using the 
equation of state for the Nb—Si mixture developed 
according to the method described in Section 2 is 
shown in Fig. 1. These plots were obtained in a 
simple hydrodynamic code MYIDL, developed by 
Yoshida [18]. The first pressure pulse, which carries 

most of the energy and travels through the porous 
powder, compacting it, has pressures of ~7 and 
15GPa, for the 1.2 and 1.9km/s impact velocities 
(these are the impact velocities used in [17]). A 
second, higher amplitude pulse is initiated at the back 
surface of the capsule (~ 15 and 30 GPa, respectively) 
and travels through the compacted/material. The 
tri-dimensional effects introduced by the finite lateral 
dimensions of the capsule are very significant and 
produce large deviations of pressure and temperature 
from the values of Fig. 1. The pressure and energy 
contours predicted using an advanced, two-dimen- 
sional CSQ code by Norwood and Graham [19] are 
shown in Fig. 2. These simulations were conducted 
using rutile at ~60% theoretical density as a model 
material. The pressure levels are at a time of 1.95 ^s 
after the shock wave enters the capsule, and the 
energy levels are at a time of 5/iS after the shock 
wave enters the capsule. A spike is seen at the center, 
along the axis of the disk. This central pressure/ 
energy spike is due to the convergence of the shock 
from the sides (the shock wave travels faster in the 
capsule than in the powder, creating a "pincer" 
action). The energy was obtained from Norwood and 
Graham's [19] bulk temperature contours by proper 
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represents amplitude of the reflected pulse (a) computational configuration, (b) profiles for 1.2km/s 
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SHOCK WAVE 

717 

A 5    GPa 
B 20 

2^':l!\ c 30 
Z3-:| D40 
" E60 

(d)     F70 

Fig. 2. The summaries of energy contours at a time of 5 ß% after shock wave enters capsule for impact 
velocities: (a) 1.9 km/s at room temperature, (b) 1.3 km/s at room temperature, (c) 1.3 km/s at 500°C, and 
pressure contours at a time of 1.95 fis after shock wave enters capsule for impact velocities of (d) 1.9 km/s, 

and (e) 1.3 km/s. 

conversion, using a heat capacity that is the mass 
average 

E = C, dr. (2) 

For the 500GC experiment, the thermal energy of the 
specimen prior to shocking was added to the shock 
energy: £th = CVAT = 220 J/g. Throughout this paper 
we will use Cp and Cv interchangeably since the 
volume changes are not appreciable. Thus, the values 
of the energies are increased by this amount on the 
curves for the 500°C experiment; this is a relatively 
minor change in the level. Figure 2 shows that the 
top of the capsule undergoes pressures of ~7 and 
15 GPa, for the 1.3 and 1.9 km/s impact velocities, 
respectively. This is consistent with the one-dimen- 
sional computations. However, the pressure and en- 
ergy levels at other regions are considerably higher, 
due to the three-dimensional effects. Although a 
quantitative assessment is not possible, the following 
observations can be made: 

(a) The partially and fully reacted regions fol- 
low more closely the energy contours than 
the pressure contours.  The pressure,  at 

times earlier than shown in Fig. 2(d,e) 
reaches very high values at the upper edges 
of the capsule (marked by arrows), where 
no reaction was seen to occur. The fully- 
reacted region is concentrated on the 
bottom/central portions of the capsule, 
corresponding to the maximum energies, 

(b) By comparing Fig. 3 of Part I [17] with 
Fig. 2, it can be seen that a threshold 
energy of 600-800 J/g is necessary to 
initiate the reaction for the room tem- 
perature experiments in the Nb—Si system. 
For the 500°C experiment, this energy 
seems to be somewhat lower. This 
threshold energy concept was proposed by 
Krueger et al. [15. 16]. 

A possible complicating factor not considered in 
the above comparison between observed and com- 
puted reaction profiles is the possibility that reac- 
tions can continue after the passage of the shock 
pulse. The reaction, initiated during the passage of 
the shock pulse, can continue to completion. This 
complicates the interpretation of recovery specimens, 
and has not been addressed quantitatively in the 
present or past studies. 
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3. THERMODYNAMICS OF SHOCK SYNTHESIS 
OF SILICIDES 

In this section, it will be seen how the threshold 
energy can be correlated to the state of the sample. 
The thermodynamics of shock-wave passage through 
porous materials has traditionally been treated by 
using the Mie-Gruneisen equation of state (EOS) for 
a constant volume [20,21]. Krueger et al. [15] devel- 
oped a theory for the propagation of shock waves 
through powder mixtures. The treatment used here 
will be the simple Mie-Gruneisen approach, since 
accuracy in the equation of state is not essential to the 
development. The "Mixture" program developed by 
Yoshida [22] was used in the computation of the 
equation of state; it is based on the simple mixing of 
the constituents in the isothermal compression curve, 
as proposed by McQueen and Marsh [21]. 

First, the equations of state for the porous Nb-Si 
and Mo-Si powder mixtures will be calculated under 
shock compression, assuming that they are inert (no 
reaction). Secondly, the reaction energy will be added 
to them. Thirdly, the melting of the components as a 
function of shock energy will be established. 

3.1. Equation of state for porous mixtures 

Two components, A and B (Nb and Si or Mo and 
Si) are considered, and the mass fractions are mA and 
mB. The specific volume. V. internal energy, £, and 
heat capacity, Cv, of the mixture is taken as 

v = "l\ v., + '"B v* 
£ = '"A EA + '"B £B 

Cv = m\ c i + m 1^-vB (3) 

Similarly, the Mie-Gruneisen parameter (at ambient 
pressure), "/„, of the mixture is obtained from the mass 
averaae 

Vn !', V, 
(4) 

The procedure followed in the calculation is to obtain 
the isothermal compression curve for the mixture 
from the isothermal compression curves for the com- 
ponents. From the isothermal states (£T, PT, VT) one 
obtains the Hugoniot states (EH,PH, VH) for the 
mixture by applying the Mie-Gruneisen equation, 
which relates one state to the other state by the 
equation 

EH     £r — 
Vu 

(PH-PT)- (5) 

The conversion from the reference state (isothermal) 
to the shock state (Hugoniot) is made at a constant 
volume (VH= KT), in the Mie-Gruneisen treatment. 
The shock temperature can be obtained from the 
reference temperature by 

ET = c.dr. (6) 
K T:*i 

The   internal   energy   is   defined   as   (from   the 
conservation of energy equation) 

EH-E, = \(P + PaW0-V). (7) 

For the porous material the initial specific volume 
of the solid material is simply replaced by the specific 
volume of the porous material, K00(.P0~0) 

E?-Em = \P(Vm-VH). (8) 

If the porous mixture reacts during the passage of 
the shock wave, the internal energy equation can be 
expressed simply as 

Em = \f(Vw-VnR) + mER, (9) 

m is the mass fraction reacted, and ER the energy of 
reaction; this approach was introduced by Boslough 
[13] and Yu and Meyers [14]. 

These calculations were conducted for the Nb-Si 
and Mo-Si powder mixtures, at an initial porosity of 
40% (Vm= 1.4K0), which corresponds to the initial 
packing of the powders: the results are shown in 
Fig. 3. If the reaction takes place at the shock front 
one expects an increase in pressure and shock vel- 
ocity; these have been predicted by Boslough [13] and 
Yu and Meyers [14], The threshold energy for reac- 
tion, assumed to be ~700 J/'g for Nb-Si and Mo-Si 
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Fig. 4. Predicted (one-dimensional) pressure required to      FiS- 5- The effect of shock pressure on the melting points of 
initiate reaction in Nb-Si and Mo-Si systems, as a function 

of initial porosity. 

will be used to calculate a threshold pressure as a 
function of porosity. This is simply done by solving 
simultaneously equations (5) and (8). Figure 4 shows 
the predicted threshold pressures. Higher pressures 
are required as the porosity of the powder mixture 
is decreased. This analysis is in agreement with 
experimental results by Song [23]. 

3.2. Melting as a function of shock energy 

The melting of the components is not considered in 
the EOS graphically expressed in Fig. 3. It is import- 
ant to determine what the threshold energies corre- 
spond to, in physical terms. The shock energy is 
deposited in the two components. The melting points 
of the components are determined, as a function of 
pressure, by the Clapeyron equation 

dP       AH 
^r = Y^v (10) 

where Tm is the melting point. AV is the volume 
change in melting, and AH is the enthalpy of fusion. 
The effect of pressure is expressed as 

Nb, Mo and Si. 

The melting points of the elemental constituents 
as a function of pressure are plotted in Fig. 5. 
Silicon has the lowest melting point; additionally, 
its melting point decreases with pressure because 
there is a volume decrease associated with its 
melting. At the one-dimensional pressures of 7 
and 15GPa (Fig. 1), the melting points for silicon 
are 

MPl™° = 1460 K 

MP^GPa=1100K. 

The distribution of the energy deposition between Si 
and (Mo or Nb) components will establish the energy 
level at which melting is initiated 

E = x cpdr + ;.Lf   +0-.VJ CpdT 
Nb 

(12) 

Si:    T= 1685 + AP   -35.7 
K 

GPa 

Nb:    T= 2740 + AP 45.7 
K 

GPa 

Mo:    T= 2890 + API 52.93 ).        (11) 
V GPa/ 

Tml is the melting point of Si at the energy level E. 
Lf is the enthalpy of fusion, /. is the fraction of silicon 
that is molten, x is the fraction of energy deposited 
in Si, and (1 — x) is the fraction of energy deposited 
in the (Nb, Mo) powder. It is assumed, to a first 
approximation, that the temperatures in the two 
components are the same (after Krueger et al. [15]). 
By  using  the  quadratic  expressions  for the  heat 

Table 1. Physical and thermodynamic data of Nb-Si, Mo-Si systems 

Property Niobium 
Materials 

Molybdenum Silicon 
Melting temperature (K) 
Latent heat of fusion (kj/mol) 
Thermal conductivity (W/cm-K) 
Heat capacity (Cp) 
a + b x l(r37" + c x 10sr~2 

(JfC-mol) 
Compressive strength (MPa) 
Main reaction product with Si 
Melting temperature of product (K) 
Heat of reaction to form product (kj/mol) 

2740 2890 1685 
26.79 27.47 39.62 
0.54 1.38 1.49 

a = 24.63 a = 24.18 a = 23.94 
6=3.39 b = 1.17 6 = 2.47 
c = 9.21 £■=0 c =4.14 
200-400 300 90 
NbSi2 MoSi, — 

2420 2300 — 
138 129.6 — 
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capacity from Table 1, and equations (11) and (12), 

one arrives at, for the Nb— Si system 

\P(Vm- V) = x[Q295 x 10~3(1685 - 35.7P)2 

+ 5.72(1685- 35.7/>) + 0.99 

x 105(1685 - 35.7P)-1 - 2.06 x 103 

+ /.430] + (l -.x)[0.405 

x 10-3(1685-35.7/>)2 

+ 5.885(1685 -35.7/') + 2.2 

x 105(1685-35.7P)-'-2.53 x 103]. 

(13) 

The equation of state from Fig. 4(a) can be expressed 

K«-K = 
46.04 

In 
P + 0.0029 

0.0029 
(in GPa).    (14) 

By substituting equation (14) into equation (13), 

one obtains the melting fraction, /.. as a function of 

shock pressure, P, or shock energy, E. The results 

are plotted in Fig. 6(a) for two values of x: 1 

and 0.38. When x = 1. the energy is entirely 

absorbed by Si. For .v = 0.38, it is uniformly dis- 

tributed among the two phases in proportion to 

their mass ratios. Melting of Si starts at an 

energy of ~400J/g for ,Y = 1 and ~~600J/g for 

.v=0.38.   Melting   of  Si   is   complete   (/. = 1)   for 

1200 

Melting fraction of Si 

Fig. 6. (a) Melting fraction of Si as a function of shock 
energy for homogeneous (equally, in Nb and Si) and 
heterogeneous energy distribution (completely into Si), and 
(b) melting fraction when energy of reaction is added to 

shock energy. 
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Fig. 7. (a) Molten region with radius rn at r0; heat is 
conducted to the environment, in which the temperature is 
function of position and time. Calculated heat losses from 
"hot spots'" for different hot spot radii r„ (0.1, 0.5, 1, 5 and 
10/im) and heat generation (instantaneous) from shock 
synthesis of (b) Nb-Si and (c) Mo-Si powder mixtures: heat 

eeneration time is 10~*s. 

- 1000 J/g(.r = 1) and - 1150 J/g(.v =0.38). The 

threshold energy level of 700 J/g corresponds to a 

melting fraction, of Si. /.. between 0.2 and 0.5. This 

analysis is in accord with the experimental results of 

Section 2, which indicate that melting of Si is a 

precondition for reaction. By considering that the 

molten silicon reacts integrally, and by computing the 

energy oi reaction, the plot of Fig. 6(b) is obtained 

(for x = 0.38). It shows the energy required to prop- 

agate the reaction is lower than the energy required 

to initiate it. and therefore the reaction tends to be 

self-sustaining. 

There is, however, a remaining question: Why is a 

minimum fraction of molten silicon necessary to 

initiate the reaction? In order to address this ques- 

tion, a model is proposed below that is based on 
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the   following   assumptions,   (consistent   with   the 
observations of Part 1 [17]): 

(a) melting of silicon is required for the initiation 
of reaction; and 

(b) a minimum size of reacted materials is required 
for the propagation of reaction. 

Consider an idealized molten pool [Fig. 7(a)] of 
radius 2r0, at Tml and surrounded by material at 
a temperature T0. The reaction of this molten Si 
with the surrounding solid (Nb or Mo) will generate' 
heat, that is transferred to the surrounding. A general 
equation that addresses both the heat generation 
(along the solid-liquid interface, with a surface equal 
to Anri) and heat extraction from this central core, 
in spherical coordinates, is 

8T     Jc-T    IcT 

et        \ cr 

-AHiRT H(T 

4w5Ö+pCp—=*(—+ 

Q=Hte 

r 8r 
(15) 

(16) 

where p is the density, k is the thermal conductivity, 
Q is the heat generation rate. H{ is the enthalpy of 
reaction. AH the activation energy for reaction, 
H(T - Tmi) is a Heaviside function (reaction rate = 0 
at T < Tml, where Tml is the melting point at the shock 
pressure). Equation (16) has an implicit assumption: 
that the reaction stops when the temperature is below 
the melting point of silicon. 

Rideal and Robertson [24] proposed a simpler 
formalism for the detonation of explosives. They 
assumed that the heat was instantaneously generated 
at a hot spot. They calculated the heat extracted from 
the reacted region as a function of time by using 
equation (17) (this is the Fourier equation in spherical 
coordinates) 

pCpt'T     c:T 

kct cr1 

2cT 

r cr 
(17) 

The heat gained by the environment is equal to the 
heat lost by the hot spot. At a time /, the heat gained 
by a spherical shell of radius /• \r > /•„) and thickness 
dr is 

dQ =(4nr:dr)pCvT. (18) 

By integrating from r„ to infinity, one obtains the 
total heat gained by the surrounding (or lost by the 
hot spot) 

Q = 4nrzpCTIT dr. (19) 

Figure 7 shows the heat generated and heat lost to 
environment as a function of time for different "hot 
spots" sizes; calculations were made for the Nb-Si 
[Fig. 7(b)] and Mo-Si [Fig. 7(c)] systems. The curves 
for different hot spot sizes converge to the total value 
of the heat contained in the hot spot for times on the 
order 1 ms. Hot spot radii of 0.1. 0.5, 1, 5 and 10 /jm 

were considered. As the hot spot size increases, the 
time required for the heat to be extracted increases. 
The heat generated is plotted as a horizontal (dashed) 
line for the three cases. The heat is actually not 
instantaneously generated, but over a period that can 
be approximated as the transit time of the shock wave 
over a particle. An approximate shock-wave velocity 
can be obtained from Fig. 1; the capsule thickness is 
10 mm, yielding a shock velocity of ~3 mm/ps. For 
a particle diameter of 40 um, a shock transit time of 
~ 10"8 s is obtained. The circles on Fig. 7(b,c) corre- 
spond to the critical "hot spot" radii for the two 
materials. These critical "hot spot" sizes for reaction 
to be initiated are equal to 3 and 4 ^m for Nb-Si and 
Mo-Si systems, respectively. These predictions are in 
agreement with our experimental results. The critical 
sizes of these "hot spots" are consistent with the 
thermodynamic predictions. 

4. MODELING SHOCK-INDUCED REACTIONS AT 
THE PARTICLE LEVEL 

An attempt to rationalize the acceleration of reac- 
tion kinetics observed in shock compression can be 
made by analyzing the various terms of an Arrhenius 
equation, in which both forward and reverse reaction 
terms are considered. Figure 8 shows the activation 
barrier necessary to be overcome to react A and B 
to produce AVB,.. AC is the difference in free energy 
between products and reactants, while AQ is the 
activation energy (enthalpy) for the reaction. Under 
shock compression, the equation that expresses the 
rate of reaction has to be modified to incorporate 
various effects. Figure 8(a) shows three principal 
effects: 

(a) The reactants are in a highly excited state due 
to the shock passage. High defect densities character- 
ize this state. Panin el al. [25] have proposed that 
under these conditions the material is in a more 
energetic state. 

(b) The activation energy for reaction is decreased 
because of a "reaction strain" term. If the product 
(e.g. NbSi;) has a lower specific volume than the 
reactants (Nb and Si), there is an energetic gain with 
the process, due to local reduction in strain energy. 
Figure 8(b) shows this effect schematically. Product 
AXBV occupies a smaller volume than reactants A 
and B. By a hypothetical procedure devised by Es- 
helby [26], it is possible to estimate this energy. For 
purely dilatational strains, Eshelby's equation sim- 
plifies itself to 

E = \Pe, V (20) 

where V is the volume transformed, ev the volumetric 
strain associated with the reaction, and P is the 
applied pressure. 

(c) The effect of pressure on the thermodynamic 
equilibrium of the phases. The free energy difference 
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between products and compounds, AG, is dependent 
on the superimposed pressure. 

Thus, the Arrhenius rate equation, under shock 
compression processing (that incorporates both 
forward and reverse reactions) can be expressed 
as 

r = A exp 
-(AQ-A&) 

RT 
1 —exp 

-(AG + AGS)" 

RT 

(21) 

The terms AQ and AG are the activation energy for 
the reaction and the free energy difference between 
reactants and products, respectively. The terms AQS 

and AGS results from shock modification, as schemat- 
ically indicated in Fig. 8(a). A is a pre-exponential 
factor related to the attempt frequency. Normalized 
reaction rates are calculated in the absence and 
presence of shock compression, for the reaction 

Nb + Si->NbSi,. 

The reaction strain (or volumetric contraction) 
accompanying the conversion of the Nb and Si to 
NbSi2 is 0.29; this corresponds to a reaction strain of 
0.11. Considering an applied stress of 14GPa, one 
obtains an energy of 178 J/g. The defect energy can 
be estimated from a dislocation density generated 
by shock. Assuming a dislocation density of 5 x 
1010/cm2 (typical of materials shocked to high press- 
ures), one obtains an energy of 9 J/g. This yields: 
AQS= 187 J/g. The free energy of reaction can be 
taken as AG = 926 J/g. The change in free energy 
with pressure can be obtained directly from the 
Clapeyron equation [equation (10)]. It was found to 
be: AGS = 2477 J/g. 

The activation energy for the formation of MoSi: 

from elemental Mo and Si has been calculated by 
Kumar et al. [27] and found to be equal to 
99.7 kJ/mol. Since the activation energy is not known 
exactly, a range of valuesfrom 100 to 400 kJ/mol was 
used in the calculations. The pre-exponential fac- 
tor, A, is not known and only the ratios r/A were 
calculated. The results are shown in Fig. 9(a) for the 
forward reaction only, and Fig. 9(b) for both forward 
and reverse reactions. Although shock compression 
enhances the rate r/A, the changes are not dramatic. 
For the forward reaction only, the increase is ~ 10%, 
while considering both forward and reverse rates, the 
increase is fourfold. These increases are much inferior 
to the ones observed between the rates of reaction in 
quasi-static and shock experiments; in the latter, 
these rates are compared in Section 3 of the compan- 
ion paper [17]. The shock-induced reaction rate was 
found to be ~ 108 times higher than the solid state, 
diffusion governed rate. Thus, unless the pre-expo- 
nential factor A is radically different in the two 
processes, the Arrhenius rate equation shows that 
the acceleration of the reaction cannot be ascribed 
to the shock effects above, and has to be indicative 
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Fig. 9. Reaction rate/pre-exponential parameter ratio as a 
function of temperature under unshocked and shock con- 
ditions; (a) forward reaction only; (b) forward and reverse 

reactions. 

of another mechanism operating. The specific 
aspects of this new mechanism will be described in 
Section 5. 

It is possible to calculate the overall fraction 
reacted as a function of time for shock-induced 
reactions. These global reaction kinetics, as opposed 
to the local reaction kinetics discussed earlier, are 
determined by the density of initiation sites, and by 
the mass reacted per individual event as a function of 
time. A general formulation will be presented that 
captures the essential phenomena of the process. 

It will be assumed that the initiation sites for 
reaction will be at particle-particle junctions. The 
justification for this is that molten pools are observed 
at particle triple points, in shock consolidation (pla- 
nar sections). As the particles are accelerated against 
each other, the molten material is ejected and cap- 
tured at these regions that are, in a tri-dimensional 
view, centers of tetrahedra. A tri-dimensional view 
of a tetrahedral arrangement of spheres is shown 
in Fig. 10(a). A small sphere in the center indicates 
the possible initiation site. The initiation sites are 
the regions where the greatest gaps exist, and where, 
as a consequence, shock energy is preferentially 
deposited. The initial density of powders for the 
silicides was 60% of the theoretical density (TD). 
This justifies the selection of an idealized body-cen- 
tered cubic arrangement for the (spherical) particles, 
with a density of 68% TD. It is assumed that there 
are n tetrahedral sites per atom. The mean distance 
between these sites with respect to a b.c.c. cell, if 
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the sites are equidistant, is d. After the consolidation 
of the unit cell by the shock pressure, the cell size 
will be reduced from 2.3 S to 2 S (S is the particle 
radius). Thus 

nd 3 _ = 23S3. (22) 

There are 24 tetrahedral sites per unit cell, each being 
shared by two adjacent cells in a b.c.c. arrangement. 
Thus, one has six initiation sites per particle. For 
n = 6, the mean distance between initiation sites is 

1.1 S. 
If all sites are simultaneously initiated at a time T0 

{equal to an incubation time), the fraction trans- 
formed at a time x can be estimated by separating the 
reaction into two stages [Fig. 10(b)]: 

(a) independent     reaction    events    [T0 < t < T, ; 
Fig. 10(b) (i, ii)]; 

(b) interpenetrating     reaction     fronts     [t > T, ; 
Fig. 10(b) (iii, iv)]. 

The fraction transformed, /, can be estimated as a 
function of reaction front advance, r. If n{ is the 
number of initiation sites per unit volume, we have, 
for r0 < r < d/2 

df = n] dV = nxAnr2 dr. (23) 

Equation (23) assumes that the reaction is occur- 
ring at the surface of a spherical reaction region. 
Integrating from r0 to r, yields the fraction 
transformed as 

/ = 
Ann, 

3 
■{r\-rl). (24) 

For r > d/2 we have to subtract the overlap volumes 
of spherical segments V0 shown in Fig. 10(b, iv). If 
each initiation site has «: nearest neighbors, we have 
(each overlap volume is shared between two reaction 
regions) 

/==". 
4TI 

'■(r]-rl)- Vn (25) 
3 v .      w     2 

But the volume of two juxtaposed spherical caps is 

va = - 
2n 2r4 (26) 

Thus: 

"4TT 

T ('?■ ri)-n2-\r--) [2r + - 

(27) 

We can use a Heaviside function,  H(r — d/2), to 
generalize the above expression 

/=■ 

4TW, 
(r]-rl)-H[r-- 

d\n7 

2/12 

d^2 

2r+- (28) 

O O 
t   <T„ 

o 
r„ < r < d/2 

iii iv 

Fig. 10. (a) Tetrahedron formed by spherical particles and 
center 0. (b) Reacted regions as a function of time; (i) at 
initiation:  (ii)  and  (iii)  during  propagation:  (iv)  during 

superposition/interaction stage. 

The maximum value of r, can be estimated as the 
distance from the center to the vertices of a 
tetrahedron; or 0.61 d. 

The reaction rate, £, is defined as mass reacted 
per unit area of products/reactants interface. By 
assuming a constant reaction rate, I, we can obtain 
a fraction reacted vs time relationship 

1 dm 

~A~dt 

dV Ar 

AP dt     P dt 

r0 = -U -T0) 
P 

(29) 

(30) 

here again p is the density of the material. Substitut- 
ing equation (30) into equation (27) (assuming, to a 
first approximation, r0 = z0 = 0) gives 

3     \p 

n-, 

V2 
H(t-xt) 

x(r-T,)2(2f +T,) (31) 
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The maximum value of / is 

_p       _0.6lpd 
max       ~ 'max Z        • 

The number of initiation sites per unit volume, «,, 
can be expressed as (six initiation sites per particle): 
n, = d~* = (1.1S)-3. If one considers that each reac- 
tion region will overlap with six neighboring regions, 
then 

/s315|i [t'-\H(t-xx){t-x,)\2t+xx)\. 

(32) 

Figure 11 shows plots of the fraction synthesized, 
/, as a function of time for different reaction rates, 
C, and particle sizes, d. In Fig. 11(a) the reaction 
rates are varied for a constant particle size (50 ^m), 
while in Fig. 11(b) the particle sizes are varied 
(10, 50. 500/m) at a constant reaction rate. These 
plots are only illustrative since the reaction rates were 
varied arbitrarily. The reaction rates were assumed 
consistent with synthesis within the time frames of 
shock-wave passage. This corresponds dr/dt values 
of 5-50 m/s. The particle sizes were varied between 
10 and 500 pm. The reaction rates. £, are obtained 
from 

dr 
p-dt- 

(33) 

These results show conclusively that the kinetics 
of synthesis are highly dependent upon both of 
these parameters. The fraction transformed increases 
initially with t\ and for />T,, with 
At* — B(t — T])2(2/ +T,), reaching saturation at 
./"= 1. Beyond T, the reaction rate slows down 
sensibly; this is the sphere overlap region 
Q.5d<r <Q.6\d. Depending on the reaction rate and 
particle size, the reaction may or may not reach 
completion during the passage of the shock pulse. 
These results rationalize the results obtained in Part 
I [17] (partially and fully reacted regions). 

5. REACTION MECHANISM 

The analysis of the partially reacted regions in the 
Nb-Si shock experiments revealed the detailed nature 
of the reaction sequence and mechanisms. There are 
clear indications that a threshold energy level exists 
above which the reaction occurs. This is the confir- 
mation of the Krueger-Vreeland [16] suggestion; for 
the Nb-Si and Mo-Si systems this threshold energy 
is the level that results in the melting of the pre-estab- 
lished fraction of silicon. The preponderance of small 
NbSi2 particles surrounded by silicon, as well as the 
existence of NbSi2 particles attached to the niobium 
particles (Figs 3 and 4 of Part I [17]) are evidence for 
a reaction mechanism in which the NbSi: particles are 
continuously being generated at the interface and 

2      ™.     4 

Time, us 

Constant Reaction Rate 25 m/s 

Particle Size 500 (i m 

Time, u s 

Fig. 11. Fraction reacted as a function of time for (a) 
different reaction rates (constant particle size of 50 ^m) and 
(b) different particle sizes (constant interface advance rate of 

25 m/s). 

ejected into the (molten) silicon. Thus, a permanent 
diffusion barrier (i.e. an interphase layer) that would 
slow down the reaction process is not formed, and 
reaction can proceed at a constant rate until the entire 
niobium or silicon are consumed. The simple calcu- 
lation below shows that the temperature rise due to 
the reaction leads to a temperature (locally) higher 
than the melting point of NbSi2. Figure 12 shows the 
sequence of events envisaged to occur. NbSi2 will 
form at a Si-Nb interface, where silicon is molten and 
niobium solid. Assuming an adiabatic reaction, the 
temperature is 

1   —  l MP ' (34) 

The enthalpy of reaction of NbSi2 is (at P = 0) 
equal to 926 J/g. The heat capacity of NbSi2 was 
estimated by interpolation between those of Nb and 
Si on a mass basis (mSl and wNb are mass fractions of 
Si and Nb) 

C„ !Sl Cf + nr (35) 

This gives a value of 0.58 J/gK for NbSi2. Thus, 
assuming that the pressure exerted by the shock wave 
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corresponds to the threshold energy, at 40% porosity, 
the melting point of silicon is 1400 K (see Figs 4 and 
5). This leads to: T x 3000 K. 

This temperature is considerably higher than the 
melting point of NbSU (2420 K at P = 0): It is 
therefore likely that the sequence shown in Fig. 12 
takes place. The suggestion was made by Glassman 
[28] that interfacial energy plays an important role in 
the kinetics of shock synthesis, which led to the 
development of the following mechanistic model. 

Following Fig. 12, the reaction is initiated at (a), 
along the Nb-Si interface. After reaction has pro- 
ceeded to a certain extent (c), surface (interfacial) 
forces become dominant, and the liquid reaction 
product agglomerates, forming a spherule (e). At this 
point, reaction kinetics are drastically decreased, 
because of the reduction of the Nb-Si interfacial area, 
and solidification of the sphere starts (e). As the 
sphere solidifies, new nuclei form along the Nb-Si 
interface (f). They grow, agglomerate into spheres 
when they reach a critical size, and form neighbor- 
ing spheres (g). These neighboring regions are con- 
strained and exert forces on the first sphere, expelling 
it (h) and thus exposing fresh surfaces. This reaction 
process can continue until the reactants are con- 
sumed. As such, no diffusion barrier is formed. The 
cooling rate of the NbSi2 spherules can be calculated, 
and equation (36) shows the effect of time, /, and 
distance r. on temperature, 7", for a spherical particle 
(spherical coordinates) 

cT _   k 

ct     pCp 

B2T    2dT 

8r2     r dr 

Si(L) 

(36) 

(a) 
Nb(S) 

(c)        ~ 

(c) 

Reaction 

(g) 

where k, p, and C are the thermal conductivity, 
density, and heat capacity, respectively. The initial 
conditions are 

r=3200KaW =0forr < a.    and 

T= 1600 K at r =0forr > a, 

where a is the radius of the nodule, which can be 
obtained from measurements in Figs 4, 5, and 10 of 
part I [17]. An average value of 2.5 /im was taken in 
the calculations, and values for k, p, and C were 
averaged from Nb and Si for NbSi2. Figure 13 shows 
the results of the computations using equation (37). 
The solidification heat is not incorporated into the 
calculations. Nevertheless, it is clearly seen that so- 
lidification can be initiated 2-5 ns after the spherule 
is formed. Thus, the solidification time is a small 
fraction (~ 1/1000) of the shock pulse duration time. 
It is therefore easy to see how successive generations 
of nodules can be formed, solidified, and ejected from 
the reaction interface. 

The forces that can be exerted by the liquid NbSi2 

on the solid NbSi, spherule can be calculated in an 
approximate manner. These forces are due to the 
interfacial energy between liquid NbSi2 and liquid Si 
as a result of the liquid NbSi: attempting to become 
spherical. A liquid sphere can be flattened into a 
prolate spheroid by a force F, as shown in Fig. 14(a). 
It is possible to calculate this force F, due exclusively 
to interfacial energy, ys 

AE dS 

'hd~v- 
(37) 

(b) 

NbSi   (L) 
2 

(d) 

NbSi   (L) 
2 

(0 

(h)   - 

NbSi 

NbSi   (L) 
2 

Forces (mechanical) 

Fig. 12. Sequence of events in the synthesis of NbSi2 spherules at Nb(solid)-SiOiquid) interface under 
shock loading; (a-c) nucleation and growth of thin layer; (d) interfacial energy produces spheroidization: 
(e) solidification and reduced reaction; (0 adjacent reaction regions form in newly exposed interface: (g) 

spheroidization and solidification of adjacent reaction region; (h) expulsion of spherule. 
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S is the surface area of the spheroid, equal to 

S = 2nb2 + - 
2nab 

sin  ' e. (38) 

Here a and b are the major and minor axes of the 
spheroid and e is the eccentricity, defined as 

,,2\ 1/2 

.-n-5,T-i. r 
(39) 

The volume of the spheroid is constant and equal 
to (4ß)nalb. By substituting equations (38) and 
(39) into (37) and eliminating the variable a, one 
arrives at 

3nk 
■■ys{47ty- 

nky~ + 
1/2 + Ink 

y)l/2yl.'2 

-yr 

(i-k-yy sin~'(l -k~2y3) 2„3\l/2 

tially exceeds that of Si (1685 K) and is close to the 
melting point of Nb (2740 K), the above estimate is 
realistic. 

Figure 14(b) shows the variation of F with distance, 
y, for a spherical particle with radius equal to 1 jtm 
(V = 4/3n ßm1). Note that the value of FT between 
y = 0.9 and y = 1 \im is shown by a dashed line. The 
formulation breaks down at high values of y. The 
force exerted by a prolate spheroid of r = 1 ^m is 
approximately equal to 1.5 x 10~5ys. 

From this value it is possible to estimate the total 
force exerted on a spherule; Fig. 14(c) shows a solid 
spherule surrounded by liquid prolate spheroids. One 
can assume that n spheroids surround one spherule. 
Thus, the total force is: Fr s nF. The stress exerted by 
these spherules is approximately equal to 

(40) 

where k = r1'2 and r is the initial spherule radius. 
The interfacial energy for the NbSi: is not known 

but the surface energy of liquid NbSi2 can be esti- 
mated from the values of Nb and Si, by interpolation. 
These values are given by Murr [29]: y s

Nb = 1.9 J/m2 at 
2473°C; ys

Sl = 0.73 J/m2. By interpolation on a mass 
fraction basis; one obtains: ys

NbSi?= 1.46 J/m2. Close 
inspection of Table 3.6 from Murr [29] shows that 
7 ~ (0.8-1.2) x 10"3 Tm for a large number of metals. 
Since the melting point of NbSi: (2420 K) substan- 

3SOO 

nF      1.5 x 10" 

47rr2 
'ny. 

4nri 
(41) 

where r, is the contact area radius, determined by the 
relative interfacial energies [see Fig. 14(c)]. It is 
possible to estimate the stresses produced in solid 
spherules by these surface (interfacial) tensions. An 
average value of 2 x 10~5crs is assumed for F\ r, is 
assumed to be equal to r/2; and one considers that 
each spherule is surrounded by four prolate spheroids 
of liquid silicide. Thus, a = 28 MPa. 

This stress is of the order of the strength of the 
silicide.   Thus,   the  stresses  can  conceivably  eject 

'4r      2 

Fig. 13. Heat extraction from spherule with initial temperature of 3200 K while surroundings are at 
1600 K. 
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Fig. 14. (a) Prolate spheroid and force F exerted by surface 
energy as it is deformed, (b) force, F, as a function of 
distance v, for spherical  radius r = \ /im, (c)  forces. F, 

exerted by liquid spheroids on solid spherule. 

the solid spherule, and the mechanism proposed is 
realistic. 

Turbulent flow of liquid silicon under shock can 
also contribute to the detachment of the spherules 
from the interface; however this mechanism is 
difficult to quantify. Undoubtedly the drag exerted by 
the liquid silicon also plays a role, as well as thermal 
stresses and stress concentrations at the spherule- 
substrate (Nb) interface. None of these effects have 
been considered in this analysis; however, they all 
contribute to more rapid detachment of the NbSi2 

spherules from the solid Nb interface, thereby making 
new solid-liquid interface available for subsequent 
reaction. 

6. CONCLUSIONS 

1. The thermodynamics of shock synthesis was 
analyzed by considering an equation of state for the 
porous inert and reactive mixtures. The application 

of a threshold energy concept below which no reac- 
tion takes place enabled the determination of the 
critical pressure for reaction as a function of powder 

density. 
2. The fraction of silicon melted as a function of 

shock energy was calculated and it is found that the 
threshold energy corresponds to a molten fraction in 
the range 0.2-0.5 for the Nb-Si system. 

3. Heat transfer calculations were conducted in 
an effort to establish a critical molten region size 
for which the heat generated by the reaction exceeds 
the energy dissipated to the environment. Assuming 
sphericity, these critical radii were found to be 
equal to 3 and 4/zm for the Nb-Si and Mo-Si 
systems, respectively. These sizes are qualitatively 
consistent with observations; the smaller critical 
shock energy for reaction occurs in the system with 
the larger heat of reaction and lower thermal 
conductivity. 

4. Reaction kinetics calculations were performed 
using an Arrhenius equation with forward and 
reverse rates and modified to incorporate the effects 
of shock compression. The reaction rate increase that 
could conceivably be produced by shock compression 
processing (assuming the same mechanism) is much 
lower than the one observed in actual experiments, 
leading to the conclusion that shock compression 
induces different reaction mechanisms. 

5. The global reaction kinetics were calculated by 
considering a number of initiation sites per unit 
volume that is a function of powder size. This 
formulation enables the prediction of the fraction 
transformed as a function of time and particle size. 

6. A reaction mechanism occurring at the (Nb 
or Mo)-Si interface is proposed. This reaction 
mechanism involves the dissolution of (Nb or Mo) 
into molten Si, the reaction producing a molten 
intermetallic. its spheroidization. solidification, and 
subsequent expulsion into the liquid silicon melt. In 
this reaction mechanism a fresh solid (Nb or 
Mo)-liquid (Si) interface is continuously maintained, 
enabling a high reaction rate. 
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Abstract—Niobium and molybdenum suicides were synthesized by the passage of high-amplitude shock 
waves through elemental powder mixtures. These shock waves were generated by planar parallel impact 
of explosively-accelerated flyer plates on momentum-trapped capsules containing the powders. Recovery 
of the specimens revealed unreacted, partially-reacted, and fully-reacted regions, in accord with shock 
energy levels experienced by the powder. Electron microscopy was employed to characterize the partially- 
and fully-reacted regions for the Mo-Si and Nb-Si systems, and revealed only equilibrium phases. 
Selected-area and convergent beam electron diffraction combined with X-ray microanalysis verified the 
crystal structure and compositions of the reacted products. Diffusion couples between Nb and Si were 
fabricated for the purpose of measuring static diffusion rates and determining the phases produced under 
non-shock condition. Comparison of these non-shock diffusion results with the shock synthesis results 
indicates that a new mechanism is responsible for the production of the NbSi, and MoSi, phases under 
shock compression. At the local level the reaction can be rationalized, for example, in the* Nb-Si system 
under shock compression, through the production of a liquid-phase reaction product (NbSU) at the 
Nb-particle/'Si-liquid interface, the formation of spherical nodules (~2^m diameter) of this"product 
through interfacial tension, and their subsequent solidification. 

I. INTRODUCTION 

Shock-induced reactions (or shock synthesis) have 
been studied since the 1960s but are still poorly 
understood, partly due to the fact that the reaction 
kinetics are very fast making experimental analysis of 
the reaction difficult. Shock-induced reactions are 
quite distinct from shock-induced phase transform- 
ations, such as the synthesis of diamond from graph- 
ite which is a diffusionless phase transformation. 
Shock-induced reactions also differ from detonations 
because only condensed products are formed, in the 
former. Shock synthesis is closely related to combus- 
tion synthesis, and occurs in the same systems that 
undergo exothermic gasless combustion reactions. 
The thermite reaction (Fe:0, + 2Al-»2Fe + A1:03) is 
prototypical of this class of reactions. The first report 
of these shock-induced reactions is due to Batsanov 
et al. [1]. This initial discovery was followed by 
activity in Japan [2, 3] and the USSR [4-8]. In the 
U.S., the pioneering work of Graham and co-workers 
[9-11] was followed by investigations by Vreeland 
and co-workers [12,13], Horie et al. [14,15], 
Boslough [16], Thadhani and co-workers [17, 18], and 
Yu et al. [19,20]. 

Shock-wave propagation through materials gener- 
ates significant structural changes; these effects have 
been the object of extensive studies, that were in- 
itiated with the Manhattan project in the 1940's and 
continue   to   this   day.   Analytical   investigations 

coupled with experimental studies have yielded 
mechanisms rationalizing the production of dislo- 
cations and point defects due to shock-wave passage 
through solid materials. The first mechanism was 
proposed by Smith [21], followed by Hornbogen [22] 
and later modified by Meyers [23], and Weertman 
[24]. The effects of shock-wave passage through 
porous (powder) materials are considerably more 
complex, because intense and non-uniform plastic 
deformation is coupled with the shock-wave effects. 
Thus, the particle interiors experience primarily the 
effects of shock waves, while the surfaces undergo 
intense plastic deformation which can often result in 
interfacial melting. This localized melting leads to the 
bonding of the powder, and this gave rise to the 
research field of shock-wave compaction. Quantitat- 
ive, predictive models have been developed by 
Gourdin [25] and Schwarz et al. [26]. 

Shock synthesis of compounds from powders is 
triggered by the extraordinarily high energy depo- 
sition rate at the surfaces of the powders, thereby 
changing their configuration, forcing them in close 
contact, activating them by introducing large den- 
sities of defects, and heating them close to or even 
above their melting temperatures [8-11]. Some funda- 
mental questions regarding these reactions remain 
unanswered. Prominent among them are the follow- 
ing: (1) How can the extraordinarily high reaction 
rates encountered in shock compression be explained? 
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(2) Are  the  phases  formed  under shock-synthesis 
conditions unique and/or non-equilibrium? 

This paper (in conjunction with its companion 
paper [27]) presents experimental results coupled 
with characterization and analysis of two metal sui- 
cides formed by shock synthesis directed at providing 
an answer to these questions. It is shown that, the 
mechanism of shock-induced reaction is quite differ- 
ent than conventional solid-state reaction mechan- 
isms for the silicides. The high thermal gradients 
imparted by the effect of shock compression, com- 
bined with the high pressures and material flux, 
enable a reaction mechanism unique to shock com- 
pression; however, only equilibrium phases and 
structures were found for the systems investigated. 

2. EXPERIMENTAL PROCEDURES 

Two elemental powder mixtures were used in this 
investigation: Nb-Si and Mo-Si. The powders, pro- 
duced by CERAC. had irregular shapes, and sizes 
smaller than 44/im (—325 mesh). The purity levels 
were 99.9% for Nb. iMo and Si. The powders were 
mixed in the proportions to provide, upon reaction, 
the intermetallic compounds NbSi, and MoSi2, for 
each system respectively. These powders were encap- 
sulated under controlled argon atmosphere in stain- 
less steel capsules (internal dimensions of 15 mm 
diameter and 5 mm height). These capsules were 
subjected to shock compression in a Sawaoka fixture; 
this fixture is described in detail elsewhere [e.g. 28]; 
the system (cross-section) is shown in Fig. 1. Each 
system contains 12 capsules; four sectioned capsules 
are shown in this figure. A flyer plate is accelerated 
downwards by an explosive system consisting of a 
main charge (PBX 9404 explosive) initiated simul- 
taneously along its top surface by an explosive lens 
consisting of two explosives with different detonation 
velocities. Impact velocities of 1.2 and 1.9 km/s were 
achieved by varying the quantity and type of explo- 
sive accelerating the flyer plate. Shock experiments 
were conducted on capsules at room temperature and 
others preheated to 773 K. 

The high-temperature shock fixture is shown in 
Fig. 1(b). The capsules and momentum traps are 
heated in a discardable furnace, with the explosive 
system at a safe distance. When the temperature 
reaches the desired value, the furnace top is removed 
and the explosive assembly, together with the flyer 
plate, roll down a 4: inclined ramp until they are 
properly positioned above the capsule: the system is 
then electrically detonated. Solenoid 1 ensured re- 
mote activation and enabled the flyer plate/explosive 
system to roll down at the desired time. In case of 
misfire or any other unexpected event, the explosive 
system could be withdrawn from above the furnace 
by the activation of solenoid 2. 

After shock processing, the specimen capsules were 
sectioned and analyzed by scanning and transmission 
electron microscopy. Scanning electron microscopy 

(SEM) was conducted on a Cambridge S360 electron 
microscope equipped with a LINK Analytical energy 
dispersive X-ray spectrometer (EDS). Compositional 
measurements of individual phases were conducted 
using the ZAF correction procedure with unreacted 
powder regions used for standards. Since the shock 
experiment is very rapid, and the resultant thermal 
excursion short lived, the unreacted powder regions 
were considered chemically unchanged and sub- 
sequently used as pure elemental standards. Stan- 
dardless .quantification was also conducted on both 
the unreacted powders, and the reaction products, 

(a) 

Electrically-detonated 
blasting cap 

Thin metal 
flyer plate 

12 stee 

High-speed 
detonating 
explosive 

Slower 
' detonating 

explosive 

Main charge 

capsules 
holding 
samples 

Steel 
capsule 
holder 

(b) 
Solenoid 2 

Capsule 
container 

Detonator 

Momentum trap 
Weight 

Fig. 1. Schematic illustration of planar impact (Sawaoka) 
system: (a) room temperature fixture, (b) elevated tempera- 

ture shock fixture. 
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and the results were consistent with the standards- 
based quantification results. 

Static reaction experiments (i.e. non-shock exper- 
iments) were conducted by annealing Nb-Si diffusion 
couples for different times at 1200°C and recovering 
the specimens for observation. The identification 
of reaction products and their thicknesses in these 
diffusion couples was established by SEM and 
quantitative EDS X-ray microanalysis using the 
specimen regions well away from the interface as 
pure elemental standards. 

Transmission electron microscopy (TEM) was car- 
ried out in a Philips CM30 electron microscope 
equipped with a LINK Analytical AN 108 5 ultra-thin 
window (UTW) energy dispersive X-ray spectrometer 
(EDS) system. The TEM work was conducted at an 
accelerating voltage of 300 kV, with the exception of 
both the X-ray microanalysis and convergent beam 
electron diffraction work which were each conducted 
at 100 kV. 

The pressure and temperatures induced by shock 
waves in the capsules were obtained from computer 

IS unrated     SHOCKWAVE 
[El] Partially reacted 

I Fully reacted W 

Impiict Velocity 1.9 km/s at Room Temp. 

Impact Velocity  1.2 km/s ;il Room Te m p. 

Impact Velocity 1.2 km/s at 500° C 

simulations, conducted by Norwood and Graham 
[29]. Two-dimensional effects are very important 
since the shock waves travel faster in the capsule than 
in the powder. Thus, the shock waves enter the 
capsules laterally, as well as at their top surface, 
generating highly inhomogeneous pressure and tem- 
perature regimes. This inhomogeneity in both press- 
ures and temperatures was readily apparent within 
the recovered capsules, and was actually a highly 
useful effect since it enabled the analysis of unreacted, 
partially-reacted, and fully-reacted regions within the 
same specimen. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1. Shock recovery experiments 

Figure 2 shows reaction maps of the cross-sections 
for the recovered capsules for the Nb-Si and Mo-Si 
samples; fully-reacted, partially-reacted, and unre- 
acted regions are evident. Upon recovery, the speci- 
mens were considerably cracked, and portions of the 
specimens were lost during sectioning. 

0 Unreacted SHOCKWAVE 
EU Partially reacted 

HI Fully reacted 

Impact Velocity  1.9 km/s at R„„„i Temp. 

Impact Velocity  1.2 km/s at  Room Temp. 

Impact Velocity 1.2 km/s al 500" C 

Fig. 2. Maps showing fully-reacted, partially-reacted, and unreacted regions for (a) Nb-Si system and (b) 
Mo-Si system. Impact velocity and temperature marked below each plot. Black regions represent 
fully-reacted,  hatched  regions-partially-reacted, dotted  region-unreacted. and white represents voids 

and/or cracks. 
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3.1.1. Scanning electron microscopy and micro - 
analysis. Backscattered electron micrographs of a 
polished section of the Nb-Si sample shocked at 
room temperature and low velocity (1.2km/s) are 
shown in Fig. 3. Figure 3(a) shows the unreacted but 
compacted region taken from near the top of the 
capsule. Figure 3(b) shows the transition region 
between unreacted and partially-reacted material, 
with the reacted material being the small gray nodules 
identified as NbSi2 (Nb-38 wt% Si via X-ray micro- 

analysis); the identification of the crystal structure of 
this phase will be discussed in detail later. Figure 3(c) 
shows the partially-reacted region which made up the 
majority of the sample and consisted of Nb particles 
surrounded by a reaction layer of NbSi: nodules and 
embedded within a two-phase matrix of NbSi2 nod- 
ules and silicon. Figure 3(d) shows the transition 
region from the partially-reacted to fully-reacted 
material located near the bottom of the capsule. 
.Within this transition region an additional interfacial 

1 
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I 
I 
t 
1 

I 
8 

Fig. 3. Backscattered electron micrographs of (a) the unreacted but compacted region taken from near 
the top of the capsule, (b) the transition region between unreacted and partially-reacted material, with 
the reacted material being the small gray nodules identified as NbSi:. (c) the partially-reacted region which 
makes up the majority of the sample and consists of Nb particles surrounded by a reaction layer oi NbSi2 

nodules and embedded within a two-phase matrix of NbSi: nodules and silicon, (dj the transition region 
from the partially-reacted to fully-reacted material located near the bottom of the capsule: within this 
transition region an addition interfacial reaction product could be observed as shown in (e) which was 

identified bv X-rav microanalvsis as Nb<Si,. 
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reaction product could be observed as shown in 
Fig. 3(e) which was identified by X-ray microanalysis 
as Nb5Si3 (Nb-15 wt% Si). Some Nb5Si3 reaction 
product could be found between the NbSi2 phase and 
the Nb particles within the partially-reacted region; 
however, the thickness of the Nb<Si3 layer, in this 
region, never exceeded 100 nm. In the transition 
region, the Nb5Si3 layer exceeded 1 /im in thickness. 
In the unreacted region, the niobium particles retain 
their original powder configuration (i.e. undeformed, 
irregularly shaped particles), whereas the silicon par- 
ticles have been deformed and compacted around the 

Fig. 4. Backscattered electron micrographs of the micro- 
structure of (a) the partially-reacted region in the low 
velocity (1.2km;s) and elevated temperature (773 K) shock 
experiment, (b. c) the partially-reacted region of the speci- 
men shocked at higher velocity (1.9 knvs) and room tem- 

perature. 

niobium particles. Figure 4(a) shows a backscattered 
electron micrograph of the microstructure of the 
partially-reacted region in the low velocity (1.2 km/s) 
and elevated temperature (773 K) shock experiment. 
The most notable feature that differentiates this 
sample from the room temperature, low velocity 
experiment is the significantly increased amount of 
reacted product NbSi2. Comparison between Fig. 3(c) 
and Fig. 4(a) indicates that a greater volume fraction 
of NbSi2 was formed as a result of capsule preheating. 
This is expected since a higher temperature will be 
achieved in the capsule as a result of the shock, plus 
preheating, and the capsule will remain hotter for a 
longer time following the shock since the shock 
fixture is no longer an efficient quenching medium. 

Figure 4(b, c) show the partially-reacted region of 
the specimen shocked at higher velocity (1.9 km/s) 
and room temperature. In this sample less nodular 
NbSi2 was observed: however, a significant amount of 
NbSi2 was also found present as a lamellar eutectic 
structure within the silicon rich matrix, as shown in 
Fig. 4(c). Under these shock conditions, the molten 
silicon matrix becomes enriched with niobium, and 
subsequently solidifies at 1300C via a eutectic reac- 
tion between Si and NbSi:. A small amount of this 
eutectic reaction was evident in the other two Nb-Si 
samples; however, in those samples the volume frac- 
tion was very insignificant compared to the amount 
of nodular NbSi, that was found. 

This result suggests that the temperature through- 
out the molten Si exceeded the melting temperature 
of the NbSi, phase (~ 1940:C) causing the nodular 
NbSi2 to dissolve in Si and to subsequently resolidify 
through the eutectic reaction. Incontrovertible proof 
that silicon was molten in the partially-reacted region 
of even the low velocity, room temperature exper- 
iment is provided by the observation of a fine eutectic 
structure of lamellar NbSi, and Si. This eutectic 
structure formed last as the molten. Nb-enriched 
silicon solidified. The higher shock energies achieved 
in the 1.9 km/s sample result in significantly higher 
temperatures within the powders. A greater fraction 
of this shock energy is deposited in the silicon powder 
compared to the Nb powder as evidenced by the 
considerable plastic deformation of the silicon par- 
ticles in the unreacted region, and the extremely high 
temperature achieved in the molten silicon in the 
partially-reacted region. In addition, the higher shock 
energy is likely to result in increased turbulence in the 
molten Si which will aid in homogenizing the melt 
(i.e. dissolve the NbSi: nodules) through a stirring 
action. Clearly, the reaction mechanism associated 
with the formation of the nodular NbSi: is distinct 
from the eutectic reaction observed in Fig. 4(b, c). 

Comparison of the low velocity (1.2 km/s), elevated 
temperature (773 K) experiment with the room tem- 
perature, high velocity (1.9 km s) experiment reveals 
several interesting observations regarding the nature 
and extent of the shock reaction. First, the extent of 
reaction (i.e. the amount of reaction product formed) 
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was greater for the low velocity (1.2km/s), elevated 
temperature experiment than the high velocity 
(1.9 km/s) experiment, even though the high velocity 
experiment creates a higher temperature within the 
capsule compared to the low velocity, elevated tem- 
perature experiment after the preheat temperature is 
added to the calculated temperatures (as based on the 
calculations of Norwood and Graham [29] also 
shown as Fig. 2 in the companion paper to" this work 
[27]). The preheating is more effective for promoting 
the reaction because the temperature is uniform 
throughout the powders, heating up both the Nb and 
Si particles relatively evenly, whereas the shock en- 
ergy (i.e. heat) is preferentially deposited in the softer 
Si particles. As such, a larger fraction of shock energy 
can contribute to the reaction in the preheated 
sample, rather than healing of the powders in the 
high velocity experiment. Secondly, the morphology 
of the NbSi: phase differs between the high velocity 
experiment and the elevated temperature experiment. 
In the high velocity experiment the NbSi: exists 
both as a lamellar eutectic structure within the Si 
regions, as well as nodules along the Nb-Si interface. 
In  contrast,   the   NbSi:   phase  exists  as  nodules 

surrounding a thick layer of NbSi2 which encapsu- 
lates the Nb particles, as shown in Fig. 4(a). Since the 
preheating raises the temperature of both the pow- 
ders and the whole fixture itself, the cooling rate in 
this experiment is considerably lower than in either of 
the other two (low velocity-room temperature and 
high velocity-room temperature) experiments. The 
morphology of the thick NbSi2 reaction layer sur- 
rounding the Nb particles suggests that this 
layer: (1) forms through solid-state diffusion, 
(2) occurs subsequent to the nodule reaction mech- 
anism, and (3) is not directly associated with shock- 
wave passage. 

Backscattered electron micrographs of a polished 
section of the Mo-Si sample shocked at room tem- 
perature and low velocity (1.2 km/s) are shown in 
Fig. 5. Analysis of the other two Mo-Si samples will 
not be presented here, but examination of these 
samples revealed structures similar to the correspond- 
ing Nb-Si samples. Figure 5(a) shows the unreacted 
but compacted region taken from near the top of the 
capsule. Figure 5(b) shows the transition region 
between unreacted and partially-reacted material, 
with the reacted material being the small gray nodules 

Fig. 5. Backscanered electron micrographs of a polished section of the Mo-Si sample shocked at room 
temperature and low velocity (1.2 km/s), (a) the unreacted but compacted region taken from near the top 
of the capsule, (bi the transition region between unreacted and partially-reacted material, with the reacted 
material being the small gray nodules identified as MoSi,, (c) the partially-reacted region which made up 
the majority of the sample and consisted of Mo particles surrounded by a reaction iayer of MoSi, nodules 
and embedded wnhin a two-phase matrix of MoSi: nodules and silicon: in many instances, the entire Mo 
particle has beer, reacted to form the MoSi, phase, as indicated by an arrow in (c): (d) shows the transition 

region from the partially-reacted to fully-reacted material located near the bottom of the capsule. 
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identified as MoSi, (Mo-37 wt% Si via X-ray micro- 
analysis); the identification of the crystal structure of 
this phase will be presented later. Figure 5(c) shows 
the partially-reacted region which made up the ma- 
jority of the sample and consisted of Mo particles 
surrounded by a reaction layer of MoSi2 nodules and 
embedded within a two-phase matrix of MoSi2 nod- 
ules and silicon. In many instances, the entire Mo 
particle has been reacted to form the MoSi2 phase, as 
indicated by an arrow in Fig. 5(c). Figure 5(d) shows 
the transition region from the partially-reacted to 
fully-reacted material located near the bottom of the 
capsule. No additional interfacial reaction product 
could be observed in this sample, unlike the Nb-Si 
samples. In the unreacted region, the Mo particles 
appear to fragment along grain boundaries within the 
particles, while the silicon particles seem to have 
undergone intense plastic deformation. 

The fully-reacted regions for the Nb-Si and Mo-Si 
samples were essentially identical in term of macro- 
scopic morphology. Voids were present throughout, 
resulting from either solidification shrinkage, gases 
evolved during the reaction, or tensile stresses im- 
posed on the compact prior to solidification. The 
presence of spherical voids, as well as dendritic 
structures  observed  are  evidence  of melting  and 

50 fim 

Fig. 6. Backscattered electron micrographs of fully-reacted 
regions of the Nb-Si capsules tested at (a) elevated tempera- 
ture (773 K) and (b) high velocity (1.9km/s) and room 
temperature. Microvoids are marked by arrows and several 
different phases are present marked A. B. C and D in (a). 

(keV) 

Fig. 7. (a) Backscattered electron micrograph of the fully- 
reacted region of the Mo-Si capsule which contains 
primarily MoSi, [labeled A in this figure]: lb) shows a typical 
EDS spectrum from this phase. A second phase [labeled B 
in (a)] had a composition close to Mo<Si,. but also 
contained small amounts of Fe. Cr and Ni. as shown in the 

EDS spectrum of (c). 

re-solidification. Figure 6(a) and (bj show the micro- 
structure in the fully-reacted regions of the Nb-Si 
capsules tested at elevated temperature (773 K) and 
high velocity (1.9km/s), respectively: the microvoids 
are marked by arrows and several different phases are 
present. Energy dispersive X-ray analysis of these 
distinct phases [marked A, B, C and D in Fig. 6(a) for 
example] reveals Fe, Ni and Cr peaks, in addition to 
differences in the relative intensities of the much 
larger Nb and Si peaks. The presence of Fe, Ni and 
Cr is evidence for melting of the capsule (which is 
stainless steel) and subsequent contamination of spec- 
imen. This is a post-shock effect, since there would be 
no time for diffusion of these elements during shock- 
wave passage. The phases which contained the Fe, Cr 
and Ni to varying amounts also had an overall Nb-Si 
ratio close to the composition of NbfSi,. Figure 7(a) 
shows the fully-reacted region of the Mo-Si capsule 
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which contains primarily MoSi2 [labeled A in this 
figure]; Fig. 7(b) shows a typical EDS spectrum from 
this phase. A second phase [labeled B in Fig. 7(a)] 
had a composition close to Mo5Si3, but also con- 
tained small amounts of Fe, Cr and Ni, as shown in 
the EDS spectrum of Fig. 7(c). This result, in con- 
junction with similar findings for the Nb-Si system 
suggest that the Nb;Si3 and Mo5Si3 phases have a 
greater solubility for Fe. Cr. and Ni compared to the 
corresponding disilicide phases. 

3.1.2. Transmission electron microscopy' and 
diffraction analysis. Figure 8 shows transmission elec- 
tron micrographs of the partially-reacted region of 
the low impact velocity, room temperature Nb-Si 

Fig. 8. Transmission electron micrographs of the partially- 
reacted region of the low velocity, room temperature Nb-Si 
sample, (a, b) reveal the structure of the nodules and of the 
surrounding silicon matrix. The silicon surrounding these 
reacted regions generally shows an annealed structure with 
a profusion of annealing twins, (c) Electron diffraction 

pattern from twins in (b). 

Fig. 9. [0001] zone axis CBED pattern obtained from the 
NbSi, nodules, (a) shows the zero-order Laue layer pattern 
which possesses 6 mm projection diffraction symmetry, (b) 
shows the whole pattern revealing only 6-fold rotational 
symmetry; no mirror planes exist in this pattern, and (c) 
shows an enlarged view of the black rectangle outlining a 

small portion of the second-order Laue ring in (b). 

sample. Figure 8(a) and (b) reveal the structure of the 
nodules and of the surrounding silicon matrix. The 
NbSi2 nodules are monocrystalline. approx. 1-2 ^m 
in diameter, and have facets. They do not show any 
marked internal structure, such as dislocations, stack- 
ing faults, or twins. The silicon surrounding these 
reacted regions generally shows an annealed structure 
with a profusion of annealing twins, as shown in 
Fig. 8(b). A few silicon regions exhibit a micro- 
crystalline structure. These regions were either 
subjected to intense plastic deformation and recrys- 
tallized (statically or dynamically) or were molten 
and rapidly re-solidified. This microstructure is in 
stark contrast with the previous silicon regions 
[Fig. 8(b)] which suggested melting followed by slow 
re-solidification. 

The crystal structure of the NbSi, nodules was 
determined by convergent beam electron diffraction 
(CBED) analysis. Figure 9 shows the [0001] zone axis 
CBED pattern obtained from the NbSi2 nodules. 
Figure 9(a) shows the zero-order Laue layer pattern 
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Fig. 10. Transmission electron micrographs of the partially- 
reacted region of the low velocity, room temperature Mo-Si 
sample, (a) and (b) revea! the structure of the MoSi, nodules 
and the surrounding silicon matrix, respectively. The silicon 
surrounding these reacted regions generally shows an an- 

nealed structure with a profusion of annealing twins. 

which possesses 6 mm projection-diffractiont sym- 
metry. Figure 9(b) shows the whole patternt reveal- 
ing only 6-fold rotational symmetry: no mirror planes 
exist in this pattern. Figure 9(c) shows an enlarged 
view of the black rectangle outlining a small portion 
of the second-order Laue ring in Fig. 9(b). Careful 
examination of Fig. 9(c) reveals that the reflections 
indicated by the arrows [(7 19 12 2) and (12 19 7 2)] 
do not mirror to each other. This lack of mirror 
symmetry reduces the whole pattern symmetry from 
6 mm to 6 in the [0001] zone axis orientation. As such, 
the diffraction group for this symmetry is 6mrmr and 
the _point groupjs 622. CBED analysis of both the 
<1120> and  <1100>  type orientations,  not shown 

+The terms projection-diffraction symmetry and whole pat- 
tern symmetry have the same meanings as in Buxton et al. 
[31]. Projection-diffraction symmetry corresponds to the 
symmetry of the diffraction disks and diffuse intensity within 
diffraction disks of the zero-order Laue layer. Whole pattern 
symmetry refers to the symmetry of the higher-order Laue 
zone (HOLZ) reflections and HOLZ Kikuchi lines seen in 
low camera length patterns such as Fig. 9(b). 

Fig. 11. Transmission electron micrograph of the partially- 
reacted region of the low velocity, room temperature Mo-Si 
sample revealing the internal structure of the MoSi2 nodules 

including dislocations and twins. 

here, displayed only 2-fold whole-pattern symmetry 
consistent with the point group 622. The established 
crystal structure for the NbSi: phase is the C40 
hexagonal structure (space group P6222 and point 
group 622) [30]. No attempt was made here to 
determine the space group of this phase; however 
there is no reason to suspect any other space group. 

Fig. 12. [001] zone axis CBED pattern obtained from the 
MoSi, nodules, (a) shows the zero-order Laue layer pattern 
which possesses 4 mm projection-diffraction symmetry, and 
(b) shows the whole-pattern symmetry revealing 4 mm sym- 

metry as well. 
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Figures 10 and 11 show transmission electron 
micrographs of the partially-reacted region of the low 
impact velocity, room temperature Mo-Si sample. 
Figure 10(a) and (b) reveal the structure of the MoSi2 

nodules and the surrounding silicon matrix, respect- 
ively. The MoSi2 nodules are monocrystalline, ap- 
prox. 1-2 pm in diameter, and have facets. They 
show significant internal structure, including dislo- 
cations and twins, as shown in Figure 11. The silicon 
surrounding these reacted regions generally shows an 
annealed structure with a profusion of annealing 
twins, as shown in Fig. 10(b). This microstructure 
suggested melting followed by slow re-solidification. 

The crystal structure of the MoSi2 nodules was 
determined by CBED analysis. Figure 12 shows the 
[001] zone axis CBED pattern obtained from the 

MoSi2 nodules. Figure 12(a) shows the zero-order 
Laue layer pattern which possesses 4 mm projection- 
diffraction symmetry; Fig. 12(b) shows the whole- 
pattern symmetry revealing 4 mm symmetry as well. 
Examination of both the [100] and [110] orientations, 
not shown here, displayed 2 mm whole-pattern sym- 
metries. These symmetries, in conjunction with the 
A mm symmetry of the [001] orientation, are consist- 
ent with a point group of 4/mmm. From the whole 
pattern shown in Fig. 12(b) the centering of the 
structure was determined to be body-centered (I). 
Since no dynamical absences could be located in any 
orientations, the space group was determined to be 
[4/mmm. MoSi2 has been reported to exist as two 
different crystal structures, C40 hexagonal (/?-MoSi2) 
above 1900°C and as Cl lb (body-centered tetragonal 
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a-MoSi,) below 1900°C [32]. Boettinger et al. [33] 
have reported that pure MoSi2 exists only as the Cl lb 

structure, and that the C40 is only metastable at high 
temperatures as a result of other solutes stabilizing 
this phase. In addition, they point out that in rapid 
liquid quenching operations, such as plasma-spray- 
ing, and we propose here for the conditions of this 
reaction mechanism, that "the formation of a 
metastable MoSi2 C40 phase can occur directly from 
the melt if the undercooling takes the melt below the 
metastable melting point of the C40 phase. This 
melting point may be only a few degrees Celcius 
below the melting point of the Cllb phase." The 
MoSi2 phase observed here is consistent with the low 
temperature tetragonal phase (Cllb) suggesting that 
either this phase formed via solid-state below 1900°C, 

in contradiction to the mechanism being proposed 
herein, or was formed from the liquid state (consist- 
ent with the mechanism proposed here) first as the 
high-temperature C40 structure which subsequently 
transformed during cooling to the low-temperature 
Cllb phase. 

Mitchell et al. [34] have examined the (C40) hexag- 
onal-to-(Cl lb) tetragonal transformation of MoSi2 in 
plasma-sprayed processing in which the MoSi: phase 
starts to form in the liquid state. Their results indicate 
that a hexagonal-to-tetragonal phase transformation 
does occur in their experiments even for the very 
rapid solidification rates of the plasma-spray process- 
ing. During the transformation the stacking is 
changed from ABC in the hexagonal phase to AB in 
the tetragonal phase, and three different stacking 
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Fig. 14. (a) [001] selected area diffraction pattern from one side of the twin plane in a MoSi: nodule and 
(b) shows a [331] selected area diffraction pattern from the other side, (c) shows a composite SADP across 
both sides of the twin, and (d) shows the indexing of the composite pattern. The solid circles indicate the 
first variant pattern shown in (a), the open circles represent the reflections from the second variant shown 

in (b), and a solid circle inside an open circle indicates overlapping reflections. 
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variants are possible within a given hexagonal grain: 
AB, BC and CA. If two different variants form within 
a given grain they will possess a twin relationship 
with each other. Mitchell et al. [34] suggest that their 
observation of {110} twins in the tetragonal MoSi2 

phase is a direct consequence of the hexagonal-to- 
tetragonal phase transformation. Figure 11 shows a 
nodule of MoSi2 containing a twin; each MoSi2 

nodule examined, when suitably oriented, displayed 
twins. Figure 13(a) shows a [110] microdiffraction 
pattern from one side of the twin plane and Fig. 13(b) 
shows a [111] selected area diffraction pattern 
(SADP) from the other side. Figure 13(c) shows a 
composite SADP across both sides of the twin, and 
Fig. 13(d) shows the indexing of the composite 
pattern; the twin boundary is parallel to (110) which 
is common to both sides of the twin, and the (004) 
plane of one variant is parallel to the (112) plane of 
the other. The crystallographic nature of the twin was 
further analyzed by tilting one variant into the [001] 
orientation, shown in Fig. 14(a), and the other vari- 
ant was oriented along the [331] axis [Fig. 14(b)]. 
Figure 14(c) shows the combined SADP taken across 
the twin in this orientation, and Fig. 14(d) shows the 
indexing of Fig. 14(c). The twin boundary is still 
parallel to (110) and common to both variants, while 
(130) of one variant is parallel to (013) of the other. 
These results are consistent with the analysis of 
Mitchell et al. [34] and suggest here that the nodules 
of MoSi2 were formed from the liquid state, solidified 
as hexagonal. ß-MoSi2 which subsequently trans- 
formed to the low-temperature, tetragonal, a-MoSi2, 
In addition, these results are consistent with the phase 
equilibria discussed by Boettinger et al. [33] for 
MoSi2, particularly with regard to the C40 to Cllb 

polymorphic transformation. 

3.2. Static synthesis (diffusion couple) experiments 

The morphologies of the partially-reacted regions 
in the Nb-Si and Mo-Si systems have unique features 
that are indicative of the mechanisms operating. The 
profuse presence of NbSi2 and MoSi2 nodules at the 
Nb-Si and Mo-Si interfaces, and. more importantly, 
interspersed in the silicon are a unique aspect of 
shock-induced chemical reactions. In order to both 
compare reaction mechanisms and assess the kinetics 
of reaction under conventional heat treatment, in the 
solid state, pieces of niobium and silicon were pol- 
ished flat, clamped together, and then encapsulated. 
These diffusion couples were annealed at 1200CC for 
different times, sectioned, and analyzed. Figure 15(a) 
shows typical reaction layers that formed as a result 
of solid-state diffusion (in this example the couple 
was annealed at 1200:C for 2 h). The interdiffusion 
resulted in the formation of a thick layer of NbSi2, 
adjacent to the silicon sample, followed by a lamellar 
eutectic structure of Nb5Si, in NbSi:, growing from a 
layer of Nb5Si3 adjacent to the pure Nb sample. These 
reaction products and morphologies are consistent 
and predictable from the Nb—Si phase diagram. The 

thicknesses of the product layers (excluding the eutec- 
tic region) as a function of time for each of the 
diffusion couples fabricated are plotted in Fig. 15(b). 
The data can be easily rationalized in terms of a 
simple diffusion equation 

x=ky/Dt (1) 

where x is the thickness of the reaction layer. D is 
the diffusion coefficient, t is the time, and £ is a 
parameter that is a function of the geometry, phases 
formed, etc. The activation energy for diffusion for 
these materials varies from 200 to 400 kJ/mol. Taking 
a weighted average (among the available data) 
between the activation energies for self-diffusion 
of silicon and niobium, a value of 350 kJ/mol is 
obtained. Hence 

x = KD\{e -&Q RT 
I)2- (2) 

By grouping the two unknown parameters k and 
D\ and fitting equation (2) to the experimental results 
of Fig. 15(b), it is possible to predict reaction layer 
thicknesses as a function of time for both Nb.-Si, and 
NbSi2. These predicted thicknesses, for a range of 
temperatures below the melting point of silicon, are 
plotted in Fig. 15(c). The effect of temperature on the 
product layer thickness is very small, in the scale of 
Fig. 15(c). The usefulness of this plot is that it enables 
comparison of the amount of expected reaction 
product on the time scale of the shock experiments. 
The predicted reaction layer thicknesses, for a time of 
5/is (maximum duration of stress pulse within 
shocked specimens) and a temperature of 1673 K [the 
maximum admissible temperature for solid-state 
process (the melting temperature of silicon = 
1687 K)] are 10'7 and 10~9 fim for NbSi2 and Nb5Si,. 
respectively. Under shock compression, the reaction 
front advances by a dimension on the order of the 
radius of the nodules (~ 1 urn) within this same time 
span (5/is). Thus, the reaction rates under shock 
compression are 10M09 times higher than under 
static, solid-solid conditions. 

3.3. Proposed reaction mechanism 

The analysis of the partially-reacted regions in the 
Nb-Si and Mo-Si shock experiments revealed the 
detailed nature of the reaction sequence and mechan- 
isms (for the sake of brevity only the Nb-Si system 
will be discussed below, however this analysis applies 
equally well to the Mo-Si system). A thermodynamic 
treatment of the reaction mechanism proposed below 
is given in a companion paper [27]. The preponder- 
ance of small NbSi2 particles surrounded by silicon, 
as well as the existence of NbSi2 particles attached to 
the niobium particles (Figs 3 and 4) are evidence for 
a reaction mechanism in which the NbSi2 or MoSi2 

particles are continuously being generated at the 
interface and ejected into the (molten) silicon. Thus, 
no permanent diffusion barrier that would slow down 
the reaction process is formed, and reaction can 
proceed at a constant rate  until  the entire metal 
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Fig. 15. (a) Backscattered electron micrograph of typical 
reaction layers that formed as a result of solid-state diffusion 
(in this example the couple was annealed at 1200°C for 2 h). 
The interdiffusion resulted in the formation of a thick layer 
of NbSi:, adjacent to the silicon sample, followed by a 
lamellar eutectic structure of Nb<Si, in NbSi:, growing from 
a layer of Nb5Si3 adjacent to the pure Nb sample, (b) a plot 
of the measured thicknesses of the product layers (excluding 
the eutectic region) as a function of time for each of the 
diffusion couples fabricated, the dashed and solid lines 
represent best fit curves, (c) is a plot of the predicted 
thicknesses, based on equation (2). for a range of tempera- 

tures below the melting point of silicon. 

(Nb or Mo) or silicon is consumed. The shock-in- 
duced reaction is initiated along the solid 
metal-molten Si interface. After reaction has pro- 
ceeded to a certain extent, surface (interfacial) forces 
become dominant, and the liquid reaction product 
agglomerates, forming a spherule.  At this point, 

reaction kinetics are drastically decreased, due to the 
reduction in the Nb-Si interfacial area, and solidifica- 
tion of the disilicide sphere starts. As the sphere 
solidifies, new nuclei form along the Nb-Si interface. 
The new nuclei grow, agglomerate into spheres when 
they reach a critical size, and thereby form neighbor- 
ing spheres. As these neighboring spheres solidify, 
they exert forces on the first sphere, expelling it into 
the molten silicon, and thus exposing fresh surfaces. 
This reaction process can continue unimpeded, until 
the reactants are consumed. In addition, turbulent 
flow of the liquid silicon under shock can also 
contribute to the detachment of the spherules from 
the interface. The companion paper (Part II; [27]) 
presents this mechanism in detail. 

4. CONCLUSIONS 

1. It was possible to successfully initiate and prop- 
agate shock-induced reactions for the two systems 
investigated (Nb-Si and Mo-Si), and the extent of 
reaction was found to increase with shock energy, 
shock temperature, and the energy of reaction. 

2. The following qualitative statements can be 
made: (a) as the heat of reaction increases, the shock 
pressure/temperature necessary for full reaction de- 
creases, and (b) the extent of shock-induced reaction 
increases with shock energy, at a constant tempera- 
ture, and with temperature, at a constant shock 
energy. 

3. Electron microscopy observations reveal that 
the main reaction product in the partially-reacted 
regions is the disilicide formed from the molten state 
as spherules with radii of approx. 1-2 ^m. These 
spherules are formed at the metal-Si interface and are 
expelled into the silicon. 

4. There is clear indication that silicon melting is 
a prerequisite for shock-induced reactions. 

5. The kinetics in static solid-state reactions were 
established and found to be lower, by ~108 com- 
pared to the kinetics in shock compression. 

6. A reaction mechanism under shock com- 
pression for the metal-Si interface is proposed involv- 
ing the dissolution of Nb or Mo into molten Si, 
producing the molten intermetallic, with its sub- 
sequent spheroidization, solidification, and expulsion 
into the surrounding liquid silicon melt. In this 
reaction mechanism a fresh solid (Nb or Mo)-liquid 
(Si) interface is continuously maintained, enabling a 
high reaction rate. 
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Modeling Powder Compaction by Element Dynamics. 

S.Psakhi e* 

North Carolina State University, Raleigh, NC 

Shock wave loading is widely used a way to create 
chemical synthesis in powder mixtures Ll-Zl.      A great number 
of local active centers or hot spots, here chemical reaction 
occurs, are   generated due to the shock compression. Such 
effects are   closely connected with nonhomogeneous structure 
of the powder mixture. The last leads to localisation o-f the 
deformation and -fracture on the different structural levels 
C4-S1 and in its turn to arising of the hot spots on micro- 
and mezo- levels. 

The problem of hot spot initiation has been studied 
extensively bv both theoretical and experimental methods 
C61. 

Computer simulation methods are   very useful 1 for 
understanding of the specific mechanisms of hot spots 
initiation. This approach allow to test influence of the 
different conditions of the loading and different initial 
structures on the behaviour of the nonhomogeneous medium. 
The molecular dynamics method (MDM) is common for modeling 
on micro-level 114-0,3,91. But we do not commonly accepted 
method  to simulate behaviour of the nonhomogeneous 
media on macro- and mezo- levels. 

In this paper Element Dynamics Method (EDM) C5,8] is 
described as method to simulate nonhomogemous media on 
macro- and mezo-1evels. 

Typically one of the most aims of computer simulation 
to studvthe temporal - spatial evolution of the 
mvestigated object. In our case, if we use Element Dynamics 
Method, the object (non-homogenious medium) is represented 
as a system of particles or   elements. Each element has 
ability to move as whole •'transl ati onal mode) and rotate 
around its own center (rotational mode). 

Each element has its own size - factor, mass and 
tensor of the moment of inertia. 

In order to describe state and behaviour for each 
element at different time we use spatial coordinates, 
rotation angles, translation velocity and  angle velocity. 

* On leave from Russian Materials Science Center, Tomsk, 
Russia. 



One of the most assumption of the EDM is description of 
the normal interparticles -forces in -framework of 
interparticle pair potential approach. 

It should be noted that EDM is usable as MDM. To do 
this would require only to exclude  the rotational equations 
of motion. 

The influence of macro-defects, for example pores, on 
the energy spatial distribution are discussed» The results 
of the simulation for shock compression of the particles 
with microcrack showed that such defects produce 
localization of the deformation on the mezo - level and 
arise the mezo - hot spots» 

El ] 

E2] 

£3: 

E41 

C6] 

LSI 
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Modeling Physical and Chemical Trans-for mat ions 

N. Akhmadeev* 

North Carolina State University, Raleigh, NC 

This report is devoted to theoretical studies of 
mechanical and physical-chemical processes taking place 
under shock waves in condensed media. Shock waves may 
trigger phase transitions and chemical reactions in solids. 
This transformations may also have a very strong influence 
upon shock waves propagation. For analyses of these 
processes the mathematical model was developed by methods of 
the mechanics oi   multiphase (heterogeneous) medium. 
Traditional activities with explosions and high-speed impact 
and creation of new technological processes are   related to 
this investigations. 

A model is presented for two phase solids that takes 
into account of possible physical and chemical 
transformations under shock loading when the effects of 
strength of solid are   still important. One-dementional, non- 
stationary numerical code is considered with application to 
plane collision of two plates, initiation and propagation of 
a condensed explosive detonation, and interaction between 
detonation wave and metal in the contact explosion. 
Significant parameters pertinent to the development of flow 
field are   evaluated. On the basis of these results a 
theoretical method of research is proposed for the study of 
the kinetics of phase transition and chemical reaction. 

The report has been selected  from the investigations 
of shock-waves processes in solid with phase transitions, 
chemical reactions and structural transformations at 
Institute of Mechanics of Moscow University and Institute of 
Mechanics at Ufa Branch of Russian Academy of Science by 
academician R. Nigmatulin and myself same times ago. 

* Gn leave from the Institute of Mechanics at Ufa Branch of 
Russian Academy of Science, Ufa, Russia 
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Modeling 
Physical and Chemical Transformations 

1. Introduction 

2. Equations of Model 
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J 3. Applications 
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3.2.1. Numerical Analysis of the Pressure-Measurement 
j§           Results Based on the Manganin-Technique 

3.2.2. Numerical Analysis of Experiments Based on 
Use of the Laser Interferometr for Measurement of the Free- 
Surface Velocity at the Time 

3.2.3. Numerical Analysis of the Residual Effects of 
m          Post Shock Iron and Low Carbon Steel Samples 

3.1. Numerical Modeling of the Initiation of an Explo- 
sive Charge Detonation and Interaction between Detonation 
Wave and Solid in the Contact Explosion 

3.2. Phase Transitions in Iron under Shock Waves 

4. Conclusion 
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Mixture Representation 

mi 0 

vi 

vi 
ai =-■ 

I 
I 
I Vtotal 

I 
I m- , v- - mass and volume of i-th phase. 

I 
I 
I 
I 
I 



(C.i) 

(C.2) 

Conservation Equations 

Equations of mass 

in the first and second phases 

PoaPl 
Pi 

av   po 

— + - J12 = °> 
p at 3r       p 

P0 ap2 
....__. + 

p   9t 
P2 

3v    po 

 j12 = 0, 

9r      p 

Equation of momentum for the entire mixture 

av    aa11 

(C. 3) p0   -- =   -----     , 
at    ar 

Equation of energy for entire mixture 

p ae, 3e0 9v 
0 1 2 11 

(C. 4)     — [ pj -— + p2 —- + (e2 - e{) J12 ] - a   ' —- 
D        3t 3t 9r 
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Additional Relations 

"     (A. 1) aU= -p + x11. 

I 
I 
I      (A.2) P = P!(Pj,T) = P2(P^T) 

Condition of phase joint deformation 

o   ~,      _   , .0 

Hook's Law 
l 
l 
1 dx11    4        p    3v 

11      * (A. 3) —- = — ]i — —- ,        x    <x 

dt        3        p    6 r 

[i , x    - shear modules and elastic limit 



Kinetic Relations 

(A4) J12  " hi  " J21 

1. Chemistry (irreversible) 

(AM) j12   = 
10 

9    j.    =0;     ^i9" time constant. 

12 

2. Phase Change   (Quasi - Reversible) 

P"PS    
n12 

hi   =alhl   ( 1-exp[ - (-———)     J   }, 
A. 

(A.42) 
12 

Ps " P     n21 
o 

J21   ~a2J21 1 - exp [ ■ ( ) ]}. 
l21 

p - phase change pressure (on the phase equilibrium curve), 

.0 
J*21'   n21 5 ^91  "   kinetic constants» 
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I 
| (A.5) 

I 
I 

e = e (p°) + eT(T) , 

P = PD(P°) + Px(P°'T) 

Elastic parts 

A-l_run     J/3M    ^^O.-l   -1/3 

P 
P 

de„ P° o 

P=---; x="ö' 
dx P 

I e  = 3A(bp°)_1exp[ b(l - x1/j)] - 3K(p°)_1x 

■        (A.51) 

I 
I 
| Thermal parts 

I 
I (A.52) 

I 
I 
I 
I 

eT ~ cv T' 

PT = Y(P )P ex 

c 



3o Applications 

The model was use for a numerical description a deto- 
nation in charges of crystalline and porous hexogenes Interac- 
tion between detonation wave and solid In the contact explosion 
and phase transitions In Armko-iron under shock wave, initiat- 
ing by impact of projectile or Impact of detonation wave. 
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4. Conclusion 

The numerical study of the detonation waves and the 
shock-wave motion with phase transitions, and comparison 
with experimental data, prove that the model of two phase con- 
densed continuous medium enables the shock-wave phenomena 
with physical-chemical transformations to described in exactly 
the same manner. 
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Fig. M  The p-V diagrams for the detonation of crystalline and porous (m = 1.82) forms of hexo- 
gene:   1) shock-wave adlabatic for unreacted hexogene; 2) detonation adiabatic for the products 
of hexogene on complete release of the explosion energy Qf (p10, T0); 3 and 4) intermediate deto- 
nation adiabatics for the products with 50 and 7S7o release of Qf (p10, T0); OBA) Michelsonline. 
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Fie    I    Waveforms of pressure p arising from toe detonation of a surface charge of hexogene 
(m = l °82   I =7 mm) on a specimen of nickel at various Instants:   1) shock waves In the detonation 
produ'cts'from hexogene and nickel; 2) detonation wave propagating through explosive (from left 
to right); 3) decay of shock wave with depth in specimen. 



I 
I 

ßGPa 

20 

10 

i 

 — Calculation 

• Experiment 

ft s 

■tA 

10 
^20 

J \ 
\\ 
\\ 
\\ 

/r^ 

\\ 

t M-s 

AGP _ Calculation 

— Experiment 

Figure 5"- The analytical and experimental pressure oscillograms at various depths in an 

iron specimen during a flat shock with a velocity v„ by an aluminum plate of thickness I . The 

figures denoting the curves correspond to depths in mm; a is for u„ = 3.5 km/s, b is for vn 

=  2.1 Km/s. f   =  7 mm. . '-   M"«"1 

I 
1 
1 
I 

I 
I 
I 

I 
I 
I 

s 
1 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
n 

I 

Ly,mm/u.s 

1.75 

Figure '■- . The analytical und cxpcrmicn 
!al oscillograms of the variation <>f the vclix.- 
ity of the iron target free surface (which is 
opposite to the surface of contact with the iron 
striker) which reveal a satisfactory agree- 
ment. The numerical indicators relate to the 
following values of the striker velocity and 
target thickness {v„ ir> km/s; L in mm): I) 
(0.6I2; 6.37), 2) (0.67!; 6.3K-. .?) (0.992: 
6.32). 4) (I.I5: 6.3I), 5) (1.29: 6.3!). 6) 
(1.40; 15.8). 7)(1.56; 19.8). 8) (1.57; 6.37). 

9) (1.90; 6.35). 
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Figure - Schematic of (he experiment 

(<-/) on the hardening of a specimen by a flat 

impact by a plate accelerated by an explo- 

sion: schematic of the hardness measure- 

ment (h) in the longitudinal section of the 

treated specimen; /) linear wave generator. 

2) plane wave generator, 3) explosive charge: 

4) accelerated plate (striker), 5) specimen 

subjected to hardening (target), 6) casing 

designed for protection against the lateral 

unloading. 
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Figure ■° Hardness variation with spec- 
imen depth: the specimen (made of Armco 
iron) is hardened by a striking plate (made 
of the same material) of thickness 3 mm, 
and moving with speeds: un = 1.45 krn/s 
(curve /). \.D5 km/.s (curve 2). 2.4 krn/s 
(curve ..?), and 2.8 km/s (curve 4).. 
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Figure '•"' . The pressure p diagrams resulting from detonation of the pressure charge (hex- 
ogen. po = 1000 kg/m , I = 14 mm) applied to an iron specimen (r > 0) at different points 
in time t, which arc identified by figures (in u.s) on the curves. The detonation wave prop- 
agating through the explosive substance is shown by dashed lines. The shock waves in the 
detonation products of hexogen and in iron are represented by solid lines. 
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SESSION II: REAL-TIME IN-SITU MEASUREMENTS 

D.P. Dandekar:    SESSION CHAIR COMMENTS 

Shock processing and synthesis of materials can involve very rapid shock-induced 
chemical reactions. It, is therefore, imperative to develop time resolved measurements of 
parameters which influence such reactions. The deliberations and discussions that took place 
during the workshop on the Shock Synthesis of Materials brought out one very important point 
which has a direct bearing on in-situ measurements. Shock induced chemical reactions occurring 
in a material system are inherently heterogeneous both spatially and temporally. The net effect 
of this observation is that real time in-situ measurements like (i) measurement of temperature 
by means of optical pyrometer, (ii) time resolved optical spectroscopy and x-ray diffraction 
measurements which provide direct observation of atomic/molecular mechanisms governing the 
chemical state in the shock environment and rate of chemical reactions made in a single 
location/region of reacting system may not be representative of the whole system. These 
measurements are absolutely essential to improve our understanding of the fundamentals of shock 
induced chemical reactions. The challenge is to make them useful to investigate the variation 
in the kinetics of shock induced reaction in a chemical system in material and time coordinate. 

The investigators who presented their work in the session on "Real-Time In-situ 
Measurements" were all well aware of the problem. For example, existence of rate dependency 
of chemical and mechanical equilibration, multiplicity of reaction products in various reacting 
systems, and non-uniformity of temperature in the reacting system were common themes that 
Anderson, Boslough, Gupta addressed in their talks. Boslough was probably the most candid 
about his own pioneer work dealing with the pitfalls of obtaining reliable measurements of 
temperature in a system that can be confidently used for either calculations or understanding the 
reactions taking place in a material medium. It appears to this reviewer that a measurable 
improvement in the status of the real time in-situ measurement technique will come about only 
if the reacting system chosen is a simple one which does not produce a multitude of products 
under the spatially and temporally varying pressure and temperature present in the reacting 
system. In absence of such a strategically evolved set of measurements, we will have to await 
a breakthrough or a novel and very attractive material due to serendipitous circumstances. But 
in the latter case we will have a hard time justifying such an approach to develop a better 
understanding of the shock induced chemical synthesis. It seems odd that infrared spectroscopy 
which is relatively easy to use and can be used in opaque material systems has not been so far 
used to probe shock induced chemical reactions. 
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Presented at the ARO sponsored workshop on "Shock Synthesis of Materials," Georgia Institute 
of Technology, May 24-26, 1994 

DYNAMIC PORE COLLAPSE IN RATE DEPENDENT MATERIALS AND 
THEIR IMPLICATIONS IN SHOCK SYNTHESIS 

G. Ravichandran 

Graduate Aeronautical Laboratories 

California Institute of Technology 

Pasadena, CA 91125 

A model for shock consolidation of porous powders is presented and their implication on 

shock synthesis of materials is discussed. Dynamic pore collapse in porous materials is studied 

by analyzing the finite deformation of an elastic/viscoplastic spherical shell under impulsive 

pressure loading. Effects of dynamic loading rate, pore size, initial porosity, strain-rate 

sensitivity, strain hardening, thermal softening and mass density of the matrix material on the 

pore collapse process are examined and results are compared with those from quasi-static 

analyses of both rate-independent and rate-dependent matrix materials. Dynamic (inertial) 

effects are found to be significant or even dominant in certain shock wave consolidation 

conditions. An approximate method is proposed to incorporate dynamic effects into quasi-static 

pore-collapse relations of viscoplastic matrix materials. Implications of results of current study 

are discussed in terms of understanding the processes of shock wave consolidation of powders 

(Tong and Ravichandran, 1993). 

The rise time of a strong shock wave propagating through a highly porous material is related 

to the pore collapse time of powders. The analysis explains the relatively large rise times 

observed during consolidation of powders. The shock rise time is shown to decrease with 

increasing pressure and becomes relatively constant at high shock pressures. The rise time is 

found to have a weak dependence on the initial temperature of the powder. Our pore collapse 

analysis is contrasted with existing models and the results are compared with existing 

experimental data (Tong and Ravichandran, 1994). 

Scaling laws are developed for quantities such as pore collapse time and temperature 

distribution (reaction zone size) in relation to the initial pore and powder size. The role of heat 

conduction on pore collapse and temperature distribution is also critically examined. The 

limitations and validity of existing pore collapse models to model shock wave consolidation of 

powders are discussed. Recent full-scale finite element computations are presented and they 

confirm the essential predictions of our pore collapse model. 
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On the basis of our dynamic pore collapse model, it appears that a key factor in shock f| 

induced synthesis is the maximum critical temperature attained during pore collapse, which 

initiates the chemical reaction.  It will be shown that the understanding of mechanics of pore H 

collapse is essential in analyzing shock induced reactions. It will be also shown that the 

reactions could be initiated within the rise time (a fraction of a |is) of the shock wave and the 

reactions may continue long after the passage of the shock wave (a few ms). The kinetics of 

shock synthesis is outlined based on melt diffusion and solid state diffusivity processes. On the 

basis of the bulk diffusivities of matter, solid state reactions during shock synthesis are ruled out 

and the observed reaction layer thicknesses are related to diffusion of species within the super 

cooled melt layer. 

Experimental evidence for our proposed model for shock synthesis is shown from controlled 

one-dimensional experiments performed on Ti/Si, Ti/SiC and constantan/Si systems (Kruger, et m 

al, 1992, Mutz and Vreeland, 1992 and Tong, et al., 1994). Results from detailed finite element 

computations reveal that the shock induced reactions are influenced by the bulk thermal §| 

quenching of the fixture and corroborative experimental evidence is presented from recent 

experiments performed on a Nb/Si system. Factors influencing shock induced reactions are 

summarized and suggestions for enhancing reactivity in powders are made. 
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Dynamic pore collapse in porous materials is studied by analyzing the finite deformation of an 
elastic/viscoplastic spherical shell under impulsive pressure loading. Effects of dynamic loading 
rate, pore size, initial porosity, strain-rate sensitivity, strain hardening, thermal softening, and 
mass density of the matrix material on the pore collapse process are examined and results are 
compared with those from quasistatic analyses of both rate-independent and rate-dependent 
matrix materials. Dynamic (inertia) effects are found to be significant or even dominant in 
certain shock wave consolidation conditions. An approximate method is proposed to incorporate 
dynamic effects into quasistatic pore-collapse relations of viscoplastic matrix materials. 
Implications of results of current study are discussed in terms of understanding the processes of 
shock wave consolidation of powders. 

1. INTRODUCTION 

Dynamic consolidation of metallic and ceramic pow- 
ders provides an alternate approach for processing materi- 
als with unique microstructures and, hence, properties. ]~b 

This process holds to be a promising new technology for 
consolidating advanced materials such as nanophase inter- 
metallics and composites. However, several major difficul- 
ties hinder its practical application and remain to be over- 
come, such as criteria for optimization of processing 
parameters (shock pressure, shock duration, etc.) and the 
cracking of compacts that occurs during shock release to 
ambient pressure. Researchers have continued to improve 
dynamic compaction fixtures, the use of cleaner powders, 
postconsolidation annealing or isostatic hot pressing, and 
other means to address these problems. However, the de- 
termination of shock consolidation processing parameters 
and prevention of cracking depends upon the detailed un- 
derstanding of the dynamic consolidation process at both 
continuum and microstructural levels. 

The densification and bonding of particles are accom- 
plished by the passage of a strong shock wave through an 
initially porous material. During the densification most of 
the energy is deposited near the particle surfaces and the 
resulting heating produces melting of the particle surfaces 
that solidify rapidly via heat conduction into the interior of 
the particles before release of shock pressure.2 The physical 
phenomena of such a dynamic consolidation process at the 
particle level are very complex and remain poorly under- 
stood. Localized energy depositions at interparticle sur- 
faces are thought to be due to local plastic deformation and 
frictional sliding and contribute largely to the particle- 
particle bonding. Berry and Williamson7 presented a com- 
puter simulation of the shock wave compaction of 
stainless-steel cylinders by considering plastic deformation 
at the particle level and predicted indeed highly localized 
plastic deformation and large temperature rises occur at 
particle boundaries during consolidation. Their numerical 
results have been qualitatively confirmed by experimental 
observations.8,9 Several estimates of the shock wave pres- 
sure required for obtaining good compact of metallic pow- 

ders (fully densified with good mechanical strength) have 
been proposed by Schwarz et a I." and Gourdin3 using an 
energy partition and balance approach. Ferreira and 
Meyers10 also used a similar energy balance approach by- 
including the effect of the matrix material strength on the 
required compaction pressure for various materials. The 
lower bound on the shock duration is also given by 
Schwarz et al.' by requiring the duration of shock compac- 
tion pulse to exceed the time for the melt to solidify. In all 
of these analyses, the total energy input during shock con- 
solidation is determined through the equation of state of 
porous materials, such as the one first described by 
Herrmann" and modified by Carroll and Holt12 and 
Swegle.13 In these porous material models, the volume 
change due to pore collapse is separated from that due to 
volume change of the matrix material. It is assumed that 
the form of the function that relates pressure to specific 
volume and specific internal energy of porous material is 
the same as that of the fully densified matrix material. To 
complete the model, a pore-collapse relation that relates 
pressure p to the distention of the porous material a is 
needed and has generally been assumed to be an algebraic 
relation between pressure and distention, a=g{p). The 
matrix material is essentially treated to be elastic/perfectly 
plastic, rate independent, and dynamic effects are ne- 
glected. This type of equation of state of porous materials 
has also been commonly used in computer simulation of 
shock consolidation experiments.8 

Both high-pressure loading rates and high rates of de- 
formation are encountered in the consolidation process of 
powders by the passage of a shock wave. Shock pressures 
of 1-10 GPa or higher are commonly used and typical 
shock rise times are of the order of 100-1000 ns;14'15 thus, 
the typical pressure rate is 1-100 MPa/ns or higher. The 
initial relative density of powders used in shock wave con- 
solidation is usually around 0.5-0.75 and hence the inelas- 
tic volumetric strain is about 0.3-0.7 after consolidation. 
The overall strain rate can be estimated to be of the order 
of 105-107 per second within the shock wave front (divid- 
ing the volumetric strain by the shock wave rise time). 
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Carroll and Holt16 showed that there is a significant differ- 
ence between the static and dynamic pore-collapse rela- 
tions for perfectly plastic and rate-independent matrix ma- 
terials under these pressure rates of shock wave loading. It 
should be also noted that the matrix material model used 
in the dynamic analyses by both Berry and Williamson7 

and Carroll and Holt16 is perfectly plastic and rate inde- 
pendent. There is increasing experimental evidence that 
indicates that some metals become strongly rate dependent 
at very high strain rates.17"19 While there have been some 
empirical and analytical formulations on the densification 
process of viscoplastic porous materials under quasistatic 
conditions,20"25 there are relatively few on the dynamic 
pore collapse of such matrix materials.8,26 The inertial ef- 
fect combined with strain rate, strain-hardening, and ther- 
mal softening effects on dynamic consolidation of powders 
remains unclear and thus have not been included in the 
determination of consolidation process parameters. The 
applicability of relatively simple results of viscoplastic po- 
rous matrix materials under quasistatic conditions to dy- 
namic loading conditions is also not known. 

Analogous to the work by Carroll and Holt16 on the 
dynamic pore collapse of perfectly plastic, rate- 
independent materials, here the collapse of an elastic/ 
viscoplastic spherical shell under an external impulsive 
pressure loading is studied. The thermal softening effect is 
also included by considering adiabatic heating of the ma- 
trix material due to accumulated plastic work. The col- 
lapse of a spherical shell is an idealization of the consoli- 
dation process and does not consider other effects such as 
the shape and distribution of pores, but it does provide a 
basis in terms of simple analytical and/or numerical solu- 
tions which can be readily obtained, and the effect of dy- 
namic loading, rate-dependent, and temperature- 
dependent behavior of the matrix material on pore-collapse 
process can be directly assessed. Our results indicate that 
parameters characterizing strain rate sensitivity, strain 
hardening, thermal softening, mass density of matrix ma- 
terial, dynamic loading rate, pore size, and initial relative 
density of the porous material play a significant role on the 
pore collapse under impulsive pressure loading, such as the 
characteristic time of densification. For viscoplastic matrix 
materials, rate sensitivity, dynamic effects, and others 
should be assessed carefully in formulating a realistic p-a 
relation for a given material under a particular loading 
condition. For rate-dependent matrix materials, the densi- 
fication process is significantly slowed down at high load- 
ing rates. 

In the following section a complete formulation of fi- 
nite elastic/viscoplastic deformation of a spherical shell is 
presented. In Sec. Ill results of a series of numerical sim- 
ulations of dynamic pore collapse process are presented. 
Finally, discussions and conclusions of the present study 
are given in Sec. IV. 

16 

II. FINITE DEFORMATION FORMULATION 

Following the approach used by Carroll and Holt 
and Wilkinson and Ashby,20 we study the consolidation of 
porous materials by considering the collapse of a spherical 

shell under a given external pressure loading p{t). The 
current inner and outer radii r of the spherical shell are a 
and b, respectively, at the time t > 0. The initial inner and 
outer radii R are A and B, respectively (i.e., t=0). The 
initial /0 and current / volume fractions of porosity in the 
material are thus given by 

fQ=(A/B)\    f=(a/b)\    0</0<l, 0</<l, (1) 

the initial a0 and current a distentions of the porous ma- 
terial are given by 

1 1 
a0= \-{A/B) 

a = 
\-(a/bV' 1 <a0, l<a, (2) 

and the initial p0 and current p relative densities are given 
by 

Po = -\-(A/B)\    p=\-(a/b)\    0<p0<l, 0<p<l. 
(3) 

Because we are interested in the whole pore-collapse pro- 
cess as the final relative density of the porous material 
approaching unity, it warrants a finite deformation analy- 
sis. In this section we outline the finite deformation formu- 
lation for stress wave propagation in elastic/viscoplastic 
materials applied to a spherical shell. The elastic deforma- 
tion and an appropriate constitutive model are also in- 
cluded in our analysis. Tong and co-workers19 have pre- 
sented the corresponding finite deformation formulation 
for elastic/viscoplastic materials in plane strain. 

A. Kinematics 

For a spherical shell, let x represent a material element 
in the current configuration (i.e., the spherical coordinates 
at time r>0) that was initially at X in the reference con- 
figuration (i.e., the spherical coordinates at time t=0). 
The deformation of the spherical shell under a pressure 
loading can be represented by 

x = x(X,t)=r(R,t)eR, (4) 

where X = ReR, R is the radial coordinate in the reference 
configuration (A<R<,B), r is the radial coordinate in the 
current configuration [a(r)<r(.R,r)<£(0], eR is the unit 
basis vector in the radial direction. 

The deformation gradient F is then given by27 

ax 
F=dx- 

dr 

dR 
0   0 

°    R    ° 

0    0 
R 

T)R2 

0   0 

°    -R    ° 

°    °   R 

(5) 

Here n is the ratio of the current volume to the reference 
volume of the matrix material, i.e., det F = T)(,R,t). 

The rate of change of the deformation gradient F is 
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F= 

d (dr\ 

1 dr 

R dt 
1 dr 

R dt 

'rjR2   2T]R
2

U 
0 0 

du 
—    00 
dR 

0 
u 

R 
0 = 

u 
0-0 

R 

0 0 
u 

R 

u 
0     0- 

R 

(6) 

where the radial particle velocity u is defined as u(R,t) 
=dr(R,t)/dt. The corresponding spatial velocity gradient 
is 

r1   du 
0    0 

L=D + W = FF1 = 

j]R2dR 

0 

0 

u 
-   0 
r 

u 
0   - 

r 

(7) 

where D=(L+Lr)/2 is the rate of deformation tensor 
and W=(L—Lr)/2 is the spin rate tensor. However, for 
the axisymmetric deformations considered here, W = 0 and 
thus D=L. 

B. Momentum balance and constitutive relation 

The balance of linear momentum in a spherical coor- 
dinates is given as27 

dTR    2 du 
(TR~Te)=p0 dR  ' R dt' 

(8) 

where TR and Te are the radial and transverse components 
of the first Piola-Kirchhoff stress tensor T, and p0 is the 
mass density of the matrix material in the reference con- 
figuration. The matrix material is considered to be an 
elastic/viscoplastic solid as the one considered by Tong 
and co-workers.19 The material is assumed to be homoge- 
nous, isotropic, and incompressible in plastic deformation, 
and its elastic moduli remains constant during plastic de- 
formation and under moderately high pressures. The rate 
form of constitutive relation for such a solid is (see Tong 
and co-workers19 with W = 0 in this case): 

T-(D-Dp)T+T(D/'-D)=Ce:(D-D/'), (9) 

where C* is the elastic moduli tensor of the matrix material 
and takes the familiar form in Cartesian coordinates as 

CtJkl=A.t8ijSkl+ß'{SikSjl+Sißjk), 

where Xe and \ie are the Lame constants. 
The weighted Cauchy stress f is defined as 
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(10) 

T = FT = 

T]R2 

r Th 0   0 

0 
r 

R T6   0 

0 0 
r 

RT\ 

(ii: 

and the rate of plastic deformation tensor iy is determined 
from the J2 flow rule 

W=y—,    where S = f--tr(T)I, r2=-5,75,;,    (12) 

where re is the effective shear stress. The plastic shear 
strain rate y is in general a function of applied stress, tem- 
perature, and internal state variables.28'29 The specific form 
of the plastic shear strain rate function used here is chosen 
to be a power law given by Klopp and co-workers,1 

,-*,(!)"",   ™(£)'(£)'. (13, 
where y0, r0. y0. and ö0 are reference strain rate, flow 
stress, plastic strain, and temperature, r, y, and 6 are cur- 
rent flow stress, plastic strain, and temperature, m is the 
rate sensitivity, n is the strain-hardening exponent, and v is 
the thermal softening exponent. 

C. Spherical wave analysis 

For wave analysis it is advantageous to rewrite the rate 
form of elastic/viscoplastic constitutive relation given 
above in terms of the first Piola-Kirchhoff stress tensor T 
(noting only the diagonal components of T, F, D, and iy 
are nonzero): 

f = TD + F-'(Ce:D)-2TD/'-F'-1(C:iy), 

or, in the component form, as 

du dTR 
=Ai(K.t) 

dTe du 

in which the coefficients Ax, Bx, A2, and B2 are 

-=Al{R.t)g£-B1(R,t), 

dt-=A2(.R.t) g£-B2{R,t), 

^=^ + (AW)^, 

5, 
Ir1     \ 2rle 

2TR-—2AlfR-wu, 

A2=(r/VR)/J, 

(14) 

(15a) 

(15b) 

(16a) 

(16b) 

(16c) 

Te--fie\Dp
e-^u-2(Äe+ße)^u.    (16d) 

The rate form of constitutive equations combining with the 
balance equation of linear momentum, and the compatibil- 
ity condition comprise a system of quasilinear, hyperbolic, 
partial differential equations for TR, Te, u, and rj, 
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dTR du 
—=A,{R,t) —- Bx(R,t), 

dT» du 
d[=A2(R,t)—-B2(R,t), 

dTR    2 du 
^-+-(rÄ-rö)=Po-, 

dt]    r2 du    2T)U 

~dt==R1dR+~' 

(17a) 

(17b) 

(17c) 

(17d) 

This system can be written in terms of relations along char- 
acteristics 

dTR=±P(fidu-B^dt^-{TR-Te)cdt, 

dR (AA1/2 

dR 
dTß=—{dTR+Bxdt)-B2dt,    —=0, 

dt 

? 2T)U dR 

For infinitesimal deformations we have 

ij-1,    r/R-1,    TR/fie-+Q,   and    Tg/n'-O, 

(18a) 

(18b) 

(18c) 

(19) 

so the above finite difference equations can be easily re- 
duced to a simpler form (for example, see Hopkins30). 

This system of characteristic relations Eq. (18) written 
in the form of a finite difference equations is solved by 
using a second-order accurate integration method,31 ex- 
cept, where large oscillations exist, a first-order accurate 
scheme is used.32 Because the material wave speed c is 
strongly dependent on r/R, an updated nonuniform mesh- 
ing scheme is adopted such that the accuracy of computa- 
tion is maintained while the stability condition cAt/AR 
=£<1 is satisfied for all nodes at each time step. For each 
time step, the current radius r and the temperature 6 are 
updated by 

dr=udt   and    d8—(ßTf/cpp0)dt, (20) 

where the adiabatic condition is assumed for the spherical 
shell under dynamic loading by shock waves, and cp is the 
heat capacity of the matrix material and ß the fraction of 
the plastic work converted to heat. In general ß may de- 
pend on plastic strain and strain rate.33 In our present 
analysis we are interested in the consolidation of powders 
by shock wave propagation in which the rate of deforma- 
tion of the bulk matrix material during pore collapse could 
be as high as 107 per second. Due to the lack of experi- 
mental data on ß in the very high strain rate range 
(105-107 per second), ß is set to be a constant 0.9 in our 
calculations. In the following section, a detailed computa- 
tional analysis of dynamic collapse of a viscoplastic spher- 
ical shell under external pressure is presented. 

1.8 

N.                          r/fl = l 

1.4 1 

1 

1 J 
— Hopkins [30] 

A current analysis 

0.6 

02 

-     1 

'       1 T- r/a = 2 

M7 

i      J A 
r/a = 3 

cet la 

FIG. 1. Variation of shear stress i<7i—CT,)//J0 with time c,J/a at various 
locations: r/a= 1 (cavity surface;. 2. and 3. pa is the applied pressure, c, 
the elastic spherical wave speed, a the cavity radius, and Poisson's ratio 
v=0.29. 

III. COMPUTATIONAL ANALYSIS AND RESULTS 

A numerical scheme for studying collapse of a spher- 
ical shell is implemented using the finite elastic/ 
viscoplastic deformation formulation described above. To 
verify the numerical scheme and to demonstrate the effec- 
tiveness of the current formulation presented here, several 
simple examples of spherical wave propagation are at first 
simulated and compared with those reported in the litera- 
ture. The first example is the expansion of a cavity in an 
infinite elastic media when a pressure is applied suddenly 
on the interior surface of the cavity. The numerical result 
as well as the result from the analytical solution (see the 
review by Hopkins30) is given in Fig. 1. The numerical 
solution agrees with the analytical solution extremely well. 
The second example is the expansion of a cavity in an 
infinite elastic/perfectly plastic rate-independent media 
when a time-dependent pressure is applied on the interior 
surface of the cavity.34 In our formulation, we use a very 
small m = 0.005 along with n = v=0 in our material model 
to represent a perfectly plastic, nearly rate-independent 
material. To avoid using a prohibitively small time step in 
our calculation, a maximum cutoff strain rate of 109 per 
second is used. The numerical result is given in Fig. 2 along 
with the result by Friedman and co-workers.34 Once again, 
the agreement is excellent. Finally, we simulated the dy- 
namic collapse of an aluminum spherical shell of elastic/ 
perfectly plastic rate-independent behavior when the outer 
surface of the spherical shell under a linearly increasing 
pressure loading and the inner surface of the shell is stress 
free. In particular, we simulated the case considered by 
Carroll and Holt16 as shown in their Fig. 5. Our numerical 
simulation gives essentially the same result (Fig. 3). The 
slight difference between the two results is due to the fact 
that we use m = 0.005 (as opposed to m=0 for the rate- 
independent case) to approximate a rate-independent ma- 
terial. Thus, results of the dynamic analysis presented in 
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current analysis (m=0.005) 
- Friedman et al. [34] 

1.1 1.2 

r I a 
1.3 1.4 

FIG. 2. Variation of radial stress a/ay with distance at the time 
c^/a = 0.3. Oy is the yield stress of the material, a the cavity radius, ce the 
elastic spherical wave speed, the applied pressure on the cavity surface is 
p(l) = —5CT exp( — 3.$cet/a), and Poisson's ratio v=0.25. 

the following with m = 0.005 for the matrix material can be 
regarded as a good approximation for a rate-independent 
material. 

In the following we present the results of systematic 
parametric studies through a series of numerical simula- 
tion to illustrate the effect of various factors on the collapse 
of a spherical shell, including strain-rate sensitivity, inertia, 
and transient wave propagation, strain hardening, thermal 
softening, impulsive loading rate, pore size, and initial po- 
rosity. The matrix material is assumed to be pure alumi- 
num in most of the calculations. We also include some of 
the results for pure iron and copper for comparison pur- 
poses. Relevant material parameters for these materials are 
listed in Tables I and II. Some computations of large prob- 
lems have been carried out on a Cray supercomputer at 

1.3 

1.2 

1.1 
-Carroll and Holt [16] 
current analysis (m=0.005) 

20 40 60 

Time (nsec) 

80 

FIG. 3. Dynamic pore collapse of an aluminum hollow sphere of initial 
pore radius a0=20 fim and initial relative density p0=0.769 (i.e. initial 
distention Oo=1.3), with an applied external pressure rate p= 10 MPa/ 
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TABLE I. Selected thermal-mechanical properties of matrix materials. 

Material 
Density 

(kg/m3) (GPa) (GPa) (J/kg/K)         (K) 

Aluminum 
Iron 
Copper 

2700 
7800 
8940 

26 
81 
44 

56 
112 
117 

893                920 
500              1530 
383              1356 

San Diego Supercomputer Center and smaller problems 
are solved on an Ultrix DEC 3100 workstation. One of the 
important variables is the densification time at which the 
porous material is nearly fully densified. Because of the 
asymptotic nature of pore-collapse process as p-*l, the 
pore-collapse time or densification time tc is chosen to be 
the time when pc=0.98 for illustrative purposes. 

Figure 4(a) shows the effects of strain rate sensitivity 
of the matrix materials and dynamic loading on the col- 
lapse process of a spherical shell under a linearly increasing 
loading with p= 10 MPa/ns. For simplicity as well as for 
direct comparison with the results of quasistatic analyses 
by Carroll and Holt16 for a rigid, perfectly plastic, rate- 
independent material and by Wilkinson and Ashby20 for a 
rigid, perfectly plastic, rate-dependent material under the 
same loading condition, effects of strain hardening and 
thermal softening are at first not included [i.e., n = v=0 in 
our model, Eq. (13)]. The result of the quasistatic analysis 
given by Carroll and Holt16 is 

P = 
p0    (0<p<pc) 

1- -%3p/2- 
(Pc<PV 

where   /?<:=(2T0/v3)ln[l/(l—p0)], 

and the result by Wilkinson and Ashby20 is 

V3 p(l-p) 
2 Yo{\-{\-p)my 

Vim p 

TO 

\/m 

(21) 

(22) 

The time in Fig. 4(a) is normalized by t0 which cor- 
responds to the time when the applied pressure equals the 
yield stress in a perfectly plastic, rate-independent mate- 
rial, i.e., P(?0)=V3T0. The time r0 can be regarded as a 
characteristic time of pore collapse for such a material in 
the quasistatic situation and hence is used as a reference 
time scale. Clearly in both quasistatic and dynamic analy- 
ses, a strong rate sensitivity retards the pore collapse. The 
pore collapse obtained from the present dynamic solution 
in all cases is faster than that predicted by static analysis 
initially but becomes slower at later times. Thus, the dy- 
namic results by Carroll and Holt16 will give a much 
shorter densification time for rate-sensitive materials. Un- 

TABLE II. Viscoplastic parameters for matrix materials. 

To fa Ö„ 
Material (MPa) {10s s-') m Yo n (K) V 

Aluminum 125 1.53 0.254 0.05 0.04 295 -0.4 

Iron 420 4.0 0.20 0.15 0.085 295 -0.6 

Copper 270 5.0 0.20 
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FIG. 4. Comparison of static and dynamic pore collapse of an elastic/ 
viscoplastic aluminum spherical shell of initial pore radius a0=20 /im and 
initial relative density p0=0.769. The material model for plastic defor- 
mation in the current dynamic analysis is given as T=T0(y/y0)

m: (a) 
With an applied external pressure rate p= 10 MPa/ns, r0=21.65 ns; (b) 
with an applied external pressure rate p=250 MPa/ns and /0=0.866 ns. 

der this particular loading rate (relatively slow), the qua- 
sistatic and dynamic results are somewhat quite similar to 
each other when m=0.254 (for pure aluminum) or 
m = 1.0 (the Newtonian viscous material). However, there 
is a large difference between static and dynamic analyses 
for m=0.005 (nearly rate independent) which indicates a 
strong dynamic effect in very weakly rate-sensitive materi- 
als even under relatively slow loading rate. 

Variations of plastic strain rate, plastic shear strain, 
and temperature within the spherical shell are given in 
Figs. 5(a)-5(c), respectively, for pure aluminum. The 
plastic strain rate is indeed of the order 105-107 per second 
(note y0=1.53xl05 per second). Initially the plastic 
strain rate is relatively uniform across the cross section. As 
the pore collapses, the plastic strain rate in the innermost 
region of the shell (R/a0-> 1) increases dramatically while 
the plastic strain rate reduces gradually in the outer region. 
The accumulated plastic shear strain also becomes nonuni- 
form at the later stage of pore collapse, Fig. 5(b). Large- 

shear strain, as high as 2.86, can be found near the inner 
surface of the shell at the time f/r0=4.78 (at which p 
=0.909). At the same time, the temperature increases in 
that region due to adiabatic heating by plastic work to as 
high as 815 K (889c of the melting temperature of the 
matrix material) while the temperature at the outer surface 
of the shell remains relatively low (about 321 K). 

The influence of large plastic strain and temperature 
rise on dynamic pore collapse is examined by incorporating 
strain hardening and thermal softening into the viscoplas- 
tic model and the results are given in Fig. 6 for m = 0.254. 
As expected, strain hardening slows down pore collapse 
(see the case with n=0.25, v=0) and thermal softening 
accelerates the process (see the case with n=0, v= —1.0). 
The result of dynamic pore collapse of pure aluminum 
using parameters given by Klopp and co-workers17 (see 
Table II) is found to be almost identical to the result using 
m = 0.254 and « = v=0. The effect of strain hardening ap- 
pears to annul the effect of thermal softening on dynamic 
pore collapse for pure aluminum. Because of this fact, only 
the simple viscoplastic model (m = 0.254, n = v=0) is used 
in the following calculations which can also be directly 
compared with the results of quasistatic analyses by Car- 
roll and Holt16 and by Wilkinson and Ashby.20 

So far, we have investigated the dynamic pore collapse 
of an aluminum spherical shell under a relatively low pres- 
sure rate of p=l0 MPa/ns. Figure 4(b) presents the re- 
sults using the same material parameters as in Fig. 4(a) 
but under a relatively high pressure rate of p=25Q MPa/ 
ns. In contrast to the results in Fig. 4(a), there is large 
difference between quasistatic and dynamic analyses for all 
cases: m=0.005, 0.254. and 1.0. The difference between the 
dynamic results with m =0.005 and m =0.254 in Fig. 4(b) 
is somewhat smaller than in Fig. 4(a). For m = 1.0, the 
dynamic analysis actually predicts a faster pore-collapse 
rate than that of static analysis for quite a while. 

Figures 7(a) and 7(b) show the effect of pore size on 
dynamic pore collapse of the viscoplastic aluminum spher- 
ical shell (m=0.254) under a low pressure rate of/?=10 
MPa/ns and a high pressure rate of p = 250 MPa/ns. For 
/>=10 MPa/ns, the results by dynamic analysis are very 
similar to those by static analysis for a0 = 2 and 20 ^m. For 
a0=100 pm and larger, there is a strong dynamic effect 
even under a relatively slow pressure rate. For a0=50 /xm, 
the dynamic pore collapse is evidently slower than static 
one but the densification time is shorter. For />=250 MPa/ 
ns, the dynamic results for a0=20 (im deviate largely from 
static ones. The dynamic effect becomes more dominant for 
larger pores of given initial relative density. The "critical" 
pore size under which both dynamic and static results are 
similar reduces as the applied pressure rate increases. 
There is no effect of pore size in quasistatic analysis. It is 
also interesting to note that the relative density of large 
pore sizes decreases by a large amount initially in our dy- 
namic analysis as shown in Fig. 7(b), which is due to 
transient wave propagation and elastic deformation. Be- 
cause the relative density is measured by p=l —(a/6)\ 
the rate of reduction in b can be faster than that of a during 
the initial collapse stage, thus it leads to a decrease in p. 

\ 

J 
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FIG. 6. Effect of strain hardening and thermal softening on dynamic pore 
collapse of an elastic/viscoplastic aluminum spherical shell: a0=20 urn, 
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FIG. 5. Variations of (a) plastic shear strain rate, (b) plastic shear 
strain, and (c) temperature rise due to adiabatic heating of plastic work 
within the spherical shell at times (A0 = 3.64 (p = 0.833) and ///0 = 4.78 
(p = 0.909): a0 = 20 urn. p0=0.769, p-\0 MPa/ns. r=r0(y/y0)

m, and 
r0 = 21.65 ns. R/ac= 1 corresponds to the inner surface of the shell, and 
R/a0— 1.603 corresponds to the outer surface of the shell. 

This transient phenomenon occurs in all dynamic analyses 
presented here and is more evident for larger pores and at 
higher loading rates. 

The effect of initial relative density on static and dy- 
namic pore collapse of an aluminum spherical shell with 
the same pore size is also studied for both slow and fast 
pressure loading rates and results are given in Figs. 8(a) 
and 8(b). The difference between static and dynamic anal- 
ysis results is small forp=\Q MPa/ns but becomes quite 
significant for p = 250 MPa/ns, with /30 = 0.555, 0.769, and 
0.909. The retardation of the collapse process due to dy- 
namic effect is evident for all three different initial relative 
densities. According to our dynamic analysis, the lower the 
initial relative density, the faster the pore collapses com- 
pletely, which is in contrast to the results of quasistatic 
analysis. 

In order to examine the effect of the strength and/or 
mass density-of-matrix materials on dynamic pore col- 
lapse, numerical simulations for pure aluminum, iron, and 
copper are carried out and results are presented in Fig. 
9(a) under the same applied pressure history and in Fig. 
9(b) with the same static, rate-dependent pore-collapse re- 
sponse. The order of the densification times for aluminum, 
iron, and copper in dynamic analysis in terms of their re- 
spective static pore-collapse characteristic time is just op- 
posite to that in static analysis, Fig. 9(a). This behavior 
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FIG. 7. Effect of pore size on static and dynamic pore collapse of an 
elastic/viscoplastic aluminum spherical shell: p0=0.769, T=Ta(y/y0)

m, 
r0=125 MPa, r0= 1.53X105 //s, m=0.254: (a) a0=2, 20. 50, 100, 150, 
and 200 pm, with an applied external pressure rate p=10 MPa/ns, 
J,, = 21.65 ns; (b) Oo=2, 20, 50, and 100 fim, with an applied external 
pressure rate />=250 MPa/ns and r0=0.866 ns. 

FIG. 8. Effect of initial relative density on static and dynamic pore col- 
lapse of an elastic/viscoplasr.c aluminum spherical shell: a„=20 /im, 
p0=0.555, 0.769, and 0.909. - = T0(y/ytl)

m: (a) with an applied external 
pressure rate p= 10 MPa/ns. i =21.65 ns; (b) with an applied external 
pressure rate p=250 MPa/ns and l„=0.866 ns. 

should be expected because the dynamic effect is more 
dominant if the applied load is higher in comparison to the 
strength of the matrix material. In Fig. 9(b) the pressure 
rate is adjusted for each matrix material such that the 
quasistatic rate-dependent pore collapse is the same for all 
three matrix materials. The results from dynamic analysis 
are quite different from those of static analysis. The order 
of the densification times for aluminum, iron, and copper 
seems to correspond to the order of p^/p for each matrix 
material, i.e., the higher the density of the matrix material, 
the larger the dynamic effect. 

IV. CONCLUSIONS AND DISCUSSIONS 

The dynamic consolidation is accomplished by the pas- 
sage of a shock wave through the powder. Major physical 
processes (rearrangement, deformation, and heating) oc- 
cur during the densification process, i.e., during the shock 
rise time or within the shock front region. According to 

our computational analysis, the combined effects of inertia 
and strain-rate sensitivity strongly retard the densification 
of porous materials under impulsive loading, Figs. 4(a) 
and 4(b). For a given loading rate, the viscous effect is 
more important when the matrix material becomes 
strongly rate sensitive (m—\). The dynamic effect (iner- 
tia) is significant in weakly rate-sensitive matrix materials 
under all typical shock wave loading rates. For three typ- 
ical elastic/viscoplastic materials studied here with 
m~ 0.2-0.25, the difference in the densification time pre- 
dicted by quasistatic and rate-independent analysis is very 
large. Even though the dynamic and rate-independent 
analysis reduces the difference to some degree its predi- 
cated densification time is still significantly smaller than 
that from the present dynamic and rate-dependent analy- 
sis, especially when the loading rate is moderately high. 
Under the condition given in Fig. 4(a), dynamic effects are 
small, thus the results by quasistatic and rate-dependent 
analysis are applicable to shock wave consolidation of alu- 
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FIG. 9. (a)' Comparison of static and dynamic pore collapse for alumi- 
num, iron, and copper spherical shells with the same applied external 
pressurerate/>=250 MPa/ns: a0=20p.m, p0=0.769, T=T0(y/y0)

m. Alu- 
minum: r0=125 MPa, y0=1.53xl05 //s, m = 0.254, (0=0.866 ns; iron: 
r0=420 MPa, r0=4.0x 105 #s, m=0.20, (0=2.910 ns; copper: r0=270 
MPa, y0=5.0Xl05 #s, m = 0.20, t0= 1.871 ns. (b) Comparison of dy- 
namic pore collapse for aluminum, iron, and copper spherical shells with 
the same static rate-dependent pore collapse: a0=20 /zm, p0=0.769, 
T=T0(r/ro)m- Aluminum: r0=125 MPa, r0=1.53xl05 <f/s, m=0.20, 
p=250 MPa/ns, p<//>=10.8Xl03 s/m2; iron: r0=420 MPa, 
r0=4.0x 105 f/s, m = 0.20, p=693 MPa/ns, P(//>=11.3X 103 s/m2; cop- 
per:   T0=270   MPa,   y0=5.0xl0!   #s,   m=0.20,  p=426   MPa/ns, 
p</p=20.9xl03s/m2. 

minum powders. Under a higher loading rate [Fig. 4(b)] 
or when the pore size is larger [Figs. 7(a) and 7(b)], dy- 
namic effects become significant or even dominant. For 
Newtonian viscous fluid like solids (m = l), dynamic ef- 
fects are insignificant in most cases and results of quasis- 
tatic and rate-dependent analysis are applicable to dynamic 
consolidation process. The same conclusion has been 
reached for void growth in Newtonian viscous solids by 
Johnson.35 

For simplicity, the pore-collapse time or densification 
time tc under a linearly increasing pressure loading (i.e., 
constant p) can be written as 
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tc=(V3-0/p)g(p,T,p0,a0,po)- (23) 

The pore-collapse time to a good approximation can be 
regarded to be independent of initial porosity or initial 
relative density [see Figs. 8(a) and 8(b)]. Forquasistatic 
loading and rate-independent matrix materials, gssl. 
When dynamic effects are insignificant (for example, 
m~\, or a small pore size or a low pressure rate), gizgR 

for rate-dependent matrix material, where gR is a normal- 
ized quasistatic and rate-dependent pore-collapse time and 
can be computed by using the results for relative density 
rate from quasistatic analysis of rate-dependent, strain- 
hardening, and thermal softening matrix materials. For 
power-law perfectly viscoplastic materials (Wilkinson and 
Ashby20), gR can be obtained as [see Eq. (22)] 

gR'- 

m/(\ + m) 

where 

J P<: 

;i-d-p)m] 
pd-p) 

mi \/m 

■dp, 

m     lim 
'\+m IT 

(1 -\-m)/m 
ToTo 

p 
(24) 

For strain-hardening viscoplastic materials, the results 
such as the one by Haghi and Anand25 may be used to 
evaluate gR. Finally, when dynamic effects are not negligi- 
ble (the pressure loading rate is high for a given matrix 
material and pore size), g^gRgo< where gD is a nondimen- 
sional parameter, a measure of dynamic effects (> 1). The 
dynamic parameter gD may be in general dependent on 
pressure loading rate, viscoplastic properties of matrix ma- 
terials, and initial pore size. For a given matrix material, 
gD may be tabulated for different loading rates or different 
pore sizes. Furthermore, gD can also be used as a criterion 
in determining whether the pressure loading rate is low or 
high for a given matrix material and pore size: The pres- 
sure loading rate is low when gD^ 1 and the pressure load- 
ing rate is high when gD>l. 

Schwarz and co-workers14 reported measurements on 
the temperature rise time of about 60-70 ns during shock 
wave consolidation of copper-constantan powders (60 pm 
in diameter) for shock pressures between 1.3 and 9.4 GPa. 
The maximum temperature can be regarded to be due to 
the shock wave heating as the powder is being fully densi- 
fied and hence the temperature rise time is a good measure 
of the densification time by shock wave. The relatively 
large rise time is in itself an indicator of dynamic and 
strain-rate effects on consolidation process. The finite rise 
time is commonly attributed to the time for the shock wave 
passing through 1-2 or 3-5 powder particles.2'15 However, 
the temperature rise times measured for two tests no. 801 
and no. 802 are 67 and 63 ns, respectively while the shock 
velocities in copper powder for these two tests are 0.75 and 
2.03 km/s.u The times for these two shock waves passing 
through 1.5 particles (90 pm) are about 120 and 44 ns, 
respectively. Such a big difference in rise time is not ob- 
served in the experimental measurements, rather, the mea- 
sured temperature rise times are almost identical. The ex- 
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perimental observation could be partly explained in terms 
of the dynamic effects on pore collapse. The shock pres- 
sures in these two experiments are 1.3 and 9.4 GPa, re- 
spectively, and thus the pressure loading rates p are 19.4 
and 149.2 MPa/ns, respectively. The dynamic effects will 
be stronger in the later test (higher-pressure loading rate) 
and thus retard the densification process. 

As mentioned in Sec. I, constitutive relations of porous 
materials,   especially   such   as   the   one   proposed   by 
Herrmann,11 are commonly used in computer simulation 
of dynamic consolidation by shock wave propagation. The 
crush curve (i.e., thep-a relation), however, is often taken 
to be that determined from quasistatic tests and without 
the inclusion of rate effects.1U5'36 Acceptable for certain 
rate-insensitive materials under slow (low rate) loading 
conditions,37 the quasistatic rate-independent p-a relation 
cannot be assumed to be valid in general applications of 
shock wave consolidation without careful examination of 
effects of inertia and strain rate. If the quasistatic rate- 
independent p-a relation is used in modeling shock consol- 
idation, the finite rise time of the shock wave (the finite 
width of the shock front) can only be artificially imposed 
(say, by numerical viscosity). On the other hand, from our 
present analysis, it can be seen that the finite rise time is the 
natural consequence of a rate-dependent and dynamic 
pore-collapse process during the passage of the consolida- 
tion shock wave. Thus, a rate-dependent and dynamic p-a 
relation will improve the modeling of physical processes 
during shock wave consolidation. As pointed out by Car- 
roll  and  Holt,16  even  for  perfectly  plastic  and  rate- 
independent materials, a dynamic pore-collapse relation 
becomes extremely complex (a second-order nonlinear or- 
dinary differential equation). However, approximate dy- 
namic p-a relations may be obtained for some simple load- 
ing cases. As a first approximation, quasistatic but rate- 
dependent pore-collapse relations such as the one proposed 
by Wilkinson and Ashby20 [Eq. (22)] should be used for 
m=;l, or a small pore size, or a low pressure rate (i.e., 
when g0~l). For a given loading condition in which dy- 
namic effects are not negligible {gD> 1), a modified quasi- 
static and rate-dependent relation may be used instead. For 
example, Eq. (22) may be modified as 

V3 
p^yro-fT 

p(l-p) 

(l-p)m] TTr, 

V3m p \ \/m 

(25) 

where D* (<1) is a nondimensional coefficient to account 
for dynamic effects. Again, for a given matrix material, D* 
can be tabulated for different loading rates or different pore 
sizes. 

The localized melting near particle surfaces is another 
important aspect of shock consolidation. Large tempera- 
ture rises in pore interior surface are predicted by our dy- 
namic pore collapse analysis [Fig. 5(c)]. Heat conduction 
is neglected here (although it can easily be incorporated 
into our current analysis) because the times required for 
densification process are very short (-100 ns). For some 
low-pressure loading rate cases or if the matrix material is 
very strongly rate sensitive (say, a Newtonian viscous solid 
with m=l), the time for complete consolidation of pow- 
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ders may be longer (1 fts or more) and an adiabatic con- 
dition will be no longer valid. While large plastic deforma- 
tion, frictional sliding, and other processes contribute to 
the localized heating, frictional sliding between particles 
has commonly been regarded to be the dominant factor; ' 
however, the conclusion may not be completely justified. 
The estimate of frictional work using a Coulomb friction 
model (constant coefficient of friction) is questionable for 
very high-pressure contact between particles encountered 
in shock wave loading.59"11 The sliding friction stress is 
essentially limited by the shear strength of matrix material 
under high pressure.39"1"' For closely or near closely packed 
powders, the relative sliding distance between particles is 
very small (of the order of several micrometers or less). 
Due to surface oxide layer and other contaminations, the 
sliding friction between dry surfaces is also strongly depen- 
dent on the sliding distance such that the friction stress 
during the initial sliding stage is relatively much smaller 
than that in the steady-state stage.40'41 Interparticle sur- 
faces will soften and melt due to the heating by frictional 
sliding and will not transmit any significant friction stress 
afterward. Thus, the frictional working would be much 
smaller than that estimated by simple dry Coulomb fric- 

tion law. 
The plastic work of the viscoplastic matrix material 

during consolidation may be underestimated by assuming 
homogenous deformation of perfectly plastic and rate- 
independent material. The deformation of a spherical shell 
under pressure loading [Fig. 5(b)] is quite nonuniform and 
the plastic work done upon the pore collapse of porous 
materials can be quite large. Finally, a recent experimental 
study and analysis by Mutz42 on the fraction of the melt 
after shock wave consolidation concludes that the assump- 
tion of all heat flowing into the particle surface (such as by 
frictional sliding) gives an overestimate of the melt fraction 
and even predicts the possibility of vaporization of the par- 
ticle surface layer which is unrealistic. He found that a 
70% bulk and 30% surface layer partition of heat flow 
from shock energy input (which is similar to viscoplastic 
pore collapse) provides the best agreement with the exper- 
imental data. From available experimental results we con- 
clude that the present dynamic pore-collapse analysis de- 
scribes not only the densification process but also to a 
significant degree the surface melting of particles through 
adiabatic heating due to plastic work. 

One of the implications of our computational results is 
that the dynamic pore collapse of a spherical shell can be 
used to study material response under very large strain and 
strain rates. In particular, because of the strong strain-rate 
and dynamic effects for matrix materials with large m (say, 
0.2-1), the combined experimental and computational in- 
vestigation can be carried out to evaluate such as the rate 
sensitivity of materials at very high strain rates. This may 
also provide a sensitive method to rigorously examine the 
hypothesis whether the behavior of Newtonian viscous flu- 
ids (m = l) prevails at strain rates higher than 10 per 
second. 

While most efforts have been directed toward the un- 
derstanding of the consolidation process by shock wave, ' 
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much less attention has been paid to problems of cracking 
in near fully densified compacts due to release tensile 
waves. Our current analysis can be easily extended to more 
complicated loading paths such as compressive-tensile 
loading and to include more complex viscoplastic models, 
especially those with strain-rate history effects.19,43 The ef- 
fect of dynamic loading and viscoplastic properties of ma- 
trix materials on void growth (and eventually cracking) in 
compacts can be assessed. Furthermore, there is an in- 
creasing application of continuum, phenomenological con- 
stitutive relations of porous material to dynamic ductile 
fracture,44 and spallation.45 The flow potentials of porous 
materials used in these analyses are based on quasistatic 
results. The correction due to dynamic effects on void 
growth using those flow potentials can also be examined 
using our analysis. 
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Real-Time Spectroscopic Measurements in Shocked Materials 

Y.M. Gupta 
Shock Dynamics Center and Department of Physics 

Washington State University 
Pullman, Washington 99164-2814 

Extended Abstract 

The use of plane shock wave experiments to examine high stress and high strain- 

rate response of materials is now over forty years old. Because of the unique combination 

of large compression, high temperature, nonhydrostatic deformation, and short times 

attained in these experiments, a wide variety of structural and chemical changes have been 

observed in shocked materials. A mechanistic understanding of these changes is important 

for addressing fundamental issues in materials physics and chemistry, and for applications 

involving shock synthesis of novel materials. 
Time-resolved optical spectroscopy and x-ray diffraction measurements in shock 

wave experiments, though inherently difficult, are important for obtaining mechanistic 

understanding for the following reasons: (a) they can provide direct insight into 

atomic/molecular mechanisms governing the shocked state, and (b) the fast time-scales in 

these experiments permit real time examination of processes governing structural and 

chemical changes. 
Three recent studies on time - resolved spectroscopy (electronic and vibrational) in 

shocked materials are summarized. First, changes in the luminescence spectra of 

embedded chromium ions are related to microscopic aspects of shock induced elastic and 

inelastic deformation in sapphire crystals. Second, shock induced symmetry changes in 

diamond are determined from Raman measurements. Third, results of an ongoing study on 

a condensed explosive (liquid nitromethane) are summarized to demonstrate the use of 

time - resolved Raman measurements to determine molecular changes associated with the 

onset of shock induced chemical reactions in pure and sensitized nitromethane. 

The advantages and limitations of the spectroscopic methods for monitoring 

structural and chemical changes will be outlined. To address the scientific issues relevant 

to this workshop, the above experimental developments need to be combined with time - 



resolved continuum measurements and carefully controlled recovery experiments. In 
particular, the determination of reaction mechanisms and the extent of the reaction is a 
difficult problem. Future plans to address mechanistic and kinetic issues will be indicated. 
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OUTLINE 

Background and Scientific Issues Related 
Shock Synthesis off Materials 

•     Real Time Examination of Microscopic 
Changes In Shocked Materials 

1,    X-Ray Diffraction (Q. Johnson, et ale 
Jo Wark9 et aS0; E0 Zaretsky? et, aL)o 

2o    Elastic and Inelastic Deformation In Ruby. 

3o    Symmetry Changes In Diamond.  &^U- -fa* ^c 

4o    Chemical Reactions Sn Liquid 
NItroniethaneo 

Relevance to Shock Synthesis; Workshop 
Questions; Future Direction 

Cautions   The term "shock wave" Is not strictly 
valid and the term "stress wave" or "dynamic 
loading" may be more appropriate for discussing 
material synthesis. 
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SHOCK SYNTHESIS OF MATERIALS 

Established Results 

1. Shock wave loading of powder mixtures 
has been used to synthesize a broad range 
of materials. 

2. Large number of recovery experiments 
have been carried out in the Soviet Union, 
United States, and Japan which clearly 
demonstrate the potential for using shock 
wave methods for materials synthesis 
and consolidation. 

3. Role of material variables has been 
examined to a limited degree. 

Unresolved Issues 

1.    Characteristic time scales associated with 
chemical reactions (or extent of reaction) 
in powder mixtures are not well known. 
Difficult problem! 

2.   Mechanisms responsible for chemical 
reactions in powder mixtures are not well 
understood.  Is rapid mass transport ^—-vQ 
essential? S^V5 

3.    What is the state of the material prior to 
the onset of the reaction?   Is solid state 
reaction the right term? 



X-RAY DIFFRACTION IN SHOCKED 
MATERIALS 

lo    Qo Johnson, etaL (1970-72): Carried out the 
first measiir©meets; demonstrated crystal 
structure behind the shock front 

J0 Wurfe, R„ Whftloek, etaL (1987-1991): First 
sub°nanoseeond measurements; measurements 
©n the shock Input side. T>^U^l*-d a>^L$z^ -fe 

Eo Zaretsky, et» aL (1991): x-ray   diffraction 
measurements using a gas gun; examined the 
intermediate step in the KC1 phase transition 
(NaCl -» CsCl structure)» 

4o   Research collaboration between Washington 
State University and Ben-Gurion University 
(Eo Zaretsky) Ss underway to routinely carry 
©et x-ray diffraction measurements in gas°gun 
experiments using commercially available 
equipment (1994 = ?)„ 

Notes   Kond®, et aL also reported some results In 
Impacted LiF (1977), 
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TIME - RESOLVED RAMAN MEASUREMENTS 
IN SHOCKED DIAMOND 

( Ke-)>r<^a-v^^V£.   Efitl*«)*^ 

OBJECTIVES 

1.    Obtain fast time-resolved (10 ns resolution) 
Raman Spectra in shocked diamond. 

2.    Investigate symmetry (structural) chang 
shocked diamond. 

es in 

3.    Theoretical developments to analyze Raman 
data at large stresses and for arbitrary 
deformation. 

to- 
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• 

SUMMARY AND CONCLUSIONS 

Time-resolved Raman spectroscopy (10 ns 
resolution) in shock compressed diamond has 
been demonstrated for longitudinal stresses to 
500 kbar. 

Strain-induced splitting of the degenerate 
Raman line was observed for the first time 
during shock compression; direct evidence of 
shock-induced symmetry changes. 

The diamond mechanical response is elastic for 
the stresses considered in this work. 

Phenomenological model parameters can be 
obtained uniquely from the {110} data; 
subsequent {100} predictions show excellent 
agreement with experimental measurements. 



RELEVANCE OF MEAL TIME MICROSCOPIC 
MEASUREMENTS (TO DATE) TO SHOCK 

SYNTHESIS 

L    Very little at first or even second g!anee0 

2o   The ability to examine shock induced changes 
at the microscopic level has been demonstrated,, 

3o    For particular scientific problems^ 

ruby (elastic and Inelastic deformation In a 
brittle solid) 

diamond (symmetry changes and relationship to 
in-material stresses) 

nltromethane (chemical reaction in an 
explosive)^ 

new and useful results have been obtained after 
a sustained effort 

4o   X°ray diffraction measurements (at appropriate 
/time scales) on carefully selected materials 

^have considerable potential to address 
ns-^Ks    mechanistic and kinetic questions for shock 

synthesis applications,, 
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- WORKSHOP QUESTIONS 

| 

(A) Has the initiation and completion of chemical 
| reactions, during shock compression of powder 
■ mixtures, been conclusively demonstrated? 

§ (B) Is it possible to establish the progress of 
reaction (fraction transformed with time) with 
available time-resolved measurement 
techniques?  hJOT SU>RE; MODEL J>EPFNJ)£WT 

f \AJHAT XF   AV^^AlA   2*    VEfZV    SiW/Kt- 

I 

si 
§§ (C) What are the limitations of current time- 

resolved measurement techniques and what 
§ other novel in-situ measurement techniques 

need to be explored? VETRY MJNXM/H. KTDRK 

SEVEKJH-, BUT THEY  A^2_r J>JLFFXCULT I 
I (D) What is the current understanding of the 

process  mechanisms and kinetics of chemical 
1 reactions occurring during shock compression 

of powders?   COMJ-G-CTVIZ.ES j OFTFN TH CONSISTENT 

| (E) Can applications of shock chemistry be realized 
m for synthesis of materials? \BS 

I 

JZ-^iü^J) 



FUTURE DIRECTIONS 

Iff understanding of mechanisms and extent off 
reaction (as a function of time) are Important needs9 
then the following tasks are recommended s 

1 o    Careful material characterization of starting 
materials» 

2o    Well controlled recovery experiments with 
carefully defined stress histories»   Instrumented 
recovery experiments? 

3o    Time°reso!ved continuum measurements using a 
variety of methods and careful analyses of 
these data»   What is a characteristic signature 
of a reaction? 

4o    Meed for other probes (thermal^ electrical^ 
eteo)o   Interpretation of these data is very 
difficult» 

So    Analyses off experimental data (particularly the 
determination of extent of reaction) require 
considerable computational modelingo   How to 
develop realistic material models? Incerjjo^^ <nj- 

6«,    Microscopic measurements (x-ray diffraction) 
have the best potential for determining 
fundamental mechanisms»   Further development 
and Idealized experiments are needed» 
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SHOCK CHEMISTRY -- REAL-TIME MEASUREMENTS 

S.S. Batsanov 
Center for High Dynamic Pressures, 

Mendeleevo, Moscow Region, 141570, RUSSIA 

(presently at the University of California at San Diego, La Jolla, California) 

The enthalpy changes of phase transformations have values about 10"3 to 10"4 times the 
energies atomization (EJ, while the thermal effects of chemical reactions may reach 2/3 Ea. 
In result of the thermal extension of products of the exothermal reactions, the total changes 
of the volume may be 0.  It means that on the curve of compressibility of reacting mixtures 
must be the corresponding change. The experimental Hugoniot investigations of synthesis 
reactions were carried out on examples of mixtures of Sn+S and Sn+Te, and for the 
dissociation reactions on examples of systems CuCl = Cu+CuCl2 and CuI=Cu+CuI2.  The 
interaction Sn+S was investigated also by the optical pyrometer method.  In that case a bell- 
like dependence of temperature and pressure was established.  The optical measurements 
were carried out on 10 mm and therefore may be coupled with the thermocouple 
measurements which have time to < 104 . 

The mechanism of superfast diffusion based on the difference of the particle velocities 
is discussed.   It is supposed that for the chemical interactions in heterogeneous mixture the 
particles of reagents, must be fractured to sizes of ~ 100A. Then the chemical reactions on 
surfaces of that domains in the process of the mutual passage of particles may provide the 
transformation rate about 20% that was established in experiments. 
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OM THE POSSIBILITY OF CHEMICAL REACTIONS AT HIGH DYHAMC 

PRESSURES 

S.S.   BATSANOV 
Ail-Union tfesearch  //istitute  for Physicotechnical  and 
Radiotechnical  Measurements,   Mendeleevo 

(Received January 12, 1987) 

The papers devoted to estimation of the reaction time 
in detonation waves propagating in charges of composite 
explosives and behind shock waves in hetero- and 
homogeneous mixtures of various components are analy- 
zed Based on the studies of detonation parameters or 
compositions of the products formed after shock comp- 
ression it is suggested that the react ion may be 
completed within 10- - 10-* s. A direct experiment on 
determination of shock Hugoniots of reacting mixtures 
is discussed and ideas concerning a new mechanisa 
of superfast forced diffusion in mixtures of materials 
of different hardness pressurized dynamically are sug- 

gested. 

Since the kinetics of solid-phase chemical reactions is 

controlled by the diffusion velocity, which ranges between 

-0.1 and 1.0 mm/s at normal pressures, the diffusion layer 

formed within -10- s amounts to 1 - 10 A, i.e. only a 

monomolecular layer of the contacting particles in the mix- 

ture may react. These simple considerations underlay the 

conclusion about the low probability of solid-phase chemical 

reactions in any appreciable volume within the shock comp- 

ression time, the more so at high pressures at which the 

diffusion velocity is small. 

In heterogeneous reactions the diffusion time reduces 
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by 1 or 2 orders owing to the gas or liquid state of one of 

the reactants. However this is insufficient for the diffu- 

sion path to become commensurate with the normal size of 

powder particles. Thus In this case the classical diffusion 

theory does not allow one to expect that the chemical 

reaction will be completed in the dynamic high-pressure 

zone. 

At the same time there are many papers published in 

which a more or less substantiated conclusion about comple- 

tion of the reaction within 10~B - 10-s s is made. The 

present work Is devoted to a critical analysis of the expe- 

rimental papers on this topic available in the literature. 

DETONATION OF COMPOSITE EXPLOSIVES 

The first chemical evidence of the feasibility of reaction 

completion within T ( 10_s s was furnished by experimental 

investigations of detonation in mixtures of solid energetic 

materials with some additives (simple species and compo- 

unds). Taking Into account that the duration of the high 

pressure zone in a detonation wave ranges from 10~s to 

10-7 s, the characteristic time of the detonation-product 

expansion is 10-6 - 10~e s, depending on the size of the 

high-pressure chamber, and that the materials deposited on 

the walls and cooled there (within 10-5 - 10_e s for thin 

layers) are not reactive, one can believe that the chemical 

Interaction of the additives with each other or with the 

explosion products occurs within x  i   10~s s. 

Below (Table 1) we present the chronology of the works 

devoted to Investigations of the chemical composition of the 

detonation products for various mixtures. 

Investigations  into  the dynamics of detonation proces- 

ses In composite explosives can also provide some informatl- 
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TABLE 1 

Additives Zn, Si02 Be, Mg, 
Al, Zr 

B, B Zn , S, Se, Te 

React ion Zn2SiCu M„N„ B203, BN ZnS, ZnSe, 

Product B^jOs ZnTe 

Year 1938 1958 1972 1982 

Reference t 1] [21 [3] C4] 

on about the rates of the chemical reactions. Although 

studies performed during many years (see the review paper 

[5]) have revealed no increase in the detonation velocity 

when such substances as Al are added to the energetic 

material (this increase would be an unequivocal evidence in 

favor of reaction completion within the high-pressure zone), 

more precise measurements of some detonation parameters 

allow determination of the time of chemical interaction of 

Al with the energetic material. The reaction time estimates 

made by various authors based on the studies of the dynamics 

of detonation-product expansion or from the second maximum 

on the U(T) versus F(T) dependence seem to be most convin- 

cing. The results of such experimental estimates of the Al + 

02 interaction time are listed in Table 2. 

TABLE 2 

T-10-
S
, s 

year 
Reference 

-20 
1968 
[63 

-14   ~4     2-3    10-30  500 
1970   1976   1978    1981    1985 
[71    181    [91    [101    [11] 

It is obvious that in the majority of experiments the 

time of Al - energetic material interaction is about 10_s s. 

The spread of the results obtained in different experiments 

may be due both to the different sensitivity of the measur- 

ement techniques employed and dissimilar sizes of the 

aluminum particles. Thus, as shown in [12], the burning time 
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of metal particles strongly depends on their size, e.g. x = 

10.6, 118, and 326-10~e s for particles 1, 5, and 10 urn in 

diameter, respectively. Since this is a spread of the parti- 

cle sizes typical of conventional powders, one may naturally 

expect the respective scatter in the reaction times. 

At the same time the above mentioned two types of 

experiments yield consistent results, namely, solid parti- 

cles of about 10 urn in diameter react completely behind 

detonation waves within T ~ 10_e s. Inasmuch as the tempe- 

ratures behind detonation waves are 2000 - 5000 K, the high- 

temperature gas- or liquid-phase state of at least one of 

the reagents may be considered as a reason for high-velocity 

diffusion. 

SHOCK PRESSURIZATION OF MATERIALS IN RECOVERY AMPOULES. 

In experiments on shock pressurization of materials in 

recovery ampoules analysis of the results is more complex 

since cooling of the expanded material lasts seconds and 

even minutes. Therefore a conclusion about completion of the 

reaction in the course of shock pressurization may be drawn 

solely on the basis of essential changes in the composition, 

structure, or properties of the compounds synthesized, as 

compared with those of the materials produced without dyna- 

tlc pressurizing. 

Thus in 1967 the authors of Ref. [13] obtained KC1 - 

Or solid solutions with a higher density than that of 

thermally synthesized specimens, which dropped to the stan- 

dard value after annealing. An unusual feature of formation 

of alkali metal haloid - ammonium solutions is the depend- 

ence of the product composition on the shock wave intensity, 

Mlth the stoichiometry of the Initial mixture being constant 

IU], which is not  observed  in experiments with thermal 
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residual static pressure in the recovery ampoule because of 

evaporation of the ammonium salts in a closed volume, 

A specific composition of the shocK - pressurizing 

product was observed for Nd2Os where the Nda<VnSiQ, 

compound was detected CIS]. The Si02 presumably formed fro» 

the silicon contained in the ampoule walls and was intro- 

duced into the ampoule volume due to microspalling, which 

was confirmed later on by a direct experiment I 161. I i. 

notable  that  Si, S10, or Si02 deliberately added to Nd20, 

...  fi,„ cnme structure as in 
did not produce compounds with  the samest 

u, K KM o  interacted with silicon spalled 
specimens in which Nd203  interact 

<c nrobablv a great difference 
from the walls. The reason  is probably a g 

between the thermodynamic parameters of the material in the 

jets and pressurized powder. 

The material from the walls  is ejected nonuniformly 

0Ver the ampoule and its concentration exceeds the possible 

n „ r 17-101  The dependence of the con diffusion contamination 117 30J. ine a F 

a on  the physicochemical conversions and 
tamination degree on  the pnybi 

i ^i=i [911 Indicates that the 
fineness of  the powdered material 1211 indica 

f  m«nt<; are  introduced into the material and 
major contaminants are  inw 

„*■  chnrk  nressur izat ion. Inus, 
react with it in the course of  shock  press 
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., the iron 1= introduced In the „ateri.i, -hieb 7 . * 

ehout 10 »g per I c„* of the interne, »»poule snrt.ee . 

According to 1221 traversing of a shock wave »cross . 

free surface of the aKpouie is accompanied by - »icroj« 

ejection of up to iOO mg of the -Url.l per 1 c*. depend- 

ing on the roughness of the surface. 
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crystalline structure differed from those of the thermally 

synthesized material [23,243. It is noteworthy that the 

parameters of the elementary cells of "shock pressurized" 

specimens relax to their equilibrium "thermal" values upon 

: heating. Although the authors of these works attribute the 

structural discrepancies to rapid freezing of the melts 

after shock compression, these facts may also be due to the 

synthesis induced by high dynamic pressures. 

The products of chemical interaction of metals with 

water behind shock waves were investigated in the works 125, 

26). Since water behaves as an acid at high pressures, 

netals more active than hydrogen must displace it in H20 

solecules, provided the reaction is completed during the 

shock compression. Experiment confirmed this, and the reac- 

tion occurred even when the specimen was precooled to the 

liquid nitrogen temperature. Formation of such thermally 

unstable compounds as Zn02 also indirectly confirms the fact 

of low-temperature reaction. However these results can not 

be considered as an exhaustive chemical verification of 

reaction completion in the zone of high dynamic pressures 

since the ampoule serves as an autoclave with a high static 

pressure and temperature exceeding 100°C after expansion of 

the detonation products. 

To unequivocally resolve the problem, a reaction of Zr 

with H2) was conducted in an ampoule connected with a large 

supplementary volume into which the water or vapor expanded 

during depressurization. This experiment yielded a cubic 

Zr02 modification, which is a high - pressure phase. An 

enalysls of the experimental conditions showed that the 

synthesis was completed within T ( 10_s s [271. 

The examples considered above are synthesis reactions. 

Invest! tgat :ompc 
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rials are also available. Decomposition of CdC03 into CdO 

and C02 is affected by the diameter of the charge of pres- 

surizing energetic material, i.e. by the duration of the 

shock pressure pulse, despite the fact that the residual 

temperature is the same, the shock pressure being constant 

[281. This is an argument in favor of the occurrence of the 

reaction in the high-pressure zone, however it is not of 

principal importance for the problem being discussed since 

no diffusion processes are needed for carbonate decomposi- 

tion (the decomposition is of the intramolecular nature, 

while removal of the gas is not kinetically hindered). 

Shock-induced decomposition of bromates and nitrates of 

alkali metals [291 and potassium persulfate 130] resembles 

radiolysis processes, i.e. it is not due to the residual 

heat. The shock Hugoniots of CO and CH* can be described 

satisfactorily only if pressure-induced decomposition of the 

molecules is assumed to occur at p  > 20 GPa [313. 

Decomposition of shock-pressurised Al2SiOs into A1203 

and Si02 is of greater interest from the methodological 

point of view since the decomposition products are amorph- 

ous, which points to a high rate and nonthermal nature of 

the process. At high pressures Al2SiOs decomposes into 

corundum and stishovite, which is direct evidence of the 

baric nature of the reaction [32, 331. Similarly the authors 

of Ref. 1341 observed partial decomposition of ZnBaGeO^ into 

ZnO and BaGe03 at p > 41 GPa. The shock compression curve of 

forsterite at 80 < p < 180 GPa agrees with the calculated 

Hugoniots of mixtures MgO + Si02 (stishovite) and MgO 4 

MgSi03 (perovskite) [353. Finally, it was found quite recen- 

tly [363 that the compression of powder and monocrystalline 

ZrSi04 by shock waves with amplitudes of 53 and 94 GPa, 

respectively, yielded the  tetragonal Zr02 phase. 
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Experiments [37] showed that diffusion in iron subject- 

ed to plastic deformation was enhanced most strongly upon 

pulse pressurization (in which case the diffusion rate 

exceeded that for the liquid state). It should be noted that 

the transport of atoms during pulse pressurization is of the 

bulk nature, with the atom mobility being approximately 

equal to the plastic-deformation velocity [383. At the same 

time, it is pointed out in [391 that the diffusion veloci- 

ties in solids turn out to be anomalously high due to the 

assumption that the diffusion and shock-compression times 

are equal and that the diffusion velocity in the liquid 

state is the physical limit for the condensed state, which 

can never be reached in solids. In what follows we discuss a 

new diffusion mechanism that may ensure a diffusion velocity 

In the solid state which is higher that that in liquids. 

PHYSICAL MEASUREMENTS DURING AND AFTER SHOCK PRESSURIZATION 

Vhen studying high-velocity projection of aluminum powder 

Into air and inert gases [401 it was found that the powder 

decelerated in air more rapidly; in 30% of the runs it 

decelerated sharply at 60 mm from the free surface and then 

slightly accelerated. These observations are accounted for 

by the reaction of Al with oxygen. Here the additional 

slnimum is due to ablation and further burning of the 

aluminum particles accompanied by an increase in their mass 

and velocity. Taking into account that the particle velocity 

is 10 km/s at the beginning of the anomalous-deceleration 

period and 6 km/s at the minimum, and that the respective 

path lengths are 60 and 80 mm, we obtain 6- 10_s s and 

I3-10-6 s, respectively, for the times at which ablation and 

oxidation start. 

From the dynamic-pressure records in a Cu + CBr* syst em 

I 
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the authors of the paper 1411  inferred  that CuBr forced j 

within (1.2 - 3.4)- 10- s. However, because of the  lack of ; 

the pressure profiles in inert CuBr or CBr. specimens under , 

identical  conditions of  pressurIzation by semispherical , 

shaped charges  the specific shape of  the osci1loscopic | 

* KO «ttributed  to  the combination reaction traces can not be attrioutea  tu 

In the work [421 the brightness  temperature in Al + Hi i 

mixtures pressurized by  plane shock waves was measured. . 

Optical pyrometric measurements with computer-aided proces- ; 

sins revealed hot spots  in the shocked mixture that were ; 

brighter than the average background and had a  temperature. 

of T > 650 and 875X. The appearance of these hot spots was , 

explained by exothermic interaction of the metals. However, 

taking into account the possibility of local heating of the 

mixture due  to plastic deformations and surface phenomena 

I „ 441 and also the lack of reference measurements on the 

product of the Al + Nl  reaction under the same conditions, 

the conclusion about the completion of the Al + Ni  reaction 

within several microseconds made by the authors of the above 

mentioned paper can not be considered properly substantia- 

ted. 
Thus, although the times reported in Refs. [41, 421 

seem to be realistic, they should be treated not more than 

theoretical estimates because of the absence of rigorous 

experimental verification. 

In 1985 at the Conference of the American Physical 

Society on shock waves, where the paper [421 was presented, 

we reported the results of our studies on electrical conduc- 

tivity in systems metal + sulfur under conditions of pulse 

pressurization [451. The full text of the paper was publish- 

ed later 1461. It was shown there that  30-50 us after the 
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electrical explosion of the metal powder in sulfur under a 

static pressure of several GPa the sign of the conductivity 

(a) vs. temperature dependence changed from that characte- 

ristic of metal to the semiconductor-type one. Hence forma- 

tion of the semiconductor compound is completed within this 

time interval. Measurements on prepared compounds showed a 

nonotonic a(D dependence. It may be anticipated that inten- 

se plastic flows and the high density of the shock-induced 

defects in the conditions of explosion experiment will 

further reduce the reaction time. 

The change of  the electrical  conductivity in shock 

compressed Sn + S mixtures was studied  in the work [471, 

where the reaction was found to be completed within about 

10-* - 10~3 s. It  should however be noted that the electri- 

cal conductivity  is strongly dependent on the temperature, 

defect concentration, and other parameters of  the real 

structure, therefore electrical  conductivity measurements 

alone are insufficient  for making unequivocal conclusions 

concerning chemical  reactions. For example , conductivity 

" neasurements in a number of powders of crystalline alkaline- 

metal halides revealed  that a    changed with pressure by 

several orders of magnitude, growing drastically  in  the 

phase transition area [483. Difficulties in  interpretation 

of the data on a  made us use  temperature measurements when 

assessing the reaction time in shocked solid materials. 

The first investigation on this subject was performed 

with a Sn + S mixture in 1969 [191. The temperature of the 

nixture was measured with thermocouples 0.05 - 0.1 s after 

the explosion. The residual temperature in identical experi- 

mental conditions was 110, 122, 131, and 1140*C for Sn, S, 

SnS, and Sn + S, respectively, which is associated with the 

exothermic nature of the combination reaction (the estimate 

I 
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, *   arBf„rP in the Sn + S mixture using the of  the residual temperature in trie sn 
,  , ,   ,c  14.00*0. In the work 1491 

standard thermochemicel  data  is  1400 

the rlsP time of the temperature measurements was reduced to 

10-.sby employ^ thin foils, and in I501 i t was even 

lower 10- s. It turned out that the reaction of SnS 

formaUon was completed within the shortest of the tl. 

intervals indicated above. 
Lerallv speaUng, since the effect of the „plo. - 

on the mixture of the components shifts the beginning of he 

reaction only insiSnifleantly (Just by several percent 

,  inferred from a comparison of  the residual [51D, it can be inferrea iru      r 
f= nf  the system  (HO - 1" u 

temperature of the components of  the sy 

8„d the  temperature at which the Sn + S reaction starts 

the absence of  pressure (measured by a Kurna.ov pyrom te , 

,1 to 250-O that reaction begins  in the shock 
[19] and  equal to dx>v  ^> 

WaV%h6 problem „as solved completely in «,. »rk CK, 
j   c„ j- Q mature were measu- 

„here th. Bugonlots for SnS and a Sn + S mixture 

red. The experiment, showed that starting fro. p 
tnr.  thP mixture deviates from the ILI i UM rnrve for tne mix».«-»i c "-*=• the compressibility curve 

„onotonlc dependence, practically coinciding with the H 

„fot of the prepared compound, towards greater spec 

nrnf(,„ for the compound and reac 
reaction. The pressure profiles V 
„«,„««, also differ due to the additional her 

pressure in the mixture. An analysis of the experiment. 

*K *  »hmit  25% of the mixture reacted 
data demonstrates  that  about ^u 

within 0.05-10-e s. 
u     *   m of  «siioerfast     diffusion  in shock What   is  the mechanism of  supertasi 

pressurised soHd materials? The author    of    «•<•<»''£ 
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material was assumed to be the cause of diffusion enhance- 

ment. A concrete mechanism of diffusion with high velocities 

in materials undergoing plastic deformations is proposed in 

154], Another mechanism was suggested in the papers [55, 

56], where it was assumed that the chemical interaction was 

preceded by phase transition (at least in one of the rea- 

gents) drastically increasing the mobility of the atoms due 

to the breakdown of the chemical bonds. Finally, in the 

paper [571 a special case of ion crystals in which electri- 

cal forces responsible for polarization of the materal 

ensure great diffusion velocities of the ions is considered. 

The growth of the contact surface between the particles, the 

reduction of the activation energy caused by generation of 

multiple defects, and the heterogeneous heating of the mix- 

ture components [58, 551. accelerate solid state reactions in 

the post-shock regime. 

At present the aforesaid reasons seem to be insuffici- 

ent to account for all the reactions occurring under shock 

pressurization of solid materials. In our recent works [59, 

521 we suggested a new diffusion mechanism in reactive 

solids. It is the discrepancy in the particle velocities of 

the reagents which causes (like in the wellknown Kirkendall 

effect) forced diffusion with velocity Au. Depending on the 

mechanical properties of the mixture components Au may vary 

from zero to several km/s, which explains both the superhigh 

diffusion velocity and the threshold nature of the processes 

occurring behind shock waves. 

In conclusion we discuss a terminological question. The 

diffusion time is a function of the size of reacting parti- 

cles, while reaction detection depends on the sensitivity of 

the technique employed. For this reason a strict definition 

of the reaction  time implies specification of the particle 

I 
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si« „„a chemical-conversion degree U6, , otherwise one .., 

„Main any result. It seems «e be reasonable te use the ... 

t. reaction completion or the time required for the conver- 

sion degree to change within en order of magnitude, ..S. 

from 10 to 100», es the normal criterion. 

Thus, the results of numerous invest igations considered 

„b„,e allow a definite conclusion to be made, namely, th.t 

hetero-end solid-ph.se reactions in shock - compressed 

„eterlals may be completed within .0- - 10"« .. Superb* 

dlffusion velocities are due to the high temperatures ud 

in» activation energies in hetero-phase systems and to the 

d.fference in the particle velocities of the mixture compon- 

ents leading to forced diffusion with velocity An in system 

, ,„„e Hpnrp  the reaction may be conv- 
with solid phase reactions. Hence, tne 

pleted in the hiSh-Pressure zone or in the expanded materi- 

al, depending on the experimental conditions and properties 

of the materials. 
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"Real-Time Temperature Measurements" 

Mark Boslough 
Experimental Impact Physics Department 
Sandia National Laboratories, MS-0821 

Albuquerque, NM 87123-0821 

Methods for shock processing and synthesis of materials can involve very rapid, 
exothermic, shock-induced chemical reactions. To fully understand these reactions, 
time-resolved measurements of their progress must be made during a shock experiment. 
Unless the products of the reactions include vapor, the thermodynamic state variable that 
is most sensitive to the extent of reaction is the temperature. Time-resolved temperatures 
can be determined directly from pyrometer measurements of thermal radiation emitted 
from shocked material. However, radiation pyrometer measurements are dominated by the 
highest temperatures present in a sample. Application to nonuniform materials like powders 
will always be complicated by the fact that the temperature distribution is heterogeneous 
for a period of time after the shock wave arrives at the region where the measurement is 
made. Until temperature equilibrium is achieved, the measured temperature will be that of 
local heterogeneities, and not! that of the bulk material. The me asured temperature will 
be a function of parameters such as particle size and morphology, pore space, thermal 
diffusivity, heat capacity and other mechanical and physical properties that have nothing to 
do with chemical reactions. If the relaxation time for temperature equilibration is greater 
than the shock duration, then true shock temperatures cannot be measured and the progress 
of any chemical reaction cannot be determined. For powders with particle sizes of greater 
than a few microns, the relaxation ti me is greater than the microsecond-scale duration of 
gun experiments. Thus micron and submicron particle-size powders are required for 
real-time shock temperature measurements. Even in this case the time resolution of the 
temperature measurement is limited by the temperature equilibration time. Despite this 
limitation, temperature measurements have strengthened the evidence for sub-microsecond 
shock-induced chemical reactions in micron-scale powders of nickel-aluminum and of 
hematite-aluminum (thermite). Because of the complications associated with shock 
compaction of powder mixtures, control experiments need to be performed on pure 
compacts of each component to characterize the e ffects of the physical and mechanical (but 
not chemical) properties. Any conclusion based on experiments without the requisite control 
experiments should be suspect. 
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POSTSHOCK SPECTRAL RADIANCE MEASUREMENTS IN NICKEL AND NICKEL/ALUMINUM POWDERS 

M. B. BOSLOUGH 

Sandia National Laboratories. Albuquerque, NM 87185 

Because of complications associated with temperature heterogeneities in shocked metal powders, time-resolved 
radiation pyrometer measurements of shock temperatures in powders with particle sizes greater than a few tens 
of microns cannot be made under normal laboratory conditions with uniaxial loading durations limited to about 
one microsecond. Fortunately, for highly porous, reactive powders, the difference between shock and postshock 
temperature is negligible. For loading conditions similar to those that have yielded reaction products in recovery 
experiments, there is no evidence of any chemical reaction in a coarse (-325 mesh) nickel/aluminum powder 
mixture within the first 6 us of shock arrival, based on constraints on postshock temperatures provided by 
thermal radiation measurements. This result is in contrast to that for a micron-sized nickel/aluminum mixture, 
for which there is evidence of significant reaction on a time scale of 100 ns under similar shock loading 
conditions. 

1. INTRODUCTION 

There are a number of complications associated 

with the radiative measurement of shock temperatures in 

powders. Foremost is the fact that radiation pyrometer 

measurements are dominated by the highest 

temperatures present in a sample. When a 

heterogeneous medium such as a powder is shocked, the 

temperature distribution immediately behind the shock 

front is not uniform because of pore collapse and 

differential plastic deformation of powder grains. The 

intensity of thermal radiation emitted from a material is 

dictated by the Planck function, so it is a very strong 

function of temperature. Most of the measured visible 

and near infrared light from a heterogeneously heated 

material is emitted from the hotter regions. Until 

sufficient time has elapsed for thermal diffusion to cause 

the temperature to become uniform, it is the highest 

localized temperature of a shocked powder sample that 

dominates the measurement, not its equilibrium, or 

"mean-bulk" shock temperature, * and the initial color 

temperature can be from two to ten times higher than 

that calculated assuming homogeneous heating. 

It is reasonable to expect the spatial scale of 

temperature heterogeneity to be determined by the scale 

of physical heterogeneity of the initial powder; the 

temperature should vary over distances on the order of 

particle size. This expectation has been borne out by 

measuring thermal radiation emitted from shocked 

powders with different particle sizes. When nickel 

powder with a particle size distribution in the range 

between 44 and 74 urn is shocked,3 it takes significantly 

longer for thermal radiation (presumably from cooling 

heterogeneities) to decay than when nickel with a 2 um 

typical particle size is shocked under similar 

conditions.4'^ Spectral radiance histories for shocked 

nickel powders with two different mean particle sizes are 

plotted in Fig. 1. 
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For experiments on Sandia's 63-mm bore 

compressed gas gun, shock durations and uniaxial strain 

conditions cannot be sustained for much more than one 

microsecond under the target geometries required for 

forward ballistic shock temperature measurements in 

powders for which light is collected from a 19-mm 

diameter area. For shocked metal powders with mean 

particle sizes in the ten urn range, the approach to 

thermal equilibrium is not complete on this time scale, so 

radiation pyrometry cannot be used to make direct 

measurements of equilibrium shock temperatures 

without extending the shock duration. The coarser 

powders that have been used in shock recovery 

experiments6,7 (in which product phases have been 

found in the recovered samples) are thus not amenable 

to time-resolved shock temperature measurements. 

However, for highly porous powders that react 

exothermically when shocked, the post-shock 

temperature does not differ significantly from the shock 

temperature.8 In addition, Horie and Kipp9 have 

suggested extending temperature measurements to cover 

a time period from a few us to as long as 10 |is in order to 

further constrain kinetic parameters associated with 

chemical reactivity. The present work represents the 

first attempt to measure the post-shock temperature of a 

reactive powder by extending the time interval of spectral 

radiance measurements. 

2. EXPERIMENTAL 

Postshock spectral radiance experiments were 

carried out on two different samples: 1) flaky nickel of 

-325 mesh size (AESAR 13788). and 2) a mechanical 

mixture of this nickel with rounded -325 mesh 

aluminum (AESAR 11067). The mixture had a molar 

ratio of 3 Ni to 1 Al, which corresponds to the 

stoichiometry of the Ni3Al compound that has been 

shock-synthesized. The mixture is identical to that used 

in recent recovery experiments7 in which shock-induced 

reactions were observed. The pure nickel powder 

provided a control experiment: because it is inert its 

shock temperature cannot include a chemical energy 

contribution. 

The powder compacts were pressed into modified 

"Momma Bear" recovery fixtures to provide conditions 

approximating those achieved in recovered samples.10 

The compact densities were kept as low as possible in an 

attempt to maximize the conditions that would lead to 

shock-initiation of a reaction. The center portion of the 

rear plug of the copper fixture was replaced by a 19 mm 

diameter sapphire window to allow time-resolved 

measurement of thermal radiation at four wavelengths in 

the visible and near infrared.1 These fixtures were 

directly impacted by copper flyer plates launched ai 

velocities of about 1.2 km/sec from a gas gun. 

The present target configuration (Fig. 2) differs 

significantly from those used in conventional shock 

compression experiments in that no attempt was made to 

achieve uniaxial strain conditions. Like the recovery 

fixtures whose loading conditions it was designed to 

simulate, the loading and unloading are dominated by 

radial flow. However, the postshock temperature 

depends primarily on the initial porosity, the strength of 

the initial shock wave, and the amount of reaction, not 

on the direction or path of unloading. Because the 

principal purpose of these experiments was to determine 

whether the powder had reacted on the time scale of the 

measurements, the variation in conditions across the 

sample were of secondary importance. A qualitative 

picture of the compression process has been obtained 

from a numerical simulation that was carried out for a 

target of similar design that was used in previous optical 

measurements of shocked nickel/aluminum compacts. * * 

TARGET 
FIXTURE 

SAPPHIRE 
WINDOW      LIGHT TO 

PYROMETER 

POWDER     LIGHT 
SAMPLE      MASK 

FIGURE 2 
Experimental configuration; light radiated 

from the powder-sapphire interface 
is measured at four wavelengths. 
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3. RESULTS AND DISCUSSION 

Fig. 3 presents the time-resolved spectral radiance 

data from one experiment on each type of powder. The 

time is referenced to the time at which light was first 

detected (when the earliest shock arrives at the powder- 

sapphire interface). Gaps in the data indicate off-scale or 

below-scale signals {because of the strong dependence of 

spectral radiance on shock temperature, the values can 

change by up to four orders of magnitude in less than a 

microsecond). Only the data for the first 6 us are 

presented; after that time there may be a significant 

contribution from spurious light that can be indirectly 

scattered into the optical system from other parts of the 

target. In both experiments, all four spectral radiances 

rapidly dropped to nearly constant values within 5 |is. 

This observation is consistent with an asymptotic 

approach of temperature heterogeneities to the mean 

bulk temperature through thermal transport processes, 

so the measured radiances can be taken as an upper 

bound to that which would be radiated after equilibrium 

has been reached. Unlike spectral radiance 

measurements of micron-sized powders under uniaxial 

strain conditions (Fig 4). there is no significant difference 

between the nickel and nickel/aluminum experiments. 

Temperature and effective emissivlty histories 

determined from a least squares fit to a graybody 

distribution function1 are plotted in Figs. 5 and 6. 
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FIGURE 3 
Time-resolved spectral radiances from -325 mesh 

nickel and nickel /aluminum mixture, 
shocked using configuration in Fig. 2 

These histories are remarkably similar; the graybody 

temperatures rapidly drop to a nearly constant value in 

the 2300 to 2400 K range. However, the effective 

emissivities remain very low in both cases, indicating 

either that: 1) the samples are radiating at this 

temperature from only a small fraction of the observed 

area, or 2) the spectral radiances from the samples drop 

to values below a weak background level of scattered 

light. The first possibility is consistent with streak 

camera records under similar conditions showing a 

concentration of hotter shocked material on the axis of 

symmetry11. In either case, the spectral radiances lie 

below the values associated with temperatures and 

emissivities consistent with a significant degree of 

reaction. 

The present results are in apparent contrast to the 

results of recovery experiments by Song and Thadhani . 

who detected significant quantities of intermetallic 

nickel/aluminum alloys in recovered specimens. This 

discrepancy may be due to the differences between the 

two experiments in details of shock loading. It is also 

possible that the temperatures associated with the 

reaction are lower than expected, because the high 

temperature thermocherr.ical data on nickel/aluminum 

alloys are limited. Another interpretation is that the 

reaction takes place, but on a much longer time scale. 
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There is no evidence from spectral radiance 

measurements that a -325 mesh mixture of nickel and 

aluminum powder exhibits significant reaction during or 

within 6 \is of shock compression—even under the most 

favorable gas gun loading conditions attainable. Shock 

temperature measurements have previously indicated 

that a partial reaction takes place within 100 ns of 

tmiaxial shock-loading of a powder with a much smaller 

particle size , For the nickel/aluminum system, particle 

size appears to be an important parameter controlling 

the rate and/or sensitivity of shock-induced chemical 

reactions, with finer-grained powders reacting more 

readily than coarser powders. 
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FIGURE 5 
Time-resolved graybody temperatures 

for shocked nickel/aluminum and nickel. 
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FIGURE 6 
Time-resolved effective emissivities 

for shocked nickel/aluminum and nickel. 

Because of low levels of spurious light that can 

interfere with spectral radiance measurements at times 

greater than a few microseconds after impact, it may be 

more appropriate to use this method to Investigate 

reactive powders with much larger heats of reaction, 

such as aluminum/metal oxide thermites, for which 

thermal spectral radiances would be much larger than 

those reported here, even for small amounts of reaction, 
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SHOCK-INDUCED CHEMICAL REACTIONS IN NICKEL-ALUMINUM POWDER 
MIXTURES: RADIATION PYROMETER MEASUREMENTS 

Mark B. BOSLOUGH 
Sandia National Laboratories, Albuquerque. NM 87185, USA 

Received 18Mav 1989 

Time-resolved emission of visible and near-infrared thermal radiation has been measured from powders of pure nickel and 
mixed nickel-aluminum shocked to peak pressures of 14 GPa. Temperatures determined from the measurements indicate that 
the Ni-Al mixture has a source of heat in addition to that supplied by shock compression. The extra heat, produced on a time 
scale of 100 ns. is inferred to come from an exothermic reaction between the two metals forming a binary alloy. If the alloy is 
NijAl. the measured temperatures are consistent with prompt shock-induced reaction of at least 45°o of the reactants. 

1. Introduction 

Observations of shock-induced chemical reactions 
in solids are numerous [1,2]. One such reaction is 
the subject of the present research. It was discovered 
by Horie et al. [3 ] who used explosive-loading tech- 
niques to shock nickel-aluminum powder compacts. 
According to analysis of the shocked material, the 
major end-product was ordered Ni3Al, with a shock 
temperature of about 500 °C required for initiation. 
Other products included NiAl, Ni2Al3, and NiAl3. 
While such shock-recovery experiments can deter- 
mine many features of shock-controlled chemical re- 
actions, they cannot provide direct data on rates and 
mechanisms. To attain this information, shock-tem- 
perature experiments are required. 

For highly exothermic synthesis reactions the most 
sensitive variable is temperature. For many such re- 
actions there are no large volume or pressure changes 
that would give significant differences in pressure- 
volume shock states (Hugoniots). For example, Hu- 
goniot measurements were used to demonstrate that 
reactions forming tin sulfide from its components can 
take place under shock [4], but the relative error in 
determining reaction completeness was as much as 
30% owing to uncertainties in the measured Hugo- 
niot and its relative insensitivity to differences be- 
tween the equations of state of the reactants and 
products. By contrast, precise measurements of shock 

temperatures of reactive powders can be compared 
to calculated (or measured) temperatures for 
shocked inert powders to more accurately determine 
the amount of reaction. Radiation pyrometry was one 
of the approaches [5,6]. used to measure thermal 
radiation from Ni-Al powders in a configuration de- 
signed to simulate earlier recovery experiments [3]. 
A brief emission of light consistent with the presence 
of temperatures as high as 5000 K was observed [6], 
and was taken to be evidence for shock-induced 
chemical reactions on a submicrosecond time scale. 
Similar measurements of infrared radiation emitted 
from shocked Al/Fe203 powders by Hornig et al. [ 7 ], 
led to the same conclusion. In both cases, extremely 
high temperatures exist only briefly, and low emis- 
sivity values are associated with them. This suggests 
that the shock energy in the powders is localized, re- 
sulting in temperature heterogeneities. 

The present experiments were performed to iso- 
late the early light emission from that due to a ho- 
mogeneous, equilibrium temperature increase asso- 
ciated with shock compression and chemical reaction. 
The nickel-aluminum system was studied because: 
(1) recovery experiments have demonstrated shock- 
induced reactions and identified the products [3], 
(2) it has been theoretically modelled [8,9], (3) the 
large heat of reaction leads to a mea- 
surable temperature increase for partial reactions, (4) 
reactants and products are all metals, and therefore 

618 0 009-2614/89/$ 03.50 © Elsevier Science Publishers B.V. 
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graybody emitters (a requirement for radiation py- 
rometry) and (5) the alloys have useful applica- 
tions, and are candidates for industrial shock 
processing. 

Spectral radiance of visible and near-infrared light 
radiated from the shocked sample is measured si- 
multaneously at four different wavelengths with a ra- 
diation pyrometer [10]. A least-squares fit to these 
data determines a time-resolved temperature and ef- 
fective emissivity. The target consists of a thin (about 
0.5 mm) powder layer sandwiched between a copper 
driver and a lithium fluoride window. The thick- 
ness/diameter ratio of the powder layer is small, so 
the strain experienced by the center portion of the 
sample remains uniaxial, and the shock pulse quickly 
reverberates the powder up to the peak pressure (14 
GPa). A mask obscures the sample edge, where rar- 
efactions enter and disrupt the uniaxial flow. Impact 
of a 63 mm diameter projectile launched from a gas 
gun [11] generates the shock wave. Impact veloci- 
ties of 1.18 km/s were employed, and the projectiles 
carried copper impactors. The target chamber was 
evacuated to eliminate air shocks, and the samples 
were in contact with vacuum, to minimize residual 
air in the pore space. 

Two powders were investigated: an inert powder 
of 99.9% pure nickel (CERAC N-1089) with a 2 um 
mean particle size, and a stoichiometric mixture 
(87% Ni, 13% Al by weight) of the same nickel with 
99.5% pure aluminum powder (CERAC A-l 183) of 
1 u,m mean particle size. The reactive mixture con- 
sists of only 13% aluminum by weight, so pure nickel 

Table 1 
Summary of experiments 

Experiment 
number 

was chosen to represent the inert powder. It has sim- 
ilar density, compressibility, and mechanical prop- 
erties, and should therefore have a similar shock- 
compression response. Moreover, the similarity of 
spectral emissivity is important for a comparitive 
study based on optical measurements. The details of 
the two experiments are summarized in table 1. 

Spectral radiance histories are shown in figs. 1 and 
2. The origins of the time axes coincide with arrival 
of the initial shock wave at the powder-window in- 
terface. In both cases, the radiance history consists 
of an initial pulse at all four wavelengths, followed 

Reactive sample (NI+AI) 

04 0.6 0.8 

TIME (microseconds) 

Fig. 1. Time-resolved spectral radiances for Ni-Al experiment 
2208. Shock reaches powder/window interface at / = 0. Data for 
each wavelength is vertically offset by 10'° W/m3 sr above the 
next-shorter wavelength. Shortest wavelength data is not offset. 

Powder type Initial density Window 
material 

Velocity 
(km/s) 

(g/cm3) (% of solid) 

2208 
2209 

Ni-Ala) 

Ni 
2.96 
3.36 

43 
18 

LiF 
LiF 

1.183 
1.184 

1 
1 

1 
I 
I 
I 
1 

a) 87% Ni, 13% Al by weight. 

619 

I 
1 
1 
1 
1 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
1 
1 

I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 

Volume 160, number 5,6 CHEMICAL PHYSICS LETTERS 25 August 1989 

Inert sample (pure Ni) 

839 nm 

04 0.6 0.8 
TIME (microseconds) 

Fig. 2. Time-resolved spectral radiances for Ni experiment 2209, 
plotted in same manner as data in fig. 1. 

by a decay. The initial pulses have double peaks; one 
corresponds to the initial shock wave, and the other 
is due to a twice-reflected shock that has completed 
one round trip through the thin sample layer, as il- 
lustrated by the x-l and P-u diagrams in figs. 3 and 
4, respectively. 

Ideally, the initial pulse would be sharply defined, 
with a nearly instantaneous rise time. However, any 
deviation from parallelism between the plane of the 
shock front and the sample-window interface will 
prevent simultaneous arrival. Instead, the intersec- 
tion of the two planes forms a line that sweeps across 

"O 
C o u 

Fig. 3. Distance-time diagram for powder experiments. Shocks 
and rarefaction waves are represented by dotted lines. Numbers 
refer to states in nickel. 
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0.2 0.4 0.6 0.8 

u (km/s) 

Fig. 4. Pressure-particle velocity diagram for powder experi- 
ments. Numbered states correspond to those in fig. 3. 

the field of view. The time required to complete the 
sweep is proportional to the aperture diameter (19 
mm), and inversely proportional to the shock ve- 
locity (less than 2 km/s). Angles between the sur- 
faces of the powder pellets were as great as 0.001 rad, 
contributing further to shock wave tilt. Other factors 
include possible non-planarity of the shock wave due 
to lack of uniformity in the initial density of the 
powder, and non-zero rise time of the shock. 

There are obvious differences in the data dis- 
played in figs. 1 and 2. In addition to the greater in- 
tensities exhibited by the mixed powder, the decay 
rate is longer, and the spectral radiance ratios for dif- 
ferent wavelengths are different than for the nickel. 
These data can be expressed in more useful terms by 
fitting them to the graybody distribution function, 

N(X)z=aeClk-
5[exp{C2/?iT-l)y (1) 

where a is the fraction of the area within the pyro- 
meter field of view that is radiating light at temper- 
ature T, e is the emissivity of the radiating surface, 
N(X) is the measured spectral radiance at wave- 
length X, and Cx and C2 are known constants. Be- 
cause N(X) is measured at four different wave- 
lengths, there are four equations with two unknowns, 
and time-resolved values for e and T can be deter- 
mined. Since a and e cannot be independently de- 
termined, their product is defined as the "effective 
emissivity". For uniformly heated material, 100% of 
the surface within the field of view is at the same 
temperature, and the effective emissivity is equal to 
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*     2500 

1500 

- Greybody emissivity, 2208 
^ Graybody omissivity, 2209 

0.4 0.6 0.8 

TIME (microseconds) 
1.2 

Fig. 5. Time-resolved temperature and emissivities, calculated 
from data in figs. 1 and 2. Numbers refer to experiments in table 
1. Hatched band indicates uncertainties from least-squares fit. 

the true emissivity of the surface. However, if the 
sample is heterogeneously heated, only some frac- 
tion of the area radiates at high temperature, and the 
effective emissivity is reduced from the true emis- 
sivity by the fractional area a. 

The time-resolved temperature of the mixed pow- 
der is shown in fig. 5. The initial light pulse corre- 
sponds to a temperature of nearly 2800 K, with an 
effective emissivity of about 0.1. After approxi- 
mately 500 ns, the temperature drops to about 2250 
K, and the emissivity reaches a relatively stable value. 
This rapid cooling is consistent with heat conduction 
eliminating temperature heterogeneities. Any non- 
uniformity accompanying pore collapse and local 
plastic deformation is likely to have spatial variation 
on the same scale as the powder particle size. Tem- 
perature heterogeneities on the order of 1 um dis- 
appear in less than 500 ns leaving a uniformly ra- 
diating surface with an effective emissivity equal to 
its true emissivity. The final value of 0.24 is consis- 
tent with for nickel emissivities, which vary between 
0.12 and 0.37 depending on temperature and surface 
quality. 

The time-resolved temperature for the pure nickel 
powder is also shown in fig. 5. It is initially higher 
than that of the mixed powder, presumably due to 
the slight differences in thermomechanical proper- 
ties that lead to energy localization, and also drops 
rapidly in the first two or three hundred nanose- 
conds. Unlike the mixed powder, however, the ef- 
fective emissivity starts much lower and does not in- 

crease. Pure nickel should have a slightly higher 
emissivity than the mixed powder; an admixture of 
aluminum into nickel would tend to lower the em- 
issivity of the pellet surface (the pure pellets are 
darker in appearance than the mixed pellets - cor- 
responding to higher emissivity). After 400 ns, the 
measured temperature begins to increase, while the 
emissivity drops to extremely low values. This hap- 
pens when the spectral radiance from the sample 
drops below background levels; other experiments 
have shown that light can be weakly scattered from 
outside the direct field of view of the pyrometer (the 
scattering has subsequently been eliminated by a mi- 
nor modification of the target design). This scat- 
tered light has a spectral radiance below about 109 

W/m3 sr, and is negligible unless the light radiated 
from the sample is just as weak. Nevertheless, an up- 
per bound can be calculated for the bulk temperature 
by assuming an effective emissivity of 0.24 (e = 0.24, 
a= 1.0) and using the longest wavelength (least likely 
to be affected by scattered radiation) to determine 
the brightness temperature from eq. (1). The bright- 
ness temperature assumes that all the light of a given 
wavelength is thermal radiation coming from a uni- 
formly heated surface with an emissivity of 0.24. 
Since some fraction of the measured light is actually 
scattered from another source, this brightness tem- 
perature (which remains less than about 1700 K, see 
fig. 5), is an upper bound. The brightness temper- 
ature is not plotted for the first few hundred nano- 
seconds, when the temperature distribution is known 
to be heterogeneous. 

6. Discussion 

The temperature of the shocked nickel-aluminum 
powder mixture is about 2250 K when thermal equi- 
librium is reached. At the equivalent time in the pure 
nickel sample, an experimental upper bound for the 
temperature is about 1650 K. The shock tempera- 
ture of the mixed powder is thus at least 87=600 K 
higher than that of the nickel powder. For low den- 
sity, porous metals, the snowplow model (a special 
case of the P-a model [12]) is used to estimate 
equilibrium shock temperatures. It assumes that the 
first shock wave increases the initial density of the 
powder (p00), to its full density (pQ), Reflected 
shocks increase the pressure of the crushed-up pow- 
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der, but increase the density by only a negligible 
amount. The Hugoniot of the powder for the first 
shock is given simply by 

P= ifpoPoo/ (po -Poo) , (2) 

where P is the shock pressure and u is the particle 
velocity. The porous Hugoniot of nickel powder is 
plotted in fig. 4. Impedance matching this Hugoniot 
to the inverted Hugoniot for copper centered on the 
impact velocity of 1.18 km/s gives an initial shock 
pressure of about 6 GPa. The net increase in internal 
energy is given by the Rankine-Hugoniot equation 

AE=$P(l//>oo-l/A>), (3) 

and the increase in temperature is approximated by 
AT= AE/Cp where Cp= 520 J/gK is used to approx- 
imate the specific heat of the nickel. In the snowplow 
model, no further energy is acquired by the nickel in 
reverberating to the peak pressure of 14 GPa. In real- 
ity, there is a small volume change after the initial 
shock, but it is so small compared to the volume 
change on crushing that it can be ignored. The es- 
timated temperature increase is about 1100 K, and 
when added to the initial temperature gives a cal- 
culated shock temperature of about 1400 K, some- 
what less than the experimental upper bound. If the 
crush strength of the powder is significant, the snow- 
plow assumptions are no longer valid, and the actual 
temperature would be lower. 

The shock component of temperature increase will 
be somewhat less for the mixed powder, because of 
slightly different thermomechanical properties. Ac- 
cording to ref. [13], the energy released by the re- 
action 3Ni+Al-»Ni3Al is about 40 kJ/mol of Ni3Al 
at standard conditions, which is sufficient to raise 
the adiabatic temperature by about 1300 K. The 
measured temperature difference of at least 600 K is, 
therefore, equivalent to prompt shock-induced re- 
action of at least 45% of the material. 

5. Conclusions 

Radiation pyrometry measurements have been 
used to demonstrate the existence, time scale and 
completeness of prompt shock-induced chemical re- 
actions in the Ni-Al system. By varying the shock 
pressure and porosity of starting materials, such ex- 
periments can determine the conditions required for 
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shock initiation of these reactions. Other highly re- 
active solids are candidates for shock-temperature 
measurements to determine the thresholds, rates and 
energetics of their reactions under shock, with time 
resolution limited by the equilibration time for tem- 
perature heterogeneities in powders. With these 
measurements, the underlying mechanisms control- 
ling shock-induced chemical reactions in solids can 
be studied. 
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A sensitive time-resolved radiation pyrometer for shock-temperature 
measurements above 1500 K 
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An optical system has been developed which can determine time-resolved temperatures in 
shocked materials by measuring the spectral radiance of light emitted from shocked solid samples 
in the visible and near-infrared wavelength range (0.5-1.0/zm). It can measure temperatures as 
low as 1500 K and has been successfully used to observe shock-induced chemical reactions in 
powder samples. The high sensitivity of this radiation pyrometer can be attributed to the large 
angular aperture (0.06 sr), the large bandwidth per channel (uptoO.l/zm). the large photodiode 
detection areas (1.0 cm2), and the small number of calibrated channels (4) among which light is 
divided. Improved calibration techniques, as well as the layout of the instrument, eliminate 
certain sources of error encountered in previous shock-temperature experiments. Errors in the 
measured spectral radiance were reduced by: (1) recalibration before every experiment to 
account for changes in optical components; (2) direct calibration of voltage recorded at each 
digitizer to prevent transfer error by an intermediate step; (3) use of a spectral irradiance 
calibration lamp to exclude errors due to spatial inhomogeneities associated with spectral 
radiance sources; and (4) obtaining a large spatial average of light at each wavelength from the 
sameportion of the sample to eliminate errors from possible inhomogeneities in the sample. The 
magnitude each of these errors could previously contribute was 1 %-2% of the total signal. 
Absolute temperature uncertainties, determined from the standard deviation of the measured 
spectral radiances from the least-squares-fit values, are typically about 5%. Emissivities are 
poorly constrained by spectral radiance data because of a weak functional dependence, and 
uncertainties can easily exceed 50% for temperatures of around 2000 K. 

INTRODUCTION 

Time-resolved radiation pyrometry has proven to be a useful 
tool in the study of condensed matter in the shocked state. It 
has been applied to problems in condensed matter physics 
and chemistry, high explosives, and high-pressure geophys- 
ics. In many ways it complements other optical experimental 
methods such as spectroscopy and high speed framing and 
streak photography. Not only can shock temperatures be 
measured but, in some cases, the optical properties of the 
shocked state can be determined from the time dependence 
of the radiated light.' The method has been used to constrain 
high pressure equations of state, detect and quantify phase 
transformations, and study shock-induced chemical reac- 
tions. 

The first application of pyrometry to study shocked ma- 
terials was by Kormer et a/.,2,3 who measured light emitted 
from initially transparent solids at two different wavelengths 
and were able to determine color temperatures. Subsequent- 
ly, various types of pyrometers have been used by Raikes and 
Ahrens4 to measure residual temperatures of shocked miner- 
als, by Von Holle5 in studies of reacting high explosives, by 
Lyzenga and others6"9 and Ahrens et ah10 to determine high 
pressure thermal equations of state, and by Radousky and 
co-workers11,12 for studies of shocked fluids. A similar device 

has been used by Brannon et al.n to measure shock-induced 
nonthermal light radiated from solids. 

The present system was designed to be more sensitive to 
spectral radiance (and therefore to lower temperatures) 
than previous pyrometers, while at the same time providing 
a high degree of precision and time resolution. High sensitiv- 
ity was achieved in part by increasing the spectral band- 
widths and photodetector area beyond what had previously 
been used. The corresponding reductions in spectral resolu- 
tion and time response did not significantly reduce the quali- 
ty of the data. 

The generic design of the present pyrometer was initial- 
ly implemented by Boslough14 on the Caltech two-stage 
light-gas gun," which launches 25 mm diam projectiles that 
strike specimens at speeds of 4-7 km/s. Shock pressures in 
the 50-200 GPa range are generated during the propagation 
time of the shock wave through the sample. This original 
instrument has been applied mostly to problems in high pres- 
sure geophysics (e.g., Boslough et a/.16) and was used in 
conjunction with other techniques by Williams et a/.17 to 
estimate the temperature of the Earth's core. A more sensi- 
tive system, which is described in the present article, was 
designed to be used with Sandia's 25-m single-stage gas- 
gun,18 which launches 63 mm diam projectiles at speeds up 
to 1.2 km/s and achieves shock pressures up to 25 GPa in 
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This newer pyrometer has been used pri- 
of shock-induced chemical reactions in 

I. EXPERIMENT DESIGN 

The description of the newer radiation pyrometer (Fig. 
1) will proceed in the direction of light propagation, begin- 
ning with the target assembly. A number of types of targets 
have been used. Of current interest are measurements of 
light radiated from shocked powders. These experiments are 
performed in one of two ways. One method makes use of a 
target consisting of a transparent solid, usually lithium flu- 
oride, which is struck directly by an impactor containing a 
powder pellet carried on the face of a projectile. In these 
"reverse impact" experiments, the initial shock state in the 
pellet is viewed by the pyrometer. The other type of target 
consists of a powder pellet with an attached transparent win- 
dow (or anvil), again usually lithium fluoride. In these "di- 
rect impact" experiments, the first state observed by the py- 
rometer is actually the second (reflected) shock state. A 
version of this target is depicted in Fig. 2. In either case, two 
coaxial shorting pins are mounted on either side of the sam- 
ple to provide triggering pulses before impact. 

To observe a single, well-defined state the sample edge 
must be masked, because the field of view of the pyrometer is 
greater than the portion of the sample in which one-dimen- 
sional wave motion occurs during times of interest. Edge 
effects (two-dimensional flow) occur at only the outer edges 
of the sample. For this reason an aluminum edge-mask (an- 
odized black) is attached to the free surface of the transpar- 
ent window. The mask contains a central hole which pro- 
vides the only path for light from the sample to enter the 

PROJECTILE 
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FIG. 1. Schematic diagram of radiation pyrometer, showing its relation to 
gas-gun impact chamber. 
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FIG. 2. An example of a powder target assembly. This configuration was 
designed for direct impact experiments. 

pyrometer. A large set of experiments20 has demonstrated 
that, for a properly designed target, there are no other 
sources of light which can contaminate the signal, a problem 
that had been experienced previously.21 

The circular aperture varies in diameter from 6 to 25 
mm depending on the particular target design. The light ra- 
diated by the sample is reflected by an aluminized mirror, 
turning it toward the radiation pyrometer port in the target 
chamber. This port is covered with a protective Pyrex win- 
dow that separates the target chamber from the objective 
lenses, which are two crown glass plano-convex lenses, with 
focal lengths of 50 cm and clear apertures of 14 cm. The 
target is near the focal point of the first lens. The collected 
light is separated into four legs by three reflective-coated 
pellicle beamsplitters. Each of the four resulting beams falls 
upon a detector assembly, which consists of an interference 
filter, a focusing lens, and a photodiode with a bias circuit. 
The bandpass filters are 50 mm in diameter and have peak 
wavelengths in the visible or near-infrared within the effec- 
tive bandwidth range of the silicon photodiodes. The filters 
have half-height band widths of 0.1 /an or less. 

The detectors used were RCA C30810 iV-type silicon 
pin photodiodes, with an active area of 1.0 cm2. Germanium 
photodiodes have also been used to extend the wavelength 
range further into the infrared, but the poorer frequency re- 
sponse of germanium complicates the data reduction. To 
ensure that the image of the sample (and calibration lamp 
filament) falls entirely within the photodiode active area, a 
52-mm-diameter, 32-mm focal length aspheric glass focus- 
ing lens is positioned between the filter and photodiode. This 
demagnifies the image by a factor of about 0.3. The detector 
assemblies are mounted on three-axis translation stages to 
allow for alignment and focus adjustments. The focusing 
lens and filter holder can be moved independently to permit 
separate adjustment of focus and demagnification. 

This optical configuration ensures that each detector 
views precisely the same area of the target. Thus, when radi- 
ation is heterogeneously emitted, as is the case when shear 
bands or hot spots develop (e.g., Kondo and Ahrens22), the 
average brightness is measured by each detector. This elimi- 
nates the possibility of an erroneous temperature measure- 
ment due to different detectors viewing different target areas 

I 
1 
1 
I 
s 

Shock temperature 3712 

I 
I 
1 

1 
1 
1 
1 
I 
1 
I 
1 

I 
I 



I 
I 
I 
I 
I 
I 
I 
i 

I 
I 
I 
I 
I 
1 
I 
1 
I 
I 

which may not have the same temperature distribution. 
Also, by viewing the entire unmasked portion of the target, 
the sensitivity of the instrument is increased. Because the 
image is demagnified there is sufficient tolerance in align- 
ment and focusing, as long as the entire image falls within the 
active area of the detector. 

The silicon photodiode circuit supplies a 45 V reverse 
bias from a dc power supply to the photodiode. Signals are 
transmitted by terminated 50-il cables, and recorded by an 
array of LeCroy 6880 and Tektronix 7612 digitizers. There is 
also an optional unfiltered, uncalibrated fifth channel which 
consists of an RCA C30872 silicon avalanche photodiode. It 
has a nominal rise time of 2 ns, and provides fast time re- 
sponse to ensure that any high-frequency component of the 
light is recorded. This photodiode is positioned where it re- 
ceives stray light reflected from one of the optical filters. Its 
output can be recorded by a high frequency digital oscillo- 
scope, but is not used in the temperature calculation. 

II. CALIBRATION PROCEDURE 

Unlike previous shock pyrometers which used a spectral 
radiance source for calibration, the present system uses a 
spectral irradiance source. A spectral radiance source typi- 
cally consists of a tungsten ribbon which can have a nonuni- 
form temperature distribution over its surface. During cali- 
bration the possibility exists that different photodetectors 
measure light from different parts of the ribbon, leading to 
calibration error. By contrast, a spectral irradiance source is 
usually a tungsten filament. During calibration, the image of 
the entire source filament falls entirely within the active area 
of each photodetector. All detectors therefore view exactly 
the same light source, thereby reducing the calibration error. 

The standard of spectral irradiance is placed in the posi- 
tion of the target in the impact chamber and the pyrometer is 
aligned. The spectral irradiance is given in units of ^W/cm2 

nm at a distance of 50 cm (a surface 50 cm from the lamp 
receives the given spectral irradiance). At this distance, 1 
cm2 of area subtends a solid angle of 0.0004 sr, so the spectral 
radiant intensity (power per unit solid angle per unit wave- 
length) of the lamp is equal to its spectral irradiance divided 
by 0.0004 sr/cm.2 Since the entire lamp filament is imaged 
onto the photodiodes, its spectral radiant intensity is equiva- 
lent to that of a point source. The standard source used is a 
commercial General Electric type Q6.6A/T4Q/5CL 200 W 
tungsten coil filament quartz-halogen lamp calibrated by 
Optronics Laboratories, Inc. by transfer from a National 
Bureau of Standards source. Use of this lamp as a standard is 
described by Schneider and Goebel.23 The lamp is mounted 
on a target assembly and aligned in the same manner as a real 
target, using the same mirror and window as are used in the 
actual experiment. It is driven by 6.50 A from an Optronics 
Laboratories, Inc., model 83DS precision dc constant cur- 
rent power supply. The use of dc current avoids the 120-Hz 
ripple in light intensity associated with calibration lamps 
powered by ac current, thereby eliminating another source 
of error that has been experienced in the past. 

For calibration of the pyrometer with the Tektronix 
7612 digitizers, the light beam incident on the pyrometer is 

mechanically chopped at approximately 250 Hz, and the re- 
sulting square wave is recorded for each detector. The vol- 
tage amplitude of the square wave, as recorded on each chan- 
nel, is divided into the spectral radiant intensity of the lamp 
at the mean effective wavelength of its corresponding filter, 
resulting in a calibration factor. The appropriate spectral 
irradiance for calibration is found by interpolating between 
values given by a table supplied by Optronics Laboratories 
for the quartz halogen lamp. The pyrometer is calibrated 
with the LeCroy 6880 digitizers similarly, but because of the 
short sampling window of these digitizers (about 7/*s maxi- 
mum), the light source cannot be physically chopped fast 
enough. Instead, a number of measurements are made with 
the lamp both on and off, and averaged to compensate for 
baseline drift and other effects normally accounted for by 
using the mechanical chopper. The resulting calibration fac- 
tors are multiplied by the amplitude of the experimental 
waveform to get a time-resolved spectral radiant intensity 
for the shocked material. To determine the spectral radiance 
from which the temperature is calculated, spectral radiant 
intensity is divided by the area of the aperture in the edge 
mask. The actual solid angle subtended by the objective lens 
need not be known, as long as the calibration lamp is used in 
the same position as the target. This procedure is carried out 
prior to every experiment, to account for differences between 
the expendable components (the mirror and window), and 
minor differences in experimental configuration, cleanliness 
of optics, etc. It is not necessary to carry out a voltage cali- 
bration on the recording digitizers because for each channel 
the same digitizer is used for both calibration and experi- 
ment. This procedure takes a potentially error-compound- 
ing step out of the calibration process. 

Because of the large (up to 0.1 /im) half-height band- 
widths of the filters used with this pyrometer, it is necessary 
to calculate the mean effective wavelength of each filter, 
which depends on the spectral dependence of the other opti- 
cal components, and on the temperature of the source. The 
other optical components have only a weak wavelength de- 
pendence relative to the filters, and this does not change 
greatly from experiment to experiment as components are 
replaced. It is thus possible to use nominal values published 
in component specifications, and representative values for 
the expendable components (the mirror and window) with- 
out greatly affecting the results. The wavelength-dependent 
parameters of the various optical components (Fig. 3) are 
defined in Table I. All are functions of A, the wavelength in 

vacuum. 
The spectral reduction factors for each pyrometer sta- 

tion, r, (A) are given by 

r, U) = R„ TWT\ TBi TB, T, TxRd, 

r2 U) = R„ Tw T\ TBRB: T, T2Rd, 

ri(A)=RMTwT2
LRBRBJ,TiRd, 

rM)=R»TwT\RBTBJlT,Rd. 

(I) 

(2) 

(3) 

(4) 

These factors are multiplied by Tp, the transmittance of 
the anvil, for every experiment except those in which light is 
measured directly from the free surface of the target. 

The mean wavelength of channel / is therefore 
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FIG. 3. Expanded diagram of radiation pyrometer. Components are labeled 

with symbols defined in Table I. 

A, ■■(j" rM)ÄM)/(jo  
r>^dÄ (5) 

There will also be a shift in effective wavelength as a 
function of temperature of the source, and this should be 
included. To calculate the shift, we must assume a priori that 
the source radiates with a spectral distribution described by 
the Planck function. In most of the experiments to date, the 
results indicate that this assumption is indeed valid. 

The mean effective wavelength 1,(71 is denned to be 
the temperature dependent wavelength such that 

f[TAi(T)] = (6) 
S^rt(A)dA 

wheref(Tj.) is the Planck function 

f(TA)~A-5[exp(hc/kbAT)-l)-\ (7) 

and h, c, and kb are Planck's constant, the speed of light and 
Boltznian's constant, respectively. A, (T) can be found by 
numerically evaluating Eq. (6). The mean effective wave- 
lengths are weak functions of temperature for the pyrometer 
station-filter combinations which have been used to date, 
except at temperatures for which Wien's Law places the 

TABLE!. Definitions of optical parameters. 

Parameter Definition 

i & 

T, 

Reflectance of turning mirror 
Transmittance of glass window 
Transmittance of objective lens 
Transmittance of primary beamsplitter 
Reflectance of primary beamsplitter 
Transmittance of secondary beamsplitter 
Reflectance of secondary beamsplitter 
Transmittance of focusing lens 
Transmittance of optical bandpass filters 
Responsivity of photodetector 

maximum of the Planck function near the mean wavelength 
of the filter. Two examples are plotted in Fig. 4. 

III. TEMPERATURE DETERMINATION 

Once the values of spectral radiance Nx are determined 
at each of the four wavelengths, a two-parameter least- 
squares (graybody) calculation can be carried out to find the 
temperature Tand effective emissivity e. It is important to 
note here that in general there is not a single temperature 
associated with the shocked material, but a range of tem- 
peratures, as in the case of hot spots, shear band heating, or 
inhomogeneous chemical reaction. Because spectral radi- 
ance is such a strong function of temperature, the least- 
squares method is highly skewed in favor of the highest tem- 
perature present. Depending on the true temperature 
distribution, this temperature calculation may or may not 
give a precise measure of the highest temperature present in 
the sample. For example, a bimodal temperature distribu- 
tion, in which the high temperature region is much hotter 
than the rest of the sample, will give rise to a precise mea- 
surement, whereas a broad temperature distribution (many 
temperatures present) may not. The precision of the mea- 
surement can be found by the quality of the fit of the gray- 
body distribution function to the data. 

The graybody distribution function is the Planck func- 
tion [Eq. (7) ] which can be written in the form 

N,=eCxA-Hec^r-\r\ (8) 

where C, and C: are constants equal to 1.191 X 10" 16 and 
1.439 X 10"2, respectively, in mks units. The effective emis- 
sivity is e — e0a. where e0 is the actual emissivity of the 
radiating material, and a is the fraction of the observed area 
that is radiating light. To carry out the least-squares fit, we 
make initial guesses for temperature (T°) and effective emis- 
sivity (e°) and determine the calculated spectral radiance 
(Ar°) from Eq. (8). We compute LT=T-T° and 
Ae = 6 — e° from the equation 
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FIG. 4. Mean effective s-avelength X, as defined by Eq. (6), of two pyrome- 
ter station-filter combinations, normalized to filter mean wavelength I. The 
mean effective wavelength is the wavelength a bandpass filter would have to 
have in the limit of zero bandwidth in order to pass the same amount of light 
from a Planck source as the actual filter. At temperatures away from those 
at which the filter waveäength is at the Wien's Law maximum, the correc- 
tions are small. At the maximum, the corrections are large but unnecessary. 
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N,-N°A = 
dT 

dNÄ k 

de 
(9) 

It is a simple matter to determine the partial derivatives ana- 
lytically from Eq. (8). By using ATand Ae to obtain new 
trial values for Tand e, we can iterate until convergence is 
reached. In order to get time-resolved temperatures, this en- 
tire procedure is carried out for each time step. It is useful to 
use the final values for T and e at a given time step for the 
initial guesses for the following step, as these parameters are 
generally smooth functions of time. 

It is important to recall here that the mean effective 
wavelengths of the pyrometer channels are functions of tem- 
perature (Fig. 4), due to the large bandwidths. Carrying out 
the least-squares procedure as outlined above, using fixed 
wavelengths, is not sufficient to get the best answer. The 
effective pyrometer wavelengths can be recalculated based 
on the temperature being measured. This process can be car- 
ried out iteratively, and tends to converge rapidly, giving rise 
to a minor correction. In practice, for the filter bandwidths 
we have used, this correction is smaller than the temperature 
uncertainty, and is therefore unnecessary. 

Uncertainties in temperature and emissivity were deter- 
mined systematically by the equations 

f3NA 
ST 

Se 

-,./(■ dT 

~d7 

(10) 

(ID 
r./t = (/.» 

where aN is the standard deviation in spectral radiance, and 
the partial derivatives are evaluated at (A }, i.e., the average 
wavelength of all the pyrometer channels. 

IV. RESULTS AND DISCUSSION 

The present system has been used primarily to measure 
light emission from inert and reactive powder mixtures. 
Time-resolved spectral radiance data from one experiment 
are shown in Fig. 5. The target consisted of a thin (about 0.5 
mm) powder layer sandwiched between a copper driver 
plate and a lithium fluoride window, similar to Fig. 2. In this 

TIME (microseconds) 

FIG. 5. Time-resolved data from nickel-aluminum powder mixture shocked 
to about 14GPa. Origin of time axis corresponds to shock arrival at powder- 
window interface. Each curve is offset vertically from the curve below it by 
1010 W/m3 sr for display purposes. The lowest curve is not offset. 

experiment, the powder was a mixture of 2-fim particle-size 
nickel and l-/zm particle-size aluminum in a 87%/13% ra- 
tio by weight, with an initial porosity of 57%. Shock-recov- 
ery24 experiments have shown that this composition chemi- 
cally reacts under shock. The target was struck by a copper 
impactor traveling at 1.18 km/s, achieving a peak shock 
pressure of about 14 GPa in the powder sample. 

The time-resoived temperature and emissivity histories 
computed by the least-squares method are illustrated in Fig. 
6. The measured temperature drops from about 2700 to 2000 
K in the first microsecond after shock arrival. The initial 
high temperature is due to heterogeneous distribution of the 
shock energy. The total radiant energy is dominated by light 
emitted from the fraction of the observed area that is hotter 
that the rest, until thermal equilibrium is established. As 
thermal equilibrium is achieved, the highest observed tem- 
perature rapidly decreases to the mean bulk shock tempera- 
ture, with an associated increase in effective emissivity as the 
fractional area of radiating sample increases to unity. At this 
time, the temperature continues to decrease more slowly by 
conduction of hea: into the lithium fluoride window by a 
process modelled by Grover and Urtiew.25 It should also be 
noted that the double peak at early times is due to a reflected 
shock in the thin powder layer. 

The quality of the least-squares fit is shown by Fig. 7. 
The plot shows four measured spectral radiances from the 
experiment, 1 ^s after arrival of the shock wave. The curve 
represents the best-fitting graybody function, with 
T= 2100 + 150 K and e = 0.205 + 0.128, where the uncer- 
tainties are determined by Eqs. (10) and (11). Emissivities 
are typically pooriy constrained by visible spectral radiance 
data for temperatures in this range, due to the weak depend- 
ence of spectral radiance on emissivity in Eq. (8). However, 
the strong dependence of spectral radiance on temperature 
leads to relatively small uncertainties in temperature. In this 
case the temperature is well enough constrained to conclude 
that heat has been released from the chemical reaction initi- 
ated by the shock wave. The measured shock temperature 
exceeds the theoretical shock temperature, calculated as- 
suming there is no chemical reaction, by more than 600 K.26 

Radiation pyrometry is extremely useful in measuring 
properties of the shock state, but other methods should also 

*    2000 
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TIME (microseconds) 

FIG. 6. Time-resolved temperature and emissivity data calculated from 
spectral radiance data in Fig. 5. 
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FIG. 7. Spectral radiances from Fig. 5 plotted for the time step / = 1 /is, with 
the best fitting graybody curve corresponding to T= 2100Kande = 0.205. 

be employed in order for an experimental program to be 
more complete. There are three principal variables to deal 
with when making measurements of shock-induced emis- 
sion of radiation: wavelength, position, and time. These can 
be envisioned to define a three-dimensional space. Radiation 
pyrometry averages over the spatial dimension, obtains data 
discretely in the spectral dimension and continuously in the 
temporal dimension. Complimentary methods define "or- 
thogonal" planes in variable space. Fast framing photogra- 
phy provides spatial resolution, discrete temporal informa- 
tion, and no spectral information. Streak photography 
provides continuous temporal data, spatial resolution in one 
direction, but again no spectral information. Gated spectros- 
copy provides the spectral resolution at discrete times, but 
no spatial resolution. There has been recent work in combin- 
ing spectroscopy with streak photography,27 which results in 
continuous data in the wavelength-time plane; however, it is 
not possible to get precise values of spectral radiance with 
this method. It is clear that no single experimental method 
can obtain a complete picture, and that radiation pyrometry 
is only one of several complementary experimental tech- 
niques which can be employed to study shock-induced light 

" ision. 
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Abstract for the ARO-sponsored "Shock Synthesis of Materials" Workshop 
Georgia Institute of Technology 

Atlanta, Georgia, May 24 - 26, 1994 

Nanosecond, Time-Resolved Pressure Measurements: 
Sandia's Advanced Materials Department Program in 

Shock-Induced Solid State Chemistry* 

M. U. Anderson, R. A. Graham, M. R. Baer, andG. T. Holman 

Our group at Sandia initiated a scientific program in shock-induced solid state 
chemistry in late 1979. Our current effort has evolved continuously from that time and 
has maintained a broad and deep emphasis in a well coordinated effort in materials science, 
solid state physics and shock-compression science. 

Knowledge of the behavior of highly porous materials under shock compression is 
a fundamental aspect underlying shock-compression synthesis and processing. Although 
there is considerable data available based on sample preservation and subsequent analysis, 
there has previously been limited time-resolved pressure data available that observed 
highly porous materials under impulsive loading. The objective of the present work was 
to study the shock compression behavior of highly porous materials (45 - 65% dense) 
under impulsive loading (0.03 - 6.0 GPa) on a few nanosecond resolution scale. The data 
are necessary to provide a basis for modeling the consolidation, deformation, and chemical 
reaction processes of a range of solids. The observed process mechanisms show that 
typical "Hugoniot" descriptions typically used to describe solid state shock mechanics in 
full density or near full density states are not capable of describing the behavior of highly 
porous materials under shock compression. 

A program is in place to routinely measure the material response of samples under 
impulsive loading using the PVDF piezoelectric polymer stress-rate gauge. The method of 
approach was to develop and qualify a time-resolved, shock-compression technique in 
order to develop an understanding of the process mechanisms that dominate highly porous 
material behavior under impulsive loading. In addition to the time-resolved PVDF 
pressure capability, we are in the early stages of developing a capability for nanosecond, 
time-resolved particle velocity measurements either in as an independent measure or in 
conjunction with PVDF measurements. 

We have used the PVDF technique to study a range of highly porous solids 
including inert (Ti02, 2A1 + Fe203),and reactive (5Ti + 3 Si; and the high explosive HMX) 
samples. The experimental technique uses a copper capsule to contain the sample which 
has PVDF gauge packages in direct contact with the front and rear surfaces. A precise 
measure (0.5%) is made of the compressive stress wave velocity through the sample, as 
well as the input and propagated shock stresses which are determined to an accuracy of 
3%. The initial density is known from the sample preparation process to an accuracy of 
3%. The wave speed through the sample is a sensitive indicator of crush strength, and 
compaction. The inert material rutile (TiÜ2) was studied to develop an understanding of a 

* Supported by the U. S. Department of Energy under contract number DE-AC04-76DP00789. 



highly porous material under impulsive loading and to folly qualify the time-resolved, 
shock-compression technique. 

All impulsively-loaded samples that we have studied exhibit behavior during the 
shock processes that are strongly rate dependent, and this rate dependence is strongly 
dependent on morphology, and density for a specific material. The rate dependencies are 
observed upon entrance of the loading wave into the sample as the material is consolidated 
toward a higher density. The observed rate dependence at the input surface would be 
expected to lead to nonunique behaviors as the porous materials will be influenced by the 
shock impedance of the driver plate material. The propagated wave speed shows evidence 
in some cases for energy release in the reactive samples. The structure of the propagated 
waves in all cases shows very long risetimes (50 to 500 nsec) with complex waveshapes. 
It is clear from the data that rate dependent descriptions of dynamic deformation of highly 
porous solids are required to describe the processes. Further, these strongly rate 
dependent processes are specific to particular materials, density and morphology. It 
appears that any attempt to describe the processes with typical Hugoniot approaches can 
lead to qualitatively incorrect descriptions of the critical processes. The processes 
occurring in shock-loaded highly porous powder mixtures are perhaps the most complex 
ever countered under shock compression. 
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REPORT OUT LATEST WORK ON NANOSECOND, 
§ TIME-RESOLVED PRESSURE MEASUREMENTS IN 

HIGHLY POROUS POWDERS 

1 
§ PROVIDE INTERPRETATIONS OF THE 

SIGNIFICANCE OF OUR NANOSECOND, TIME- 
| RESOLVED WORK 

I 
PROVIDE BACKGROUND ON OUR PROGRAM 

| FROM WHICH THE PRESENT WORK HAS 
EVOLVED 
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SANDIA ADVANCED MATERIALS PHYSICS 

OUR VIEW 

The technological influence of materials synthesis and 
processing studies under high pressure shock compression 
has historically largely been a disappointment.— 

I 
I 
I 
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1 
I 
it This situation has resulted from a. failure 

I 
of materials scientists to recognize the 

• complexity 

I 
I 
I 
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of the 

shock-compression science issues 

and, 

of the 

§ of shock-compression scientists to recognize the 
complexity 

1 
1 
§ materials science issues. 
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S.ANDIA ADVANCED MATERIALS 
' Shock-induced Solid State Chenu sin ■ 

Da\ ison-Graham 800 references 

I     ^>    Gol'danskii Review 

Sandia Internal Memorandum 

"— Soviet — shock-induced, solid state chemistry, 
a field without parallel in the United States 

National Materials Athison Board 

Soviet literature 

Exploratory synthesis 
(bad science or new processes?) 

Sample preservation hardware 

(Sandia Bear Fixtures) 

| ZnO - 1'c'P jsvnthesis        j 
i -  •* ' i 

(Most thoroughly studied) 

Shock niodiJiCiiiion 
(no data on nonmetals) 

Shock activation 
(solid state energetics) 

Shock synthesis 

(Sample preservation) 

1993 -present 

S. 
£3 
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My 
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V 1991 -present 
% 

Modeling    <J~-ZZS^> 
Nanosecond 

Time-resolved 

pressure 

K=> 
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1980-1983 

1979-1983 

1980-1981 

1980-1983 

1985-1986 

1983-1986 

1983-1986 

1983-1988 

1988 -present 
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Preservation 
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SIGNIFICANCE OF RESOLUTION: RESOLUTION 

FORCES CHANGE IN PARADIGMS 

MATERIALS SCIENCE: great strides have resulted from 

probing with qualitatively different spacial scales 

Atomic, mesoscopic and microscopic spatial resolution 

1 SHOCK-COMPRESSION SCIENCE: great strides have 
resulted from probing with qualitatively different time scales 

• Manhattan project HE »very high pressure science 

H Quartz gauge »viscoplasticity, dynamic 
yielding 

™ VISAR »viscoelasticity in polymers 

| PVDF »viscoplasticity in powders 

Nanosecond, time-resolved pressure measurements force 
recognition of the dominance of heterogeneous, microstructural, 
intraparticle and interparticle viscoplastic deformation. 

H For compatibility with materials science spacial scales, nanosecond 
resolution of shock processes is required 

I 

1 



PRIOR TIME^RESOLVEB MEASUREMENTS 

-SHOCK-INDUCED CHEMICAL REACTION- 

Batsanov, Doronin, Klochkov, Teut (Sn+S , 26 kcal/m)    M      1986 

Gaojing (2A1 + Fe203,200) M      1991 

Batsanov, Gogulya, Brazhnikov, Lazareva, Doronin 
Klochkov, Banzhikova, Fedorov, Simakov   (Sn+Te, 15) 

(Sn + S, 26) 
M,T 1991 

Gogulya, Voskoboynikov, Dogloborodov, Dorochob, Brazhnikov, 
(Al+S, 170) 

Optical P, T 1992 

Mangamln; T=temperatare 
(time resolution about 100 nsec) 

"HUGONIOT" SHOCK MEASUREMENTS 

Yoshida,Thadhani (Mb"t-Si33) 1991 

Chen, Jin, Yang (BaCQ3+Ti02) 1989 
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Explosively-Driven Flying Plate 

stainless steel 
flying plate 

BTFIG10N.DRW 

electric detonator 

plan€!-wave 
explosive lens 

P-081 

high explosive 
booster pad 

mi UWA 
n i    velocity pins 

0.5% accuracy 

PVDF gauges 

copper capsule 

powder sample 
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NANOSECOND TIME-RESOLVED PRESSURE 

MEASUREMENTS IN HIGHLY POROUS 
SOLIDS 

—0.1 TO 10 GPa— 

OBSERVED BEHAVIORS 

GENERAL 

OVERALL FEATURES FOLLOW EXPECTATIONS, BUT 
ARE DOMINATED BY VISCOPLASTIC DEFORMATION 

DOMINANT BEHAVIORS 

TIME-DEPENDENT INPUT STRESSES 

LONG RISE-TIME PROPAGATED WAVES 

STRONG MORPHOLOGICAL EFFECTS 

RATES (INPUT AND PROPAGATED) 

CRUSH STRENGTHS 
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NANOSECOND TIME-RESOLVED PRESSURE 
MEASUREMENTS IN HIGHLY POROUS 

SOLIDS 

—0.1 TO 10 GPa— 

CONCLUSIONS 

DEFORMATION OF HIGHLY POROUS 
SOLIDS NOT DESCRIBED BY 
HOMOGENEOUS, STEADY BEHAVIOR, 
EQUILIBRIUM THERMODYNAMICS 

| (HUGONIOT) 

"SHOCK-WAVE" ANALYSES ARE NOT 
DESCRIPTIVE FOR DEFORMATION AND 

| THERMAL PREDICTION. 

1 "SHOCK-WAVE" ANALYSES OF 
a RECOVERY CAPSULES ARE SUSPECT 1 
» CRUSH STRENGTH IS DENSITY AND 
■ MORPHOLOGY DEPENDENT (NOT 
| MATERIALS STRENGTH ALONE) 

| STRONG EVIDENCE FOR CHEMICAL 
ENERGY RELEASE IN Ti-Si SAMPLES 

1 
1 



WHERE DO WE GO FROM HERE ?? 

THE PRESENT SITUATION IS ANALOGOUS TO 
EARLIER SITUATIONS WHEN TIME-RESOLVED 
MEASUREMENTS WERE FIRST TAKEN WITH SANDIA 
QUARTZ GAUGES AND WITH VISAR. 

QUARTZ GAUGE REVEALED VISCOUS 
DEFORMATIONS ASSOCIATED WITH DYNAMIC 
YIELDING. NEW PHYSICAL AND NUMERICAL 
MODELS HAD TO BE DEVELOPED. 

VISAR REVEALED STRONG VISCOELASTIQ 
VISCOPLASTIC DEFORMATIONS IN POLYMERS. NEW 
PHYSICAL AND NUMERICAL MODELS HAD TO BE 
DEVELOPED. 

THE PRESENT WORK IS ONLY A 
BEGINNING. NEW PHYSICAL AND NUMERICAL 
MODELS INVOLVING REALISTIC DESCRIPTION OF 
VISCOPLASTIC, HETEROGENEOUS DERORMATIONS 
AT THE PARTICLE LEVEL ARE REQUIRED. 

THE PRESENT STATUS OF KNOWLEDGE WITH 
DYNAMIC DEFORMATION IN HIGHLY POROUS 
SOLIDS IS ANALOGOUS TO THE HISTORICAL STATUS 
OF THE JONES, BENEDICK AND NEILSON PAPER ON 
DYNAMIC YIELDING PUBLISHED IN 1962. 
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MATERIALS MODIFICATION 
AND SYNTHESIS UNDER 
HIGH PRESSURE SHOCK 
COMPRESSION1 

R. A. Graham. B. Morosin. E. L. Venturini, and 
M. J. Can 

Sandia National Laboratories. Albuquerque. New Mexico 87185 

INTRODUCTION 

There is currently a surge of interest in the use of high pressure shock 
compression to synthesize materials or to modify microstructure to achieve 
unique properties. This new thrust has developed from well-established 
knowledge of the physical and mechanical effects associated with shock 
compression, from new programs underway to study chemistry under 
shock compression, and from successful examples of industrial shock 
processing. Work in this area may prove technologically significant: but 
whether or not any significant material applications result, it is certain that 
the work will extend our knowledge of material responses and material 
properties into regimes not previously explored. 

The high pressure, rapid material motion, intense plastic deformation 
(even in conventionally brittle materials), high temperature, and short 
duration of the shock event force matter through a unique process. To the 
extent that synthesis can occur in the microsecond duration of the high 
pressure pulse, chemical processing can be carried out in large volumes at 
extraordinarily high pressure. High pressure processing not only opens the 
door to new reactions but provides the opportunity to involve dense-phase 
polymorphs in reactions. Quenching of pressure and temperature from 
transient states permits formation of metastable states. High concen- 

'The US Government has the nght to retain a nonexclusive, royalty-free license in and to 

any copyright covering this paper. 

315 



I 
I 

8 
316 GRAHAM  ET  AL 

trations of defects can promote metastability and can lead to small crystal- 
lite sizes, either through generation of large concentrations of nucleation 
sites or through primary recrystallization. Intense shock-induced plastic 
deformation of powder particles removes surface impurities such as oxides, 
activates them with defects, and mixes them with extraordinary efficiency. 

Given the conditions of the process, there is little doubt that unusual 
materials can be produced. The question remains, however, as to whether 
such a complex, energetic, and intense process can be understood and 
controlled. Prior experience with the industrial processes of diamond syn- 
thesis, cubic boron nitride synthesis, explosive cladding, explosive metal 
working, and dynamic compaction of powders demonstrates that indus- 
trial scale processes are entirely feasible. However, the products must have 
a high value. Unique performance characteristics yield high value, and the 
thrust of much of current materials technology is to develop high value 

materials. 
This report provides a perspective on the rapidly changing field of 

material synthesis with shock compression processes. As there are earlier 
summaries of findings on shock-induced structural changes, we emphasize 
chemical synthesis and modification of microstructural features of inor- 
ganic materials. We summarize the early work in the field and review 
certain contemporary work. Finally, a brief retrospective look at the field 

closes the report. 
Several prior reviews are relevant to the content of this report. The 

review of Duvall & Graham (1) gives a comprehensive summary of 
research on structural phase transitions through about 1975. The recent W 
review of Syono (2) on the same subject has brought that area up to date. W 
The review'of Davison & Graham 0) gives a comprehensive account of 
the overall area of shock compression of solids and summarizes the work & 
on diamond and cubic boron nitride synthesis. There is no comprehensive @ 
review of chemical synthesis under shock compression, but the bibli- 
ography by Graham et al (4) contains over 400 references. The two 
reviews by'Adadurov and Gol'danskii (5. 6) are revealing but contain a 
limited number of references. The most up-to-date reviews are those of 
Dodson & Graham (7) and Morosin & Graham (8). The early review of 
Dremin & Breusov (9) provides an incisive view of research on the shock 
process prior to 1970, and the nontechnical article by those same authors 
(10) on early chemical synthesis is also very revealing. The most recent 
account is that of Graham and coworkers on chemical synthesis (11). M 

THE EARLY WORK 

Research on materials synthesis under high pressure shock compression 9 
stemmed from worldwide recognition in the period from 1956 to 1966 that 
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controlled shock compression of condensed matter presented an oppor- 
tunity to subject matter to a hitherto unexplored process. This awareness 
was in part a result of the publication of a comprehensive review from Los 
Alamos in 1958 on use of shock compression to carry out scientific studies 
of solids under conditions of high stress and rapid deformation (12). Based 
on scientific principles quantified in the Los Alamos work, it became 
possible to define pressure and temperature and the behavior of solids 
under a variety of conditions. With this knowledge came the opportunity 
to control the synthesis of materials. 

As shown in Table 1, Riabinin of the Soviet Union was the first to 
use modern shock-compression processes to affect chemical changes in 
condensed matter. This work and similar studies at the Lawrence Liver- 
more Laboratory (15) were limited in scope. Although there is earlier 
work, the most crucial was that of DeCarli and his coworkers. In a 
dramatic experiment, they synthesized diamond from graphite. This early 
success was followed by later synthesis of the mineral maskelyniie and a 
high pressure form of quartz, stishovite. 

With DeCarli's success as an example, researchers in Japan and the 
Soviet Union proceeded to explore various aspects of shock-induced 
chemical synthesis. From work centered at the Japanese Defense Academy. 
Y. Kimura, Y. Horiguchi. and Y. Nomura demonstrated compound syn- 
thesis from elements, enhanced catalytic activity, and shock activation of 
carbon for carbide synthesis (see Table 1). Additional work was reported 
through 1969 but apparently was not pursued further (24). 

At the Institute of Hydrodynamics at Novosibirsk. S. S. Batsanov 
started exploratory work in 1965 with A. A. Deribas and others, and he 
has continued this work to the present with over 70 publications in the 
area. His recent work is being carried out at the State Committee of 

Table 1    Early shock synthesis studies 

Author Date Synthesis Remarks 

Parsons (13) 1920 Graphite to diamond Unsuccessful 

Riabinin (14) 1956 Sublimation, dissociation 

Grover el al (15) 1958 Sublimation, dissociation Abstract 

DeCarli & Jamieson (16) 1961 Graphite to diamond The ke\ work 

Milton &DeCarh(l7) 196? Maskelynite Minerai synthesis 

Kimura (18) 1963 TiC From mmed powders 

Adadurov et al (19) 1965 Polymerization Acrylamide. tnoxane 

Batsanov et al (20) 1965 Potassium nitrate 

Horiguchi &. Nomura (21) 1965 Catalytic activity Carbon 

Horiguchj & Nomura (22) 1965 Shock activation WC 

Bergmann & Barringion (23) 1966 Shock activation Ceramics 
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Standards in Moscow. At the time of the Novosibirsk effort, a group at 
the Institute of Chemical Physics and the Institute of New Chemical m 
Problems at Chernogolovka (near Moscow) started intensive research on g 
chemical synthesis under shock compression. A, Dremin. G. A. Adadurov 
O N Breusov. and others have carried out extensive investigations, which 
have continued to the present. More recently, G. A. Adadurov began work W 
with V. Gol'danskii at the Institute of Chemical Physics in Moscow. W 

The early phase of materials synthesis was rounded out by the com- 
prehensive study of Bergmann and coworkers, who reported the results of £§ 
the use of shock compression of inorganic powders to activate them for g 
subsequent, more conventional processing. The patent issued to this group 
in 1968 P5) is very comprehensive and may have inhibited others from g 
further commercial exploratory work. This same group has a major mdus- g 
trial effort in the synthesis of diamond powder from graphite; this powder 
is currently used to polish components in numerous high technology prod- 
ucis. This group is also responsible for much activity in industrial explosive H 

metal bonding. . 
The early period of shock synthesis demonstrated its many potential 

uses Numerous laboratories were able to demonstrate significant effects. » 
some with the crudest of facilities. The range of material effects demon- g 
strated included virtually all those of interest today. Why then were 
there so few impacts on materials technology'? Why did interest wane only fi 

to be revived twenty years later^ The situations were quite different in || 
Japan, the US and the Soviet Union. 

First there were significant material applications even though they have 
not been widely recognized. The present successful diamond synthesis 
activity at DuPont stems directly from those early exploratory investiga- 
tions The explosive metal-cladding, metal-hardening, and metal-forming 
industries of today also originate from research of the early period. But 
the need for a hich value product and for a concentration of significant 
resources apparently required focusing on specific materials problems with 
specific explosive loading capabilities. Shock-synthesized products are so 
different from those of other processes that it has required considerable 
time to identify commercial markets. Indeed, it has taken over ten years 
for a significant market to develop for shock-synthesized diamond in the 
US. Outside the Soviet Union, shock synthesis in the period 1965-1980 H 
was directed at the most obvious and lucrative markets. « 

In the Soviel Union, chemical synthesis moved smoothly from early 
exploration to broader studies to industrial development, and research 
continues at a steady pace. The work is well integrated into the mainstream 
of shock-compression scientific activity. Apparently, shock-synthesized 
diamond and boron nitride have found significant markets within the 
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country, and patents have been issued worldwide. Nevertheless, these and 
other shock-synthesized materials have not been used extensively outside 
the USSR, and there has been no opportunity for outside materials scien- 
tists to study these materials. To what extent other significant materials 
developments have resulted is unknown; it is known that shock synthesis 
is used as a routine scientific tool for studies of phase stability and lattice 
parameters. Recent reports of synthesis of rare earth titanates. zirconates. 
and hafnates, for example, showed the results of what is estimated to be 
hundreds of experiments (26-28). 

A measure of the broad nature of the Russian efforts is given in Table 
2, which summarizes the range of different reactions studied and indicates 
the number of materials studied. The size of the overall program is quite 
remarkable. 

In the US. the period beginning in about 1965 was marked by the 
development of the industrial synthesis facilities mentioned above and 
summarized by Davison & Graham (3). The principal industrial activity 
involved various aspects of processing metals with explosives, and a very 
considerable literature on metals developed (3). Except for work involv- 
ing geophysical problems (29). research involving chemical changes 
was almost nonexistent until about 1980. Scientific research in shock- 
compression processes was and continues to be very active, but the area 
has been considered one of physics with a strong component of solid 
mechanics. 

The lack of research interest in the US no doubt resulted from skepticism 
concerning many early results. Because of poorly defined shock conditions. 
it was not possible to determine if the products were the result of solid- 
solid, solid-liquid, liquid or e\en plasma or gas phase states. Issues of 
contamination could not be addressed. There was little basis on which to 

Table 2   Shock-induced chemical changes* 

Number of 

Process Typical reaction observations 

Decomposition NiO-Ni + O 85 

Oxidation reduction Cr-Cr-O.-Cr.O, 16 

Solid solution A1:0, - SiC — A1?0: structure 18 

Reactions 
elements Ti-C-TiC 14 

superconductors Sn-?Nb-Nb,Sn 10 

oxides Al;0;.-SiO;-.Al;SiO, 11 

rare earths RE:0:-ZrO;-various 12 

•Sec references in Morosm &. Grafum (8). 
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determine whether observed chemical changes occurred during loading 
release of pressure, or after the shock event. Too little was known of 
physical and mechanical processes in the mid 1960s to provide quantitative 
characterization of the shock conditions, and the strong commitment to 
develop high value materials technology consumed the available resources. 

SHOCK-ENHANCED REACTIVITY 

Background 
The present vitality of research in materials synthesis under shock com- 
pression stems from a number of different sources. The Japanese began to 
develop a materials synthesis program in about 1975. Their interest led to 
the development of modern shock compression facilities at the Tokyo 
Institute of Technology and at Tohoku University, under the leadership 
of A Sawaoka and Y. Syono. respectively. Research is currently very 
active in Japan, and significant materials developments are underway to 
supplement their existing program in industrial processing of cubic boron 
nitride. Shock processing is one of the approaches being investigated in 
their national "fine ceramics" program. ft 

In the US beginning in about 1979. a number of different factors focused g 
attention on this area. These included a proposal to describe electnca y 
generated signals in shock-loaded polymers in terms of a mechanically 
induced bond scission model (30). A follow-up study of the literature on 
stress-induced effects in polymers led to in depth study of the Soviet shock- 
induced chemistrv literature and recognition of its substantial progress. 
That literature raised questions concerning the chemical nature of the 
shock process. The lack of chemical studies in the US, in spite of a 
considerable research effort in shock-compression science, was clearly a 

major oversight. m 
Recognition of this oversight led to the formation of the National £ 

Materials Advisory Board Committee on Shock Compression Chemistry 
in Materials Processing and Synthesis (31). The Committee's report, sev- 
eral workshops and special interest sessions at American Physical Society 
Topical Conferences on Shock Compression of Condensed Matter have 
increased awareness of chemical issues within the shock-compression com- 

munity (32-34). §§ 
Coincident with the interest in the shock-compression science com- g 

munitv interest was developing in the materials science community in 
new processing methods for consolidation of rapidly solidified powders. 
One technique investigated for such solidification was dynamic compaction 
with explosives, which has been used successfully in common metals (35). 
This materials interest came at a time when the fast-reaction chemistry 
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community was interested in the use of fast spectroscopic probes to study 
energetic materials. Interest in energetic materials also led to the study of 
possible decomposition products under conventional shock-compression 
conditions (36). In 1981 the potential of the shock process for synthesis of 
unusual materials was dramatically demonstrated by Olinger & Newkirk 
of Los Alamos, who synthesized the Al 5 structure of the superconductor 
Nb,Si (37, 38). 

Solid-State Reactivity 
Sample recovery fixtures must pro%ide quantitative and reproducible con- 
ditions, and they must allow variation of the shock conditions over a wide 
range. Such fixtures have been designed (39-41), and they provide the 
basis for most of the work to be described in the present article. 

Elementary principles of chemical processes in solids (42-44) show the 
first-order importance of defects in controlling reactivity. Deformation of 
solids under shock loading proceeds with extensive plastic deformation 
and formation of large concentrations of defects. Thus it is immediately 
important to relate shock-enhanced solid-state reactivity to defect struc- 
tures and to provide quantitative descriptions of solid-state reactivity of 
shock-modified materials. 

HYDRATION OF NEODYMIUM OXIDE Adadurov and coworkers (45) carried 
out shock-modification experiments on 99.97%-pure neodymium oxide 
and measured the hydration of unmodified and shock-modified powders. 
Hydration was measured by the increase in weight of 500 mg samples 
kept in a desiccator over water at temperatures between 22 and 23.5'C. 
Specimen compacts prepared by calcining at 1200CC with subsequent 
comminution showed an incubation period of about 60 hr, while a similar 
sample cooled in a desiccator over phosphorus pentoxide showed an incu- 
bation period for detectable hydration of about 20 hr. A similar shock- 
modified sample showed no incubation period and a rapid increase in 
weight; it reached a water content of 3 mol in about 100 hr. The shock- 
modified and starting powders were determined to have about the same 
powder-specific surface area. Although many details are not fully docu- 
mented, it is clear that relativeh unsophisticated experiments indicate 
that shock-modified neodymium oxide shows an extraordinary increase in 
reactivity, leading to greatly enhanced hydration rates. 

REACTIVITY OF ZIRCONIA An increase in the solid-state reactivity of shock- 
modified zirconia in reaction with lead oxide has been reported by Hankey 
and coworkers (46) as part of a larger study on the influence of the 
reactivity of zirconia powders on the properties of lead zirconate (47). A 
zirconia powder of modest specific surface (8.5 nr/g) was subjected to 
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shock loading that is now known to produce peak shock pressures of 20 
and 27 GPa and was preserved for study and reaction with lead oxide to 

form lead zirconate. M 
The powders were reacted with lead oxide and the reaction was followed gg 

with differential thermal analysis (DTA) measurements. The reaction tem- 
perature of the shock-modified zirconia was lowered significantly, and the 
change in reaction temperature was strongly dependent on the shock 
pressure The DTA signature also suggests enhanced reaction rates. When 
compared with the reaction of another zirconia powder with a specific 
surface twice as large as the other powders, the shock-modified powders 
show a reaction characteristic of the higher specific surface powder even 
thoueh the specific surface was not modified by the shock. _ 

Further detailed studies were earned out to determine the source of the 
enhanced reactivity of the zirconia. X-ray diffraction was used to determine 
the extent of residual strain and reduction in crystallite size as revealed by 
line-broadening measurements (48). These same measurements determined 
structural chanees. It was found that the res.dual strain and crystallite size 
reduction "washed out" high-angle diffraction lines. Crystallite sizes of 
about 30 nm and strains of about 3 x 10"3 were indicated. In add.üon 
the starting monoclinic phase was partially converted to the tetragonal g 
phase A conversion of about 10% was seen at 20 GPa, and a conversion g 
of about 20% was seen at 27 GPa. Transmission electron microscop> 
(TEM) revealed that the shock-modified powders were so heavily deco- 
rated with dislocations that individual details could not be resolved (49). 
The lower pressure sample showed localized particle size reduction, while 
the higher pressure sample showed strain-free tetragonal phase particle. 
that had been recrystallized to a small gram size (30 nm). Whereas the g 
heavilv strained monoclinic particles showed recrystalhzat.on under the H 
heating of the electron beam, the tetragonal particles were resistant to 

further recrystallization. ,■,    .     u    i 
Differential thermal analysis measurements earned out while the shock- 

modified and startme powder were taken through the temperature-induced 
monoclinic-to-tetragonal transition at 1200 C showed a significant reduc- 
tion in transformation temperature for samples shock-modified above 
pressures of 16 GPa (50). This pressure corresponds to that at which 
the tetragonal phase is retained and the crystallite size is refined. The 
various properties of the shock-modified powders indicate that the most » 
likely sources of the enhanced reactivity of zirconia with lead oxide are W 
shock-induced crystallite size reduction and formation of tetragonal-phase 

particles and nuclei. 

DISSOLUTION OF SILICON NITRIDE    Silicon nitride is one of the most prom- 
ising ceramic materials for high-temperature applications such as ceramic 
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I engines or turbines. Us rngh-temperature strength is excellent, but powders 
are difficult to sinter to high density. The addition of a »ntenng a.d such 

I «magnesium oxide allows sintering to a high density, but the resulting 
oxides exhibit reduced strength at high temperature. It is generally believed 
that sintenng occurs by mass transport through a gram boundary phase 
Oxide additives combine with silicon dioxide present as a surface ox.de 

Ihwer to form a grain boundary phase that is liquid at the processing 
temperature. A solut,on-prec,p,tation process that leads to dentation 
is alwavs associated with  a crystallographic change from either the 

I amorphous or the crystalline a-phase to the ß-phase. ,.,.■,■ 
High-temperature chemical conversion stud.es on shock-modified Sili- 

con nitride show large changes in the dissolution-prtap.tat.on process 
«required to affect the change to the ß-form. Beauchamp and coworkers (51) 
have reported shock-modification and elevated-temperature conversion 
exVnments on a commercial silicon nitnde powder (GTE Sylvan« 
SN5(P) This powder is of mixed phase with a nominal composition ot 

IS7«/o a-phase, 3% ß-phase. and the balance amorphous. Conversion from 
I to ß-phase was determined after high-temperature treatment for pow- 
ders shock-modified at peak shock pressures, now known to be 20 and Jl 
GPa The powders were found not to be activated sufficiently to undergo 
the crvstallographic transformation in the absence of liquid-phase trans- 
port When the powders were mixed with 5% magnesium oxide and held 
at 1500-1700 C for periods up to 2 hr. a major change inMhea-to-ß 
conversion was observed compared to control specimens. At 1500 C. 10 ,o 
conversion was observed after 2 hr in the shock-modified powders, while 
none was observed in the control specimens. At higher temperatures ,the 
effect of shock modification was even more dramatic. After.2 hr at 1700 C 
the most stronely shocked sample showed a conversion of 95 /„. while the 
starting powde'r showed a conversion of 55%. For the less strongly shocked 
nowder there was a large effect on conversion but it was less dramatic. 
The results indicate that the shock-modified powder showed a major 
increase in dissolution rate in the high-temperature oxides. The extent ot 

I the effect was found to be directly controlled by the shock conditions. 
Defect and microstnictural studies of the shock-modified powders were 

earned out to seek to identify the source of the enhanced dissolution rate^ 
X-ray diffraction line broadening showed that shock treatment produced 

■ residual strains of about 10"' and reductions of crystallite size from 
200 nm to 120-160 nm. Electron spin resonance stud.es of shock-modined 
Silicon nitnde are desenbed later in this review. It was determined that the 

■ shock process resulted in only a modest increase in specific surface area 
(52) This result was rather surpnsing as the particle morphology was 
drastically changed. Scanning electron microscopy (SEM) showed the 
starting powders to be in the shape of a small bundle of needle-like crystals 
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connected to a rounded, irregularly shaped base. After shock modification, 
no trace of the needle-like structures was observed. The change in particle 
morphology was also apparent in the powder flow characteristics; the 
starting material was excessively "fluffy," apparently due to the needle- 
like structure, while the shock-modified powder was free-flowing and 
achieved a much greater tap density than the starting material. This char- 
acteristic, in itself, makes the material much easier to process. The various 
characterizations reported above, combined with neutron activation analy- 
sis to identify oxide content before and after shock loading, show that the 
increased dissolution rate is a result of shock-induced defects. 

CATALYTIC ACTIVITY OF RUTILE Early work on shock modification of 
inorganic powders showed that the catalytic activity of carbon black could 
be greatly enhanced (21). Batsanov. Boreskov and coworkers in the Soviet 
Union (53. 54) followed the first demonstration of the effect with a study 
of a number of semiconductor oxides in an attempt to identify the source 
of the increased catalytic activity. Their conclusion was that the enhanced 
activity was due to the introduction of point defects. A recent study (55) 
confirms the greatly enhanced catalytic activity of shock-modified rutile. 
but shows it is not associated with point defects. Recent work by Batsanov 
and coworkers has shown that specificity of reaction can be controlled by 
shock modification (56) and that the modification of catalytic support 
materials (57) can also strongly influence the reactions. 

Williams and coworkers (55, 58) have carried out an extensive study 
of enhanced catalytic activity of shock-modified rutile powder, Shock- 
modification experiments have been carried out on high-purity rutile pow- 
ders at peak pressures from 4.5 to 2" GPa. By varying the starting density 
of the sample powder compacts, a range of temperatures can be achieved 
independent of the shock-induced increase in pressure. 

Catalytic activity of rutile was studied for the oxidation of carbon 
monoxide in a flow reactor (58). Depending on the shock modification B 
conditions, the catalytic activity was observed to increase by up to five ™ 
orders of magnitude. After removing an initial large transient change in 
reactivity by an initial thermal pretreatment, the catalytic activity remained 
constant for many hours. SEM and specific surface area determinations 
showed there were only modest changes in particle morphologies. 

X-ray diffraction studies were particularly detailed (59. 60). No struc- 
tural changes were observed as a result of the loading. Unlike in most other 
inorganics studied, the residual strain was somewhat reduced at the highest 
pressure, which indicates that annealing behavior accompanies higher 
shock-induced increases in temperature. Consistent with this behavior. 
lower density starting powder compacts with their larger increases in 

I 
i 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

SYNTHESIS  BY  SHOCK  COMPRESSION 325 

shock-induced temperatures showed less residual strain than at somewhat 
lower pressures. Because of the tetragonal symmetry of the material, 
residual strain was significantly anisotropic. In the most extreme case, 
the strain might differ by 50% in various crystallographic directions. 
Differences in apparent crystallite size with crystallographic direction were 
also observed. Annealing studies showed reduction in residual strain at 
temperatures as low as 325;C. but detectable residual strain was not 
removed upon annealing until a temperature of 1100 C. The X-ray diffrac- 
tion study showed that defect configurations responsible for the residual 
strain were present at 450 C, the temperature used to determine catalytic 
activity. However, paramagnetic defects in the shock-modified powders 
were substantially reduced in concentration at the temperatures at which 
catalytic activity was measured. 

Electron spin resonance studies at liquid helium temperature were par- 
ticularly revealing as to unique features of defects in shock-modified pow- 
ders and their relation to enhanced catalytic activity (55. 61. 62). The 
starting powder showed no paramagnetic resonances and was white. After 
shock compression the color changed to a dark grey whose darkness 
depended directly upon the shock conditions both in various experiments 
and within the shock recovery  sample fixture for a given experiment. 
(Upon annealing in air at 500-600 C. the powders return to their original 
white color.) Two paramagnetic resonances were produced by the shock 
process: an isotropic resonance with a g factor of 2.0029 (3) and an 
anisotropic defect with g factors of 1.969 (5) and 1.937 (3) for the 20 GPa 
shock modifications. From pnor work these defects can be identified 
as free electrons trapped at vacancies and as the reduction of the va- 
lence of interstitial titanium to three, respectively. Concentrations were 
large: 3 x 10l6cm-3and3 x 10 ' cm'3, respectively. At the higher shock 
pressure the axial defect is present in the same concentration as at 
lower pressure, but a strong dispersion is observed in the line shape, 
which indicates a relatively low microwave frequency resistivity of about 
1 x 10"" ohm-cm. 

The large concentrations of defects and low resistivity are clear indi- 
cations of the unique nature of shock-induced defects in this material. 
Defects in rutile produced by chemical means or by elevated-temperature 
vacuum treatment have been studied extensively. Titanium interstitial 
concentrations greater than 10" cm"3 have never been reported, nor have 
resistivities this low been observed. The rapid mechanical formation of 
these defects leads to configurations in which the individual defects are 
stable at much higher concentrations than in prior processes in which the 
defects are formed more slowly. The combination of high point defect 
concentrations and saturation density concentrations of dislocations is 
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also unique to the shock configuration. Similar effects are noted on a | 

"In" onTshock-modified samples showed that the con 
cent at omof both paramagnetic defects were reduce dbytwo^ e rs « 
magnitude at a temperature of 475X. Because the point defects are readiK g 
Sed atlemperLres at wh.ch caulytic activity is persistent, they are 
nnt the source of the enhanced catalytic activity. « 

T ansmhs on electron microscopy studies of shock-mduced micro | 
strlcm aT   atures were also earned out (62, 63). Samples were shock » 
rnod'fied a seven peak pressures from 5 to 22 GPa. Shock-induced micro- 
ructural features were so concentrated that it was possible to resohe | 
ndi   dual deuils only at the lowest pressures. At pressures greater than f 

8 GPa concentrations were so great that defect images overlapped and 
de?aUs"could not be resolved. Deformation processes produced differen 
SduJmLstr.ctural features in different grains. Oeavage. twins an 
hieh concentrations of dislocations were observed. Slip on {100, p anes 
was not apparent in conventional deformation but was observed on thes 
Ihock-mod'fied powders. For samples subjected to higher pressure and | 
temoerature defect-free recrystallized grams were observed. Clearly these St 
deTecX grains were formed from shock-deformed grams that were 
SubsequentK recrystallized as no such features were observed at lower 

^h^hThere is some similarity between shock-deformed rutile and 
conventionally deformed rutile. the shocked powders show much higher 
dcfomäüon The deformation features are uniformly distributed withm 
SS Particular slip features are observed that have not been seen n 

onvTnUonallv defonned rutile. Microstnjctura. Stures caused by 
deformation are quite different within different grains. Crystallograpuc 
fh a^de ec"s   features characteristic of conventional deformation and 
chemicatreatment, are absent in the shock-deformed powders. The 
observed recrystalUzation process is particularly interesting as i   results 
froTso brief an exposure to elevated temperature. The recrystalhzation 
oro^ess »s apparently enhanced by the high degree of stored energy 
P TZ S udS abov   are sufficient to rule out interstitial titanium ddec s 
and vacancy as the source of enhanced catalytic activity   or shock- 
Idified rut le  but it is not possible to identify the particular micro- 
rcttl'etts Responsible'for the effect. Detaiieci surface c^ 
studies in conjunction with microstructural studies woulber required 
for a detailed description. Unfortunately, little «known about surface 
chemical processes in such hea.lv defective ^f^ 
desorption measurements has been earned out on a shock-modified rutile 
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(64). Williams and coworkers have recently extended their catalysis work 
to methanation with a shock-modified zinc oxide (65). 

SHOCK-INDUCED MODIFICATION OF INORGANIC 
POWDERS 

From the information presented above, the need for detailed studies of 
defect states of shock-modified materials is apparent, particularly in the 
area of shock-induced changes in chemical properties of solids and shock- 
induced chemical synthesis. There is a significant literature characterizing 
shock-modified metals (3), but there is little detailed literature on inorganic 
refractory materials, which are the focus of much of the contemporary 
chemical'synthesis work. There are also little data on the characteristics 
of shock-modified powders compared with those of the same powders in 
the fully dense state. Our group has attempted to characterize the effects 
of shock-compression processes on inorganic powders. It is the objective 
of the program to develop a data base describing shock-modified powders 
to serve as a basis for modeling shock-induced chemical effects. The results 
of this effort are too extensi\e to be reported in the present work, and 
many of the measurements have been summarized elsewhere: hence, this 
section summarizes overall features of the observations and provides a 
set of references for further study. All the shock-modification work sum- 
marized here was carried out in powder compacts whose initial densities 
ranged from about 35 to 75% of solid density. 

Specific Surface Area 
It has been suggested that the observed enhanced reactivity of shock- 
modified powders is merely the result of comminution of the starting 
powders to a high specific surface state. Without detailed knowledge of 
the shock-compression process of powders, such a mechanism is entirely 
credible. Williams and coworkers have carried out detailed specific surface 
evaluations with the BET method on many shock-modified inorganic 
powders, including silicon nitride, rutile. titanium diboride. titanium 
carbide, alumina, zinc oxide, hematite, magnetite, manganese dioxide, and 
aluminum nitride (52. 66. 671. 

Although each material has its own characteristic response, the overall 
result is that shock-induced changes in specific surface area are modest. 
The changes are typically a factor of two or less and may be due more 
to particle morphology changes than to comminution. In alumina, for 
example, at low pressure a modest increase in specific surface is observed 
with increasing pressure. At a pressure of about 16 GPa the trend reverses 
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and higher pressures reduce the specific surface from the maximum § 
observed at lower pressure. This behavior is characterise of a modest 
comminution process or morphological changes at low pressure followed 
by particle bonding at higher pressure. A soft material, such as zinc oxide 
shows a continuous decrease in specific surface area with increasing shock 
pressure, in a manner characteristic of interparticle bonding. 

The powders used in the specific surface measurements are typically 
riven thermal pretreatments. One of the interesting results of the pre- 
ueatment is that the surfaces of the shock-modified powders are more 
chemically active than starting powders and they tend to collect impunt.es j 

from exposure to ambient air. Hj 
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X-Ray Diffraction Line Broadening 
X-ray diffraction line broadening is a well-established tool for the study 
of residual strain and change in coherent domain (crystallite) size. Never- 
theless highly deformed refractories with refinement in grain size are rarely 
encountered.'and the problems in interpreting line broadening in these 
materials are significant. Morosin and coworkers (59, 68-71) have earned 
out extensive, detailed studies that describe the unusual states of plastic 
deformation in these materials. A recent summary provides considerable 
detail on a range of materials (71) and detailed descriptions of analytical 
techniques (59). This work stands out as the most extensive study ever 
earned out on shock-modified materials, either metallic or inorganic, and 
the data on inorganics is unique. || 

Special problems are presented in the study of shock-modified matenals W 
with X-rav diffraction. Essentially all aspects of the diffraction process can 
be altered by the shock process; structure, strain, and crystal ite srze can | 
all change, and the changes can be substantial. Thus, analysis of diffraction | 
patterns is more complex than in situations in which only one feature is 
altered  Severe line broadening, a common finding, makes precise deter- 
mination of d spacings difficult and limits the determination of quantities 
of multiphase systems. With severe line broadening due to both strain and 
crystallite size, it is difficult to simultaneously quantify both effects. In less 
severe cases such difficulties are compounded by anisotropy m both 
residual strain and crystallite s.ze. Even though such anisotropy is ire- 
auently ignored, its characterization provides important data on deior- 
rnation. As the degree of interaction is strongly influenced by the intensity 
of the shock process, meaningful study requires a series of experiments 
over a wide range of known shock conditions. 

X-ray diffraction studies have been earned out on rutile (59), anatase 
(72), alumina (59), titanium carbide ^73), titanium dibonde (69), aluminum 

m 

I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

SYNTHESIS BY  SHOCK  COMPRESSION 329 

nitride (69), and hematite (71). The work on rutile, alumina, titanium 
carbide, and hematite is particularly detailed. The particulars of their 
behavior are quite different, but their overall features are clear. Even at 
the lowest pressure of 4 GPa, which is modest for shock compression, 
there is detectable residual strain in all materials with the exception of 
titanium diboride and titanium carbide. In most cases it is thought that 
the critical stress level to achieve mechanical yielding under the one- 
dimensional strain condition of shock loading of solid density samples is 
greater than the threshold for observation of residual strain. Low pressure 
mechanical yielding is direct evidence that the states of stress and the 
stress history conditions achieved in low density powder compacts are 
considerably more conducive to plastic deformation than those achieved 
in solid density samples. With this observation, it is particularly significant 
to observe that titanium diboride has a threshold pressure for detectable 
residual strain of about 15 GPa. 

A second feature determined from line broadening is that plastic strain 
is readily introduced in these refractories, which are considered to be 
brittle and only rarely can be made to deform plastically. This observation 
suggests that deformation processes in ceramics could be used routinely 
to refine the microstructure of metals. For example, plastic deformation 
may be useful in hot pressing of aluminum nitride, in which the shock- 
modified powders not only show significantly enhanced pressing rates 
but also show a unique microstructure due to dynamic recrystallization 
(74). Small grain size materials thought to undergo shock-induced pri- 
mary recrystallization include highly deformed zirconia, rutile, and shock- 
synthesized zinc ferrite, which show the potential for microstructural 
modification with shock deformation. 

With the exceptions of titanium diboride and titanium carbide, a charac- 
teristic feature of shock-induced residual strain is that a "saturation level" 
is achieved that varies significant^ for different materials. Titanium car- 
bide appears to approach saturation at a peak shock pressure of 27 GPa. 
but higher pressure data are not available to confirm the observation. At 
27 GPa titanium diboride shows significant residual strain but appears to 
be far from saturation. 

The influence of the shock-induced increase in mean bulk temperature 
(which is controlled by the densi:> of the powder compact prior to shock 
treatment) differs significantly from material to material. In titanium car- 
bide higher temperature (lower compact density) causes larger residual 
strain. In rutile at 20 GPa the same influence is observed, while higher 
pressure and temperature result in lower residual strain as the material is 
annealed in either the shock state or in the immediate-post-shock state in 
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The silicon nitride studied was GTE SN502 powder, described earlier 
in this report. Two paramagnetic defects are observed, both with isotropic 
g factors. A resonance with a narrow line width and a g factor equal to 
2.0028 (3) is not present in the starting powder. A resonance with a broader 
line width and a g factor of 10038 (5) is present in the starting material. 
Its concentration increases by a factor of 50 at 20 GPa and a factor of 100 

i 

I 
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the recovery fixtures. As mentioned above, such plastic strain is retained 
at high temperatures, as shown in studies on rutile that was subsequently 
annealed to 11003C and on silicon nitride annealed to 1500 C. 

Anisotropy in residual strain in different crystallographic directions S 
is pronounced and differs considerably among different materials. Such • 
behavior can be very important in controlling microstructural processes. 
In titanium carbide the degree of anisotropy is significantly different than 
that observed due to heavy ball milling (73). 

The extent to which coherent domain size is reduced in shock-modified 
inorganics is strongly dependent on the material. The tendency is for in- g» 
creasing shock pressure up to 27 GPa to reduce size (71). Such an obser- H 
vation indicates the size is controlled by the deformation process rather 
than by relatively slow cooling in the post-shock state. 

X-ray diffraction has proven to be a particularly important tool in 9 
characterizing shock modification of inorganic powders. The picture B 
emerging from this work is one of extensive plastic deformation of nor- 
mally brittle refractory materials. I Electron Spin Resonance 

Prior study of shock-induced defects in metals has shown evidence for _ 
extraordinarily high concentrations of point defects, especially vacancies H 
(3). The high concentrations are thought to be the result of the high- * 
speed motion of dislocations. Because refractory inorganic materials are 
insulating, they provide an opportunity to study paramagnetic defects in 
a more direct and detailed manner than in metals. There has been little 
work on paramagnetic defects induced by plastic deformation in these 
brittle matenals; thus the results are especially revealing, but there is 
little supporting independent work from which to build a more detailed 
interpretation based on modern solid-state physics. (The detailed work 
on rutile reported earlier in this article is not limited in that regard.) 
Investigations summarized in this section are largely unpublished: the M 
materials studied include shock-modified silicon nitride, titanium carbide, ■ 
titanium dibonde, and aluminum nitride. The experiments were all con- 
ducted at liquid helium temperature and at a frequency of 9.8 GHz. 
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at 27 GPa. This defect is thought to be due to a silicon dangling bond. 
The concentration of the latter defect is about 1 x 10" cm 3 at the higher 
pressure. 

Although the increase in concentration of the broad line width defect 
from the starting material was only by a factor of 100 and the concentration 
is an order of magnitude lower than that of the interstitial trivalent titanium 
in shock-modified rutile, it has a number of interesting features. Whereas 
the defect concentration in rutile is reduced to background at 775 K. a 
significant reduction in concentration is not observed in silicon nitride 
until temperatures greater than 1200 K are achieved. At still higher tem- 
peratures the character of the resonance signature changes, indicating the 
formation of a new chemical defect in significant concentrations. Because 
of the thermal stability of the paramagnetic defects in this material, high- 
temperature processing can be carried out in their presence. Their thermal 
stability is also reflected in the shock-modification process in which it is 
observed that higher pressures and temperatures yield higher concen- 
trations. More strongly modified powders can apparently be obtained at 
pressures higher than those used in the present work. 

The titanium carbide powder was obtained commercially, and chemical 
analysis indicated that it was 98.8°o titanium carbide and 1.16% titanium 
dioxide. Mean particle size was 3.9 um. and scanning electron microscopy 
showed the agglomerate nature of the particles. To avoid further contam- 
ination with oxygen, this powder (and those discussed later) was handled 
in argon throughout the shock sample preparation and explosive capsule- 
opening process. The starting powder had a narrow line width (9 Oe). 
isotropic resonance with a g factor of 2.0022. and its concentration was 
about 3 x 1015 cirr -\ The free-electron-like g factor suggests the defect is 
an electron trapped at a vacancs. The effect of shock loading depended 
on the specific shock conditions of pressure and temperature, but ranged 
from little, if any. increase in defect concentration to about one order of 
magnitude increase at the most extreme peak shock pressure of 27 GPa. 
No new resonances were introduced by the shock loading. 

When spin concentration is investigated as a function of the peak shock 
pressure and the density of the starting sample, the concentration is not 
increased by shock compression up to a peak pressure of 20 GPa. Up to 
a peak pressure of 27 GPa and a compact density of 45% there is also no 
increase in concentration. For the higher density compact, for which the 
shock-induced mean bulk temperature is lower, there is up to an order of 
magnitude increase in spin concentration at the maximum peak pressure. 
This behavior is consistent with the annealing behavior of point defects in 
titanium carbide at higher temperatures. 



332 GRAHAM   ET  AL 

Transmission Electron Microscopy 
Microstructural studies with TEM on rutile and zirconia were described 
above. Limited studies have also been carried out on aluminum nitride 
(74), aluminum oxide (75), titanium carbide (76), and titanium dibonde 
(76). The commercial-grade aluminum nitride starting powder (Starck Type 

I 
1 

I The titanium diboride powder we investigated was of a commercial 
grade, and chemical analysis indicated it was composed of 99.3% titanium 
dibonde and 0.66% titania. The mean particle size was 14.6 /im, and n 
SEM showed the powder to be composed of equiaxed particles that were M 
relatively agglomerate free. The spectra of the starting powder had two 
distinct resonances, a small isotropic absorption and larger absorption 
with a characteristic axial symmetry, The two resonances correspond to a M 
free-electron-like isotropic absorption centered near 2.0029 and a larger B 
absorption with anisotropic symmetry and lower g factors corresponding 
to the trivalent titanium ion interstitial, previously studied in detail in |g 
rutile. Thus these resonances arise from the rutile impurity. After shock g 
modification the two resonances remain and a third broader resonance is 
produced whose source has no; been identified. The shock-induced broad « 
resonance has a concentration of about 3 x 1018 cm ~3 and does not change M 
significantly between 17 and 2" GPa. Lower density samples (which have 
higher sho^ -induced increases in temperature) were found to have a 
slightly lower defect concentration, independent of pressure. 

The aluminum nitride studied was a commercial powder of 93.4% alu- 
minum nitride and 6.6% aluminum oxide. Mean particle size was 37,6 /jm, 
and the powders were polymodal with a fine fraction around 10 ^m 
and a coarse fraction exceeding 40 fim. The starting powder was found to 
have a weak resonance at a g factor of 2.0052. Upon shock loading the 
concentration of this defect increased from 2 x 10l6to3 x 10'8cm~\The 
line width remained about 50 Oe. Studies of the pressure dependence of 
the defect concentration show that the highest concentrations are observed 
at the lowest pressures. The effect of increased shock temperature is also 
to lower the concentration. This behavior indicates annealing due to high 
temperatures. 

Although the point defects observed in these impure powders have not 
been interpreted in terms of detailed models, their characteristics, taken 
in conjunction with the more detailed work on rutile, show that the shock 
process results in the formation of significant concentrations of such 
defects and that their concentrations are quite sensitive to the shock con- 
ditions. Their sensitivity to temperature, except in the case of silicon nitride M 
defects, provides an indication of shock-induced increases in temperature. ™ 
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E) was found to conta.n low concentrations of distortions «10» cm -'). 
I whüe samples subjected to 16 and 22 GPa peak shock pressures con- 

£Ä concentrations of d.slocat.ons that only a tower bound 

«5 x 10- o^^ COUld ^reV^Li^de S-T-228P) of about 30-^m particle A snhencal a umina powder (Linae si ^on r    r 

■ sue was uScted to a mean peak pressure of 20 GPa and a shoe k-,nducd 
ncreas   in  emperature of about 400 C. TEM examination  75) showed 
hat less han 40% of the starting particles were pnmanly »-alumina The 

Iemandc were in metastable phases. After shock treatment. TEM study 
showed LTno phase transformations had occurred ; however consider- 
able deformatLn was found in ail grains. The monochnic phase con- 
ISned aTrv high density of dislocations, many fine twins and finely 
?, snbuted cieavfge cracks. The ,-alum.na grams also exhibue very high 
concentrations of dislocations but contained no twins and no cleavage^ 
The dSoc t,on densities were found to be comparable wuh those found 
|[n sev ly cold-worked metals. No evidence was found for localized de or- 

maTon at particle surfaces, but a large degree of anisotropy m deformation 

Was evident between particles and within a given particle. 
ITh t. anium carbide and titanium dibor.de powders described above 

Je suited to peak shock pressures of 22 GPa and stud.eei after 
dispersion in methvl alcohol and placement on "holey carbon film 76). 
The as received titanium carb.de powder was found to con am d.sloca- 

Idons   pla    r defects, and low-angle grain boundaries ,n low concen- 
ations  T e shock-modified sample was found to be heavily defective 

wuh    arched" reflections in the selected area diffraction pattern. Dis- 
ITo ation Pile up could clearlv be seen, and some particles appeared to have 

scaped smficant deformation. The titanium d.bonde starting powder 
howed a h.eh densitv of dislocations and some planar defects. After shock 

Ildification the powder showed heavily deformed -crostructures sum 
lar to those observed on aluminum nitnde and z.rcon.a. The selected 
area d.ffract,on patterns showed arched reflections, evidence of heavy de- 

If0™tho°un
eh little detail was obtained from TEM studies of shock-modified 

alurnma luminum nitride, titanium carbide, and titanium dibonde^pow- 
deT the ubiquity of heavily deformed microstructures ,n these brittle 

■ ^clones pLides explicit evidence of the ability of shoe • compress.o 
to create heavilv cold-worked microstructures in even the most brittle 
powder^ Th s unique aspect o'' shock modification confirms the obser- 
Ivadons from X-rav diffraction line broadening, but provides cons.de ablv 
mTmfZat,on'as to the distribution of deformation within particles 

and the details of the deformation microstructure. 
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Other Probes £ 
Other material probes that have been used less extensively to characterize 
shock-modified powders include scanning electron microscopy, mag- 
netization, and Mössbauer effect studies on magnetic powders. SEM H 
studies have been carried out on almost all the powders reported on hers. m 

Except in cases in which the starting powder particles had a distinctive 
morphology, little was revealed concerning the influence of shock com- ffl 
pression. In two cases, silicon nitnde and spherical alumina. SEM provided £ 
insight into the shock deformation process. The change from needle-like 
panicles to smooth agglomerates after shock compression of silicon nitride ' m 
was reported earlier. The recent study of spherical alumina pov, der under g 
controlled shock compression with SEM (75) provided explicit evidence 
for plastic deformation of alumina much like that seen in metals. The 
spherical particles were found to have been plastically deformed to fill H 
voids. There was no evidence for strongly localized deformation at particle ■ 
interfaces. 

Recently studies have been earned out on ferrite powders to determine fi 
the effect'of shock compression on magnetic properties. These inves- £ 
tigations are revealing as to shock-induced modification at the atomic 
level. Ferrites have been well studied in prior work, and solid-state theory « 
and experiment are well joined. Hematite (a-Fe:0,) powder is currently jg 
being studied over a wide range of shock conditions. It was recently 
reported (11) that the low-temperature magnetization increased by two 
orders of magnitude after shock treatment. This material is an anti- M 
ferromagnet at low temperature as iron magnetic moments are ferro- m 
magnetically coupled within a till) sheet and are perpendicular to the 
sheet. In successive atomic layers the moments are antiparallel. In this m 
configuration any disorder that is not homogeneous between sheets will g 
have a strong influence on magnetization, as has been observed. Mössbauer 
measurements on these same samples also provide more information on — 
local iron environments (77). Magnetization and Mössbauer measure- H 
ments on ferrite powders showed shock-induced changes due to residual m 

strain and defects. 

CHEMICAL SYNTHESIS UNDER SHOCK 
COMPRESSION 

As is briefly summarized in Table 2, there are numerous reports of shock- 
induced chemical synthesis. Unfortunately, most of these reports are 
limited to situations in which the shock conditions are not quantitative or 
the shock conditions of temperature and pressure are limited to a narrow 
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range. One cannot formulate predictive models based on the probable 
mechanisms of the observed chemical changes or models to use in com- 
paring shock synthesis to more conventional processes with such limited 
data. Two recent chemical synthesis programs have provided considerable 
information on the relation between shock-compression conditions and 
chemical changes in mixed powders. Detailed synthesis studies have been 
reported on a zinc ferrite synthesized from mechanically blended powders 
of zinc oxide and hematite in stoichiometric ratios and intermetallic syn- 
thesis from starting powders of aluminum and nickel (either mechanically 
blended or in composite powder form), as well as from mechanically 
blended powders of aluminum and titanium. 

Synthesis of Zinc Ferrite 
In recent reports (11. 78-83) the synthesis of a zinc ferrite was studied over 
a range of peak shock pressures from 7.5 to 27 GPa and shock-induced 
mean bulk temperatures from 125 to about 1100~C. Details of the shock 
conditions were described by Morosin et al (80). Starting materials and 
shock products were characterized with X-ray diffraction, magnetization. 
Mössbauer effect, and TEM measurements. This materials system is a 
particularly interesting one in that the starting powders and the synthesized 
products are readily discernible. Furthermore, the solid-state reactions 
have been studied thoroughly, and it is a system with little exothermic 
energy release. Several features stand out in the data from these synthesis 
studies. It was found that a zinc-deficient ferrite was readily synthesized 
and that the degree of synthesis could be readily controlled by changing the 
shock conditions. It was also found that characterization of the synthesized 
products with different probes revealed significantly different but comple- 
mentary descriptions. 

X-ray diffraction measurements provided direct evidence for the for- 
mation of the zinc ferrite in the spinel structure phase and showed evidence 
for the residual strain and crystallite size in both the unreacted powders 
and the chemical products (80). A peak shock pressure of 16 GPa was 
necessary to produce detectable yields and, in this case, spinel ferrite was 
only produced at temperatures greater than about 500 C. At 20 GPa tem- 
peratures as low as 175 C resulted in detectable product yield. At 22 GPa 
and higher, easily detectable yield was obtained under all conditions. 
and the yield was strongly influenced by shock temperature. At 27 GPa 
and 1100 C the yield of spinel ferrite was 85%. At the higher yields there 
is sufficient resolution to show that less zinc oxide is consumed relative to 
hematite, such that formation of a zinc-deficient zinc ferrite is suggested. 

The unreacted products were found to have broadened diffraction lines, 
indicating large residua! strain and reduced crystallite size. There was a 
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dramatic sharpening of the spinel-phase diffraction lines in the high-yield 
sample obtained under the highest pressure and temperature. Under all 
other conditions the lines of the spinel product were significantly broad- 
ened, but there is insufficient data to separate line broadening due to com- B 
positional variation from that due to strain and crystallite size. ■ 

For the high-yield sample, in which very sharp lines were obtained, the 
d spacing values can be analyzed to give a composition value. Based on 
compositional data in the literature, a composition with a zinc deficiency 
of 8% is found. 

Because of its greater sensitivity, magnetization measurements reveal mt 
a quite different, but consistent, picture of the shock synthesis process W 
(81). Even at the lowest pressure and temperature, detectable changes in 
magnetization associated with zinc ferrite formation were observed. The 
changes far exceed those observed for similar shock conditions on hematite 
powders. This observation is evidence of the importance of the mechanical 
nature of the synthesis process, which involves the formation of defects 
and the mechanical mixing of substituents. For the same loading system 
and sample configuration, systematic increases in magnetization were 
observed with increasing mean bulk temperature. Except for the samples 
with low yield, the magnetization measurements were consistent with the ^ 
X-ray diffraction measurements. Based on the magnetization and magnetic M 
susceptibility, the synthesized product appeared to be of the same com- ■ 
position independent of shock condition. Increasing shock pressure and 
temperature led to larger yields, not changes in composition. Based on 8 
magnetization versus composition data obtained on conventionally syn- if 
thesized material, as reported in the literature, the magnetization study 
indicates a composition with a zinc deficiency of about 50%. 

Mössbauer effect measurements provide a direct probe of the local iron 
environment, which gives direct information on magnetic structure and 
relaxation and occupation of iron on octahedral and tetrahedral sites. 
The data on shock-synthesized ferrite are particularly revealing (82). M 
They appear to show two spinel-phase components, one magnetic and the ™ 
other paramagnetic. The total yield of these two components is in agree- 
ment with the X-ray diffraction spinel yield determinations. The favored || 
interpretation for the origin of the paramagnetic phase is that it has the g| 
same composition as the magnetic phase but is composed of such small 
crystallites (<50 nm) that superparamagnetic relaxation is exhibited. 
Based on literature values for Mössbauer spectra parameters, determined 
at various compositions obtained from conventionally synthesized zinc 
ferrites, the indicated composition has a zinc deficiency of 15%. 

The transmission electron microscopy study of the shock-synthesized 
zinc ferrite (83) was limited to the starting powder mixture, a mildly reacted 
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sample, and the most strongly shocked sample with the highest yield. At 
the grain level the starting sample was found to be an intimate mixture of 
well-annealed particles. The mildly reacted sample showed no evidence 
of reaction products, but the powders were heavily dislocated, macro- 
scopically deformed, and unbonded. X-ray energy-dispersive spectroscopy 
(EDS) across regions between grains showed zinc (as zinc oxide) mainly 
concentrated between hematite grains, although most hematite grains were 
found to contain some zinc. As much as 5 wt% zinc was found in hematite 
grains. The strongly reacted sample was found to contain ferrite as well 
as unreacted zinc oxide and hematite. The ferrite grains were strain and 
defect free, with a recrystallized microstructure. EDS data showed the 
ferrite to be zinc deficient by 9° o. There was no evidence of compositional 
gradients across ferrite grains. 

In this study of chemical synthesis, each material probe provided a 
somewhat different picture of the product, which illustrates the importance 
of using multiple probes to characterize these unusual materials. The dis- 
crepancies in the composition found using various probes are based on 
comparison with conventionally synthesized materials, and they suggest 
that the present material may be considerably different than those prepared 
by other methods. 

Synthesis of Nickel and Tiianium Aluminides 

Intermetallic alloys or compounds are a particularly interesting class 
of materials; they are currently under study with a variety of synthesis 
techniques. It has recently been demonstrated that nickel aluminides 
can be readily synthesized under shock compression (11, 84-88) and that 
titanium-aluminum mixtures \ield an unusual composition after shock 
treatment (89). 

Synthesis of the aluminides was carried out on mechanically mixed 
powders of aluminum and nickel or aluminum and titanium in ratios 
appropriate to form stoichiometnc Ni3Al or Ti3Al. Limited work was also 
carried out on a composite nickel-aluminum particle configuration in 
which nickel was deposited on spherical aluminum particles. These com- 
posite particles have a nominal composition of 80 wt% nickel. 

The mechanically blended aluminum nickel mixtures were studied over 
a wide range of shock pressures and temperatures. Nickel aluminide prod- 
ucts were found to be readih synthesized and controlled by the shock 
conditions. Large yields of Ni-.AI were produced, and the material had a 
hardness like a cold-worked Ni.Al, even though TEM analysis showed the 
material to be free of dislocations. The data currently available suggest 
that the hardness is due to an unusually small crystallite size of about 5 nm. 
Under certain conditions the products NiAl, Ni2Al, Ni2Al3, and NiAl3 



I 

I 
338 GRAHAM ET AL 

are formed. The two latter compositions are not obtained in fast quenching 9 
of ion-implanted layers. There is also no evidence of amorphous material ■ 
in the shock-synthesized products. The shock-modified composite particles 
show no large-scale reaction regions as in the mixed powders, but show S 
many localized regions of nickel aluminides. M 

Titanium-aluminum powder mixtures are observed to react far less 
strongly, and yields are so limited that the products are difficult to identify. » 
It appears that a TiAl, structure-type product is formed that is difficult to g 
distinguish from the ordered superstructures Ti,AU3 and Ti8Al24. 

CONCLUSION I 

The summary presented here shows that materials synthesis and modi- 
fication under high pressure shock loading is an emerging area with im- g 
portant new results appearing continually. Such synthesis may have a j| 
significant impact on materials technology; however, the shock process is 
complex and will require persistent research efforts to reach its potential. _ 
The available evidence indicates that the shock-induced chemical process g 
is perhaps best described as an unusually intense, microsecond-duration, 
mechanochemical event that takes place at high pressure and modestly 
elevated temperature. The mechanical aspects of plastic deformation and 
high-speed material flow are critical to the solid-state reactions and are 
intimately involved in determining the microsecond time scale of the shock 
event. Upon melting, solid-liquid reactions and reactions in the liquid state 
are encountered. Modeling of these processes will require an understanding 
of the melt process in a highly defective solid at high pressure subjected to 
high-speed material motion. Predictive modeling of solid-state reactions 
will require considerable research on the details of shock-induced defect W 
processes and the relationships between defects and shock-enhanced solid- 

state reactivity. _ 
The shock process is unique. It enables us to synthesize a range of H 

metastable states, including some ordinarily stable only at high pressure. 1 

i 
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I 
Reaction at high pressure allows the synthesis of new structural forms 
with distinctive chemical properties. The recent work on synthesis of nickel 
aluminides demonstrates a strong influence of exothermic energy release. 
Exothermic energy releases can be expected to play a role in interparticle 
bonding in dynamic compaction, and additives that induce exothermic 
energy release may produce strong bonding in dynamic compaction of H 
refractory ceramics. The recent direct observation (90, 9!) of a rise in ■ 
temperature associated with exothermic energy release in the aluminum- 
nickel mixture shows the potential for direct monitoring of such processes. 

Clearly, shock-deformation processes in powders involve effects not I 
I 
I 
I 
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encountered in shock deformation of solid density materials. Very con- 
siderable work will have to be done to develop a scientific understanding 
of deformation of powders. Such work will necessarily involve a descrip- 
tion of the process in the "catastrophic shock concept" (30, 92) based 
on descriptions of matter in a defect state appropriate for the shock 
conditions, rather than a "benign shock concept" based on perfect latt.ee 

descriptions. ,,,-,■ 
Residual microstructures of shock-modified, normally brittle inorganic 

materials bear a marked resemblance to those of wrought ductile metallic 
materials. Shock-deformed inorganic powders appear to respond to thermo- 
mechanical treatment in a manner analogous to more familiar metallic 
materials. These controllable structural modifications offer the possibility 
of achieving property improvements in ceramic materials that would 
parallel the differences between cast and wrought metals. 

Shock compression science is a significant enterprise in itself. The incor- 
poration of chemical effects into the mainstream of this research, which 
has traditionally been considered a field of physics, presents a significant 
challenge. Certainly a major influence of synthesis and shock-induced 
chemical studies will be to provide a much more realistic, fundamentally 
sound basis for understanding shock-compression processes. 
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A. Niiler: SESSION CHAIR COMMENTS 

"The Mechanism of Activated Combustion Synthesis' by Zuhair Munir, UC Davis Activated 
Combustion Synthesis is another way of saying Joule heating assisted combustion synthesis. By 
applying a voltage across a sample, thus passing a current in a direction parallel to the reaction 
front, a system that is not energetic enough for self-propagation can be made to react. When 
the current 'assist' is removed, the reaction quenches. This method has made possible 
combustion reactions between Si+C to SiC, W+C to WC, B+C to B4C as well as 
ceramic-ceramic composites with ratios between the components easily adjusted. Another benefit 
of this activated combustion synthesis is the ability to 'quench' the reaction at any point. This 
allows analysis of the partially reacted sample with a very good view of the area in the 
combustion front region, both just before the reaction and immediately post-reaction. It may be 
useful to study these regions for evidence for meta-stable state formations. 

There is a good analogy between this activated combustion synthesis and shock synthesis, since 
both are methods of providing reaction initiation and sustaining heat energy. It is very possible 
that activated combustion, being a much easier to control process, could be used to study the 
same reactions as would be done with shock synthesis to gain understanding of details which 
may be beyond the capability of experimental techniques in the highly stressing environments 
present in shocks. Clearly, any aspect of shock synthesis which depends on the very high rate 
mixing of component materials could not be studied with the activated combustion technique. 

Some basic modeling of what actually occurs during the current flow and concomitant heating 
of very localized regions of the sample in activated combustion should be done. That is, it 
seems that the very localized heated areas that must be responsible for melting of one component 
thus initiating the local reaction, should be theoretically described in detail. Such a description 
will, no doubt, show a very important dependence on things like powder morphologies, coatings, 
and perhaps less dependence on bulk properties of the material such as thermal or electrical 
conductivities. Detailed experimental studies of 'quenched' reaction zones should be able to 
reveal whether any reaction ever takes place in the absence of liquid formation. Or, to state it 
another way, this would be a way to study non-self- sustaining solid-solid reactions. The fact 
that the reaction stops when current is stopped probably indicates that the reaction itself is highly 
localized. Can an experiment or theoretical treatment be done which reveals a critical size of 
reacting volume necessary? Or is there even such a thing as a minimum critical volume? It may 
also be interesting to combine high pressure, whether shock or static, and Joule heating since 
the application of pressure will alter the electrical conductivity of a powder mix material. 

'Chemistry at Static High Pressure: Some General Principles and Recent Developments' by 
Malcolm Nicol, UCLA This was a talk that was rather difficult for me to follow due to the large 
amount of chemistry jargon used. I am afraid that you will need someone else's perspective on 



this topic. It was clearly relevant to shock chemistry, but my knowledge of chemistry is so 
limited that I really should not try to comment on any of the specific high pressure reactions, 
transformations and other mechanisms that Professor Nicol discussed.  Sorry! 

'Mechanism of Shock-Induced Mechanochemistry' by J.J. Gilman. UCLA. Chemical reactions 
driven by large mechanical strains are athermal. In effect, these strains, if caused by a 
compressive shear tensor, cause bending of covalent bonds and thus affect the electronic 
structure of the solid. Because the electronic structure rearrangement can occur very rapidly, 
it is a mechanism that can easily keep up with the speed of sharp shock fronts. This is a much 
simplified but hopefully almost correct reinterpretation of Professor Gilman's description of the 
high rate chemical reactions observed in shock chemistry. It is very elegantly appealing in that 
it describes at the molecular level a very complex mechanism. Specific examples of shock 
induced reactions like the polymerization of benzene, the decomposition of the azide ions, and 
the effect of shear strain on the ammonium ion were used to describe the influence of reductions 
of the LUMO-HOMO energy gap in these molecules. 

A shock front which nominally produces uniaxial compression is really a combination of shear 
and isotropic compression. The role of shear strains in activating or driving high pressure 
reactions was very strongly emphasized. One of the paragraphs in Professor Gilman's abstract 
bears repeating in this summary: Shear effects are expected to be more important in most cases 
than the effects of isotropic compression for the following reasons: a) they cause the major part 
of the heating if the material is porous; b) covalent bonds have smaller bending force constants 
than compression force constants; c) shear strains cause larger changes in the electronic 
structures of materials than isotropic compressions, because they reduce the symmetry of the 
molecular structure; and d) shear strains cause shape changes and this is consistent with the 
molecular shape changes that occur during chemical reactions. 

A very strong effort should be made by modelers to include these shear effects in calculations 
of shock chemistry and/or shock modification of materials. 

'Shock Chemistry Mechanisms. Kinetics, and Applications' by A.N. Dremin. Professor Dremin 
began with a general discussion of a variety of investigations he and his department have pursued 
in the areas of basic shock induced events like chemical reactions, polymorphic transformations, 
changes in electrical, optical or mechanical properties of materials and relaxation phenomena. 
Additionally, he mentioned various applications of shock energy like metal treatments and 
super-hard materials synthesis. He then described the differences in the effects of the very large 
loading rates in the Shock Discontinuity Zone (SDZ) between molecular and ionic crystals where 
bond mechanisms differ substantially. 

When discussing inorganic materials under shock loading, besides verifying results from many 
other research groups such as defect formation and enhancement of chemical activity, he 
presented interesting results on the formation of compounds of elements which are totally 
immiscible under normal conditions. Another point made by Prof. Dremin was that very high 
rate adiabatic cooling occurs during the unloading of the shock wave thus providing the 
opportunity for the formation of super-cooled liquid. Finally, he made a strong case for 
monitoring a shocked sample continuously during the time immediately following the application 



of the shock in order to track the kinetics of phenomena such as metastable compound formation. 

He stated that his group had developed an electrical conductivity measurement technique to 
satisfy this need. Professor Dremin's work appears to be very relevant to the subject of shock 
synthesis and it is recommended that ARO find some specific aspect of it for future 
collaboration/funding. 

'Modeling Shock-Compression of Porous Composite Materials and Correlation with Observed 
Behavior' by Mel Baer. As in the case of Malcolm Nicol's paper, I feel very inadequate to 
summarize this talk as it concerns modeling concepts with which I have little familiarity. Baer 
did state that the work is only beginning so one must have patience with the fact that even in the 
highly reactive thermite reaction scenario, the current model did not include chemistry. Also, 
ignoring the relative flow effects under shock loading of disparate powders seems too important 
a factor to ignore, even in a simple calculation. At this point I would be very skeptical about 
drawing conclusions about comparisons of this model to experiment. 

GENERAL IMPRESSIONS OF WORKSHOP 

In attempting to answer the proposed target questions a) through g) here are my opinions. 

a) Clearly initiation of chemical reactions can be accomplished in the shock wave but there was 
no evidence presented which unequivocally demonstrated that such reactions proceeded to 
completion during the shock. On the contrary, some evidence from Marc Meyers plots of the 
locations in the samples where there was incomplete reaction under very complicated shock 
conditions may demonstrate that shock may even quench initiated reactions. 

b) Definitely no. I did not see any technique describe which could do this, especially in a bulk 
sample. However, I would like to see more of Dremin's idea of following electrical properties 
in samples in real time. 

c) Limitations are high speed and a clear demonstration of a probe that can provide information 
in real time without affecting the progress of the reactions. 

d) In most areas I think that good progress is being made. However, a lot more needs to be 
done to quantify the question of how mass is transported from individual material particles either 
through or around the compound formed from them. Liquid flow is of course the best 
candidate, but even here, quantification of flow rates in specific systems I think is lacking. 

e) Yes.  See my discussion under Munir's paper. f) I don't know. 

g) Possibly. The caveats here are that IF a given material can be made in the absence of shock 
(say only at high static pressure or high temperature) then forget shock. It will only serve as 
a scientific research tool but not commercially viable production technique. Another point is that 
if shock is the ONLY way to achieve a given material form, then determine if there is a 
commercial or other use for THAT material. 
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THE MECHANISM OF ACTIVATED COMBUSTION SYNTHESIS 

Z.A Munir 

Department of Chemical Engineering and Materials Science 
University of California 

Davis, CA 95616 

Abstract 

The concept of activated combustion synthesis involves the simultaneous action of the chemical 
heat of the reaction and an additional energy imposed through the application of an electromagnetic 
field, gravitational field, or a force field. The use of an electric field to activate self-propagating high- 
temperature synthesis (SHS) reactions has been recently investigated. Such a process has been used 
successfully to synthesize a variety of ceramic and composite materials which cannot otherwise be 
prepared by conventional SHS. Examples of these include the carbides SiC, WC, B4C, and the 
composites MoSi2 -x SiC and y B4C - TiB2 with 0 < x <. 1.0 and 1.0 < y < 8.0. Experimentally the 
process of activated synthesis is accomplished by igniting the reactants while they are under the 
influence of an electric field. A self-propagating wave is initiated and maintained as long as the 
applied voltage is above a minimum (threshold) value. The synthesis of materials by SHS has the 
advantage of higher heating rates (103 -106 Ks'1) a circumstance which does not favors the formation 
of intermediate or undesired phases. This has been demonstrated in such cases as the synthesis of 
MoSi2 and B4C - TiB2 composites. 

Stoichiometric mixtures of Si and C (graphite) will not ignite (by a lungsten coil) unless a voltage 
of approximately 10 volts is imposed across them. It was found that at such a voltage, the combustion 
wave propagated in a non-steady (pulsating) mode. However, as the voltage is increased, the wave 
propagated in a steady-state fashion with its velocity being linearly proportional to the applied 
voltage. An investigation of the mechanistic role of the field on the combustion synthesis of ß-SiC 
revealed a highly localized effect. Microstructural and analytical examinations of quenched 
combustion fronts led to the conclusion that the field produces a highly localized current confined 
to the area just ahead of the wave. The presence of a liquid phase (Si) promotes conduction in this 
zone and a subsequent heat input due to Joule heating. Thus the manner in which combustion 
synthesis is activated is through the incorporation of Joule heat into the combustion process. This 
then modifies the Fourier heat balance equation into the following: 

-       BT d2T ~    Bl\ rrl pCp — =K —    +Q -A + oEL 

Bt dxi Bt 

where the term on the left-hand side of the equation is the heat accumulation term, the first term 
on the right-hand side is the heat conduction term, the second term is the chemical heat generation 
term (due to the combustion reaction), and the last term is the electrical heat generation term. It 
is this last term (with o being the conductivity and E is the field) which activates the process. 
Theoretical studies were also made to model this process with the results showing qualitative 
agreement with all of the experimental observations. 



The practical aspect of the concept field-activated combustion synthesis can be seen by examining 
the cases of the composites MoSi2 - x SiC and y B4C - TiB2. The former is normally made by the 
synthesis of the separate phases and the subsequent processing of the mixture to achieve the desired 
composite. The field-activated process can product the composite from elemental reactants in one 
step for any value of x between zero and one. The second composite y B4C - TiB2, extensively 
studied as potential armor material, can only be formed by normal SHS for y = 0.5. Higher values 
are desirable to provide lighter and harder materials but materials with y >. 1.0 cannot be synthesize 
without the requirement of preheating the reactants. Although preheating can in may cases achieve 
the desired goal, in this case it leads to the formation of TiC and TiB as extraneous phases. Through 
field activated synthesis, composites of B4C and TiB2 have been made with y up to 8 without the 
presence of additional phases. 

Relevant Publications: 

1. Z.A. Munir, et., "Field-Assisted Combustion Synthesis", U.S. Patent, pending. 

2. A Feng and Z.A Munir, "Field-Assisted Self-Propagating Synthesis of ß-SiC", /. Appl. Phys., in 
press (1994). 

3. S. Gedevanishvili and Z.A Munir, "Field-Assisted Combustion Synthesis of MoSi2 - SiC 
Composites", Scripta Met. et Mater., in press (1994). 

4. A Feng and Z.A. Munir, "The Effect of an Electric Field on Self-Sustaining Combustion 
Synthesis, Part I: Modeling Studies", Met. Trans., submitted, 1994. 

5. A Feng and Z.A Munir, "The Effect of an Electric Field on Self-Sustaining Combustion 
Synthesis, Part II: Field-Assisted Synthesis of ß-SiC", Met. Trans., submitted, 1994. 



I 
t 
I 
1 
I 

I 
I 
I 
I 
1 

1 
I 
I 
1 
ml 

1 
1 

i 

GO 

o 
l-H c 

b • »■H o 
< 

GO 

w c/3 

& CO 
* >-l 

GO GO <D 

Kti 4-> 
cd 

T
H

E
 

C
ES

S 

ri
ng

 a
nd

 M
 

al
if

or
ni

a 
ia
 9

56
16

 

fS
Y

N
 

PR
O

« 

WH 

p£ GO < 

3 

< ,n
gi

ne
e 

ty
o

f 
C

 
al

if
or

n 
U

SA
 

2> 
SO 

N 

ic
al
 E

 
iv

er
si

 
vi

s, 
C

 

ft J 

g DÜ 
43 u 

Oqj o _.«.    M 
8 fc ■*-> 

GO 
i—< 

a 
6 

+-» 
»-< 
CO 

X OH 

u Q 

•n 
CO 

2 

• I»H 
1/3 
(D 

43 
C 
>> 

■•§ 1 GO   Ö 

o -O 

°£ 

O ~ ^ 
tf.2 «o 

o3 

$3 

t-i 
0- 

c 
o 

•l-H 
■<-» 

C3 

Ö 

o 

O 
e 
Ü 

• l-H o 
GO 

73 e 
o 

• l-H 
+-» 
03 z 
<D 

43 
•*-> 

£> 
T3 

<D 
+-> 
S-H 

O 
o- 
OH 

44 
o 

* 



ü 
CO 

I 

CO 

DC 
CO 

"8 
cd 

.> 

8 
a 

e 
o 
o 

■g 

W5 

g. 
CO 

c o 

•8 
cd 
> 

o 

< 
i 

= ,=! 

.a 
X3 

CO 

cd 
>• 

cj 
< 

U3 

.S3 

T3 
C 
cd 

•a 
cd 

o 
0) 

C0 

•c 
ü 

4_» 

cd 

<D 
4-* 

O a. 
S 
6 
c 
o 

cd 

1 
cd 

t3 
6J0 < 

£ T3 
Ü <U 

o 
s o 

cd 

0) 
43 

r^ en 



1 
t 
1 
1 
1 
i 
• o 

H 
T3 
3 i < 

> 3 U 

i < 
V 
e 
00 o 

P 
U 

CO 

i Q 
tu 

C3 

E o 
in 
O 

'S« K g 
HH «-< !>< c   . Pu <u W O "^3 1 P 

(4-4 
o 

1—H 

CO 

i 
i 
i 
l 

z 
Ü 
< 

o 

s 
•l-H 

O 

c 

1 

• l-H 

D, 
CO u 
e o 
+-> 
O 

50 

i—< 

• »■* 

o 
4-> 

o 
4-» u 
0) 

s 
o 

Y
am

ad
a,
 e

 
S

ht
ei

nb
er

g 

m 
cd 

• 

W o 

E 
• 

PH 

1 
1 
1 



t 



1 
t 
1 
1 
1 

•  • 

o 
t 5 

D 1 a o 
I P 

1 CO                                                            o • 

I 
1 O

U
R

IE
 

c 

IT
IO

N
, 

1 
P-i               i Z 

1 
t 

o       f- 

Pi               r 
o         v- R

T
O

IG
 + 

II 

1 O 
^ w Q Pi 

1 P* 

I 
1 t—H 

CO 

1 
1 
1 



o 
m 
O 

& 

'S 
0) 
cd 

a 
0) o 
Ö 
CO 
m 

s 1 i 

pj © o 

fe -o o 
o 
CO 

0) 
O 

C0 

Ü 

o 0) 
CO 

5 
fa 



I 
t 
I 
I 
I 
9 
I 
I 
I 
I 
I 
I 
I 
1 
1 
I 

I 
1 

CO 

X 
co 
Q 

% 

s 
w 

t/3 
0) 

V3 o 
f—i C^ 

u 
c3 

4-» 
Ö 

S o 
•T-H 

CO 
0) 
s 

OX) U 
a «1—j 

Ö 
o i-4 

T3 
o 

O 
O 

o 
£ £ 

V 
• I—( 

CO 

C4 

CO 
o 

C4 

PQ 

C4 

O 
N 

T*    CO     CO 



(a) -2008 mm ■ 

(b) 

Vide© Camera Heater! 

CZ23) 
1 

6.8 mm 

——■—r- i 
i    I r 
§    I 
i    l 14.1 . mm 
1    I 
1    .1 _ / 

E Field Source 
0n-0ff signal JL 

r\s 

0 Current Sensor 

Sample 

€ 
Pyrometer 

Video Monitor 

nznm 

Qn°0ff Signal 

JL 
Start _ 
SiopJL 

PC Computer 

AC 
Meter 

Second pulse   JTTL 
-   /"Keyboard/ 



I 
t 

m 

I 
I 
I 
t 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
1 



1 
I 
1 
I 
I 
I 
I 
I 
I 
i 

I 
I 

I 

I 
1 
I 



t 
I 
I 
I 
1 
I 
t 
I 
1 
I 
I 
I 
I 
n I 

I 
1 

i§ 

4000 

c 
3 
O 
o 

2000 

0 
8000 
6000 
4000 
2000 

0 
4000 

2000 

C<002> 
Si<111>      (REACTANTS) 

Si<220> 

• •**,<:* J   S*J VW, u » 4   I1 *    *^»iJi*w«i' 

-r—i—i—i—i—i—i—r -i—i—i—i—i—i—i—i—c—r -i—i—i—i—i—i—T—i    *~ 

(PRODUCT) 
SiC<111> 

SiC<200> 

i "i ) ^r "i""!"   i"* i   r '"I   i' 'i' 
—f—■J -T     f    T   I      I   "T V 1111  'I" 

JU 

(REFERENCE) 

■    ■ i—i—i—i—i—*- 
<^»ii r(.iiij Y»* ^»—f* * T*^    r***^^*^ k 

20 30 40 
20 

50 



I 

m 

1 
1 
H 

I 
I 
1 
I 

I 
1 

J 

I 
I 
m 

1 
I 



I 
I 
I 
I 
I 
I 
m 

I 
I 
I 
I 
1 
I 
I 
I 
I 
I 

I 

W 

o 
O 

7000 

0 
2500 

0 
6000 

0 
6000 

C<002> P-SiC 
1<111><200> 

 L_ 

( iv ) 

Si<lll> 

-A«. 

(     HI     ) 
Si<220> 

 L_ 
( n ) 

( i ) 

1 
1   i   i   i   1   i   r~i   i   I   i—i—i—r-r~i—I—r~i—i—i—i   i   T 

25    30    35    40    45    50 

Double Theta 



n 

% & 

■&■ 
« 

% eg 

e e © 
+ 

« 
«■ «• 

/»—\ s*\ 

+ 

! 

to 

i 

to 
b 

en 

>• 

M 
>- 
+ 

CS 

►- 
>- 
+ + 

^ 

K* 

01, 
««4 

^^^ 
s-4 

««4 
>- 

9«3 s~  "^ 
\*s 

v=^ >*„• 

+ i. 

>- 

1 ^|rS 11 11 

o 
ii 

<" -^ It IS D o* \L D 

fe|<e 
TO CD 

TO|<2 

<olc8 

fel« 





SI+C -> ß- SIC 
Combustion Synthesis Modeling 

Parameters^ 
SAMPLE SIZE: 

L=2.0 cm5 H=1.4 cm, W=(i67cm 
SAMPLE DENSITY: 

1.47 g/cm 
Si/C MIXTURE RATIO: 

1:1 

REACTION HEAT: 
H=16 kcal/mole 

ACTIVATION  ENERGY: 
E  =40 kcal/mole 

REACTION RATE: 
K=10 (1/ms) 

Applied Voltage: 20 v 
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Si+C->ß-SiC 
Combustion Synthesis Modeling 

Temperature Scale (K) 
0 2000 4000 

HMD B 1 
T=l S T=1.35 S T=1.5 S T=2S 

T=2.5 S T=3S T=3.5 S T=4S 

(Applied Voltage=20 v) 



Si+C->ß-SiC 
Combustion Synthesis Modeling 

Conversion Profile 

Conversion Scale 
o 0.5 1.0 

(Applied Voltage=20 v) 
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Si+C->ß-SiC 

CURRENT PROFILE 

Current density scale 
(A/cm2) 

o 1000 2000 

HUHM 
T=l S T=1.35 S T=1.5 S T=2S 

(Applied Vo!tage=20 v) 
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Mixture: (Mo+2Si)/(Si+C)=70/30 Vol% 

Tmax (c) 
2500 

2400 

2300 

2200 

2100 

2000 

1900 

1800 

1700 

1600 

1500 I II I | I I I I | I I 

Velocity (cm/s) 
3 

I | M I I | l ll I | 

- 2 

TTI I | I I I I | I I I I 0 

0    5    10   15   20   25   30   35   40   45 

Voltage (V) 



r 

TABLE 1 
Field-Assisted Self-Propagating Combustion of MoSi2-xSiC Composites 

Applied Voltage (V) Ta(K) Product Phases (s) 
(Threshold) 

0 0 1942 MoSi2 

0.18 0 1934 MoSi2, Si, C 

0.26 44 1931 MoSi2, SiC 

0.32 33 1929 MoSi2, SiC 

0.45 13.5 1925 MoSi2, SiC 

0.72 11.0 1918 MoSi2, SiC 

0.85 13.0 1915 MoSi2, SiC 

1.00 8.5 1912 SiC 
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Chemistry at Static High Pressure: ^ 
Some General Principles and Recent Developments 

M. Nicol, S.M. Gibson, and D. Reifschneider 

Department of Chemistry and Biochemistry 
University of California Los Angeles, CA 90024-1569 

We describe some classes of chemical change at high pressures and how they are 
detected. Many of the examples, taken largely from our laboratory, involve molecular 
solids which are be more susceptible to pressure because of low initial densities and high 
compressiblities. The driving force, PA V, lowers the free energy of denser configurations; 
corresponding volume of activations influence the kinetics of changes. The simplest 
transformations rearrange molecular packing. At 0.7 GPa, competition between inter- and 
intra- molecular F-F repulsions converts Teflon from a helical to a planar zig-zag 
structure.1 Although CO and N2 have essential identical low pressure phases, CO 
polymerizes irreversibly above 5 GPa;2'3 and N2 is diatomic to above 100 GPa. The high 
pressure chemistries of oxygen and sulfur show similar contrasts. 02 remains diatomic 
in all high pressure phases, although spectra indicate unusual bonding and electronic 
structures. a-So undergoes many structural and photochemical transformations, 
involving other molecular forms, to 10 GPa, although efforts to confirm reported phases 
and extend the diagram uncover discrepancies among studies using the same 
techniques, and contradictory results between techniques-even at ambient temperature. " 

1 Naphthalene photochemistry14 led us to argue that unsaturated C=C and C=X 
bonds are unstable to polymerization above 10 GPa;15 and we discovered polymers 
forming from solid HCN 6 and C2N2

17 between 1.3 and 10 GPa. The HCN product is an 
azulmic acid,18'19 a ladder polymer produced by base-catalyzed anionic polymerization 
of HCN, electric discharges through CH4-NH3, or 60Co irradiation of aqueous cyanide. 
The black product recovered from C2N2 at 10 GPa is a similar ladder polymer. The 
mechanisms of these reactions at high pressures are not established. 

Raman and inelastic neutron spectra (INS) of TATB at high pressures show that the 
nitro substituents are perturbed by hydrogen bonds to amine groups. The coupling 
between lattice phonon modes and higher energy vibrational modes, promoted by 
hydrogen bonding, has been suggested as a mechanism for depositing the mechanical 
energy of a shock wave in a detonation.21 Exactly how this is accomplished is not known. 
We have compared TATB with o-nitroaniline (ONA) and p-nitroaniline (PNA) to define the 
sources of the perturbations. Raman and INS studies of ONA, PNA, and the ring or amine 
perdeuterated isotopomers (ONA-cf4> ONA-Nd2, PNA-c/4, and PNA-Nd2) at high pressures 
also detect phase changes and variations of the mode coupling between phases. IR 
spectra at ambient pressure of the nitroanilines in Ar at 20 K or thin films at ambient to 
20 K aid in interpreting the high pressure spectra.22 The lack of good normal-mode bases 
is a problem in interpreting the spectra. The ring, nitro, and amine modes are so strongly 
mixed that symmetry modes of benzene derivatives are not a good basis. ' We have 
assigned the IR spectra of ONA and PNA in Ar matrices and PNA films at 20 K or INS 
spectra at 15 K by computing optimal geometries for isolated molecules with an ab initio 
routine and then calculating the normal modes and their approximate vibrational 
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frequencies for this geometry. PNA is especially interesting, Spectra of isolated molecules J 
are fit better by assuming a Cs symmetry, but C2v symmetry is better assignments for the 
solid at low temperatures or high pressures. Under ambient conditions, the PNA crystals @ 
are layered, with molecules aligned head-to-tail in layered chains and the rings tipped § 
slightly out of the layers.25 At lower temperatures,26 the rings appear to flatten into the 
layers, improving intra-layer hydrogen bonding. The structure of ONA is not so layered; m 
and the !R spectra of ONA in Ar can be easily correlated with spectra of ONA crystals. i 

Raman spectra of PNA at high pressures correspond to changes at low temperatures 
attributed to alignment of the rings in the layers2^ and, between 3.0 and 4.6 GPa, a phase 1 
transition established by Block and Piermarini.    At higher pressures, PNA undergoes 
further chemical or phase changes. Raman spectra collected at pressures as low as 0,8 _ 
GPa from PNA samples that had been subjected to pressures above 10 GPa differ g 
qualitatively from spectra of PNA samples that had not been so highly pressurized, 
suggesting that a different form of PNA or reaction product formed at higher pressure. - 
The conditions where this species forms are not well established; however, the process | 
is not photochemical. The material has not yet been recovered at ambient pressure. 
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The driving force of high pressure chemistry: 

The chemical potential: AJJ = AH- TAS + PAV 

1 GPa cm3 mol"1  = 109 N m2 • 10 "6 m3 mo!1 

= 103Nmmor1 = 1 KJ mol"1 

AV/(cm3 mol1) 

-1.00 

-1.00 

-10.00 

P/(Gpa) Afj/(KJ mol'1) 
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CH, 

+ CH^ 

4H° -    ♦ 100 U/mol 

A?° 10 to -20 cm3/mol 

AH0 - - 130 kJ/nol 

&V° 10 to -20 cm3/mol 
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SHOCK CHEMISTRY MECHANISMS. KINETICS. AND APPLICATIONS 

A.N. Dremin 

Head of High Dynamic Pressure Department 
Institute of Chemical Physics (Chernogolovka) 
Russian Academy of Sciences Moscow Region 

Chernogolovka 142432, Russia 

Investigations of different relaxation phenomena, chemical reaction, polymorphic 
transformations, change of electrical, and optical properties, loss of strength of condensed matter 
under shock wave effects is the main area of investigation in our department. Characteristic times 
of these phenomena are often comparable with the shock loading time. 

New successful applications of explosion energy includes metal treatments (welding, 
strengthening, stamping, ...), super-hard materials synthesis, and studies of shock wave effects such 
as polarization and anisotropy of brittle materials, and electro-conductivity. In the very beginning 
of the investigations, the intent was to reveal the mechanism of ideal condensed explosives 
detonation decomposition phenomenon and the mechanism of polymorphic transformation under 
the shock wave effect as well. In the latter case the transformation shock wave rate was the most 
striking. As for the explosives detonation decomposition mechanism, the problem amounted to 
finding out the causes of weak dependence of the detonation time on detonation pressure and the 
nature of the following contradiction. It had been experimentally revealed that, on the one hand, 
the time did not depend on the explosives charge structure (particles size; nature of fillers in pores, 
...) and state (liquid or solid) and, on the other hand, the regularities of the Shock-to-Detonation 
Transition (SDT) process were strongly governed by the structure and state. 

It was well known that shock discontinuity zone (SDZ) is extremely narrow (< 100A), that 
is the rate of substance loading inside the SDZ is extremely large. Naturally the question arised 
-whether the processes generated by shock wave effect would follow the regularities of the processes 
at static conditions. Real-time experiments and recovered samples investigations were performed 
concurrently. As regards to the shock effect specific features and primarily tremendous rate of 
particles acceleration inside the SDZ it makes sense to discuss separately the response to the shock 
effect of molecular crystals (and liquids) where each molecule can be considered in great part free 
and crystals with ionic and atomic bonds where properties of the crystal as a whole have to be taken 
into account. 

Organic Materials. The polarization phenomenon was investigated in detail for organic 
substances. For substances consisting of dipole molecules the Hauver polarization model of dipole 
turn by shock wave front was proved. It was revealed that for polymer materials polarization signals 
were also related to molecular incompensated dipoles turn in the front. However, it turned out that 
the dipoles motion in the front were not associated with their orientation in the direction of inertia 
forces effect; macromolecule and its separate parts seem to experience some conformation change 
during the acceleration process. It was found out that all organic substances investigated at shock 
pressures till up to 20 GPa were divided into two groups. Substances of the first group do not 
decompose under the shock wave effect; their compressibility changes gradually in the pressure 
interval; their electro-conductivity is ionic and changes gradually with pressure; they are transparent 
at shock-compressed state. And visa versa shock compressibility and electro-conductivity of the 
other group substances change at some property for each substance pressure sharply, the substances 
losing irreversibly their transparency.      Different reaction of organic molecules (substitution, 
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addition,isomerization, polymerization,...) were observed under the shockwave effect, it turned out B 
that aromatic thermally stable compounds decompose (with benzene ring breakage) easier than 
thermally relatively weak aliphatic ones. ®* 

For ideal explosive substances consisting of complex poly atomic organic molecules some 
qualitative physical model of their detonation wave front was elaborated in accordance with 
experimental data obtained. It had been found out that for each explosive charge there existed 
some proper shock pressure P (it is small than Chapman-Jouguet pressure and close to critical 
pressure to initiate detonation in homogeneous state), so that at pressure smaller than the P the 
explosive charge reaction origin and progress are strongly influenced by the charge structure, and 
on the contrary at pressures larger than the P, the explosive charge structure and state have nothing 
to do with the explosive decomposition regularities; the regularities become the explosive molecules 
property. At detonation due to extremely large rate of substance loading inside the wave SDZ it 
is brought into very non-equilibrium state; the substance molecules excitation and active particles 
(ions, radicals, fragments of molecules) origin taking place during the state of equilibration, in the 
shock wave front, so that behind the front the active particles and excited molecules reactions 
processed with speed since the reactions activation energy is low. 

Inorganic Materials. Many results previously obtained by other investigators had been 
validated. These are the following:different defects (point and lengthy) are formated in crystalline 
lattice of solids and as a consequence enhancement of the solids chemical activity and sinterability; 
destruction, synthesis, and polymorphic transformations occurs. In addition it had been found out 
that shock wave effect sometimes was of an extremun in nature. The finding was interpreted in 
terms of the shock residual temperatures opposite effect. In the course of the investigations some 
new results (later verified by other scientific groups) such as intermetallic compound (Cu, Al) 
synthesis from the components powders mixture inside the shock wave front and the production of 
homogeneous alloy of metals absolutely impossible to be mixed at normal conditions (w/Mn). 
Some systems of rare earth oxides with titanium oxide have been investigated in the Department 
with many metastable compounds being produced. The compounds single crystals of 0,1-0,2 mm 
size have been obtained by shock synthesis from the oxides mixtures. They believe that the crystals 
originate from evercooled eutectic melt nearby residual temperature. The data testify in favour of 
the melt and compounds simultaneous origin inside the shock waves front. The foregoing 
intermetallic compound synthesis and the alloy production are also believed to proceed through 
eutectic melts originating due to strong dissipative processes which take place during powders 
mixtures compression inside shock wave front. The conclusion seems to be reasonable for strong 
effect when shock intensity exceeds considerably the material strength. For low and moderate 
intensities the problem is often open. To answer the question one needs continuous observation 
of the material change from the very beginning of its loading inside the shock wave front and at 
least during some seconds to be sure that nothing has happened with the material in the recovering 
device during the dead time between the shock passage through the sample and its subsequent 
analysis by conventional methods. The technique for such observation has been developed in the 
Department. It was shown by real-time electrical measurements that some changes with sample 
under investigation took place in fact in some ms or even later after the shock passage through the 

sample. 

Tremendous rate of substance loading inside the SDZ makes the shock waye effect unique. 
For organic materials consisting of complex poly atomic molecules it leads, depending on the shock 
intensity, to defect formation non-equilibrium thermal excitation of the molecules, different 
reactions and destruction. For inorganic solids - depending on the shock intensity, it leads to 
defects formation, polymorphic transformation and destruction; for the powders mixtures of 
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materials - it leads to grinding, mixing, melting and sometimes to compound formation inside the 
shock wave front. The findings have been revealed by experimental techniques largely of mks 
resolution power. However the investigation have lead to the realization of the fact that at present 
the problem of the shock physics and chemistry needs experimental and theoretical investigations 
on the shock wave front time-space level (ps and tens of A ). It becomes obvious that the problem 
goes from mesolevel to microlevel. One could think that explosion science and explosion energy 
use for mining, building, etc as the problem of macrolevel. It is characterized by time-space level 
largely of ms,s and m.The mesolevel problem results in many new applications of explosion energy 
(metal treatment, superhard materials production, etc). The investigation of the problem on the 
microlevel promises to open new horizons in the business of shock compression science. 
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Shock discontinuity zone effect: the main 
factor in the explosive decomposition detonation 

process 

I! Y   A.   N.   I) If K.M 1 N 

l'>jk Dynamic Pressure Department, Institute of Chemical I'ltysics (Clternotjolovka) 
himn Academy of Sciences, Moscow lletjion, Clicrnoijolocka 142432, Russia 

fr* qualitative conception of (lie detonation mechanism in condensed explosives 
tn developed on the basis of experimental and numerical  modelling data. 

beding to the conception the mechanism consists of two stages: non-equilibrium 
Njiiilibrium. The mechanism regularities are explosive characteristics and they 

fHit depend on explosive charge structure (particle size, nature of filler in the 
I«, explosive state, liquid or solid, and so on). The tremendous rate of loading 
|afe the detonation wave shock discontinuity zone (ca. l()",:! s) is responsible for the 
for.of the non-equilibrium stage. Kor this reason, the kinetic part of the shock 
ESffrssion energy is initially absorbed only by (he (ranslational degrees of freedom 
i'ik'explosive molecules. It involves (he appearance of extremely high (ranslational 
sitraturcs for the polyatomic molecules. In the course, of the translational- 

itional relaxation processes (thai, is, during (he first, non-equilibrium stage 
[■n lO"10 s time duration) the most rapidly excited vibraf ional degrees of freedom 

|K ^cumulate surplus energy, and the corresponding bonds decompose faster than 
id the front at the equilibrium stage. In addition to (his process, the explosive 

!e*i:ules become electronically excited and  thermal  ionizafion  becomes possible 
«ir the   translafional    temperature    overheat    /.one.    The    molecules    thermal 
Deposition as well as (heir electronic excitation and thermal ionization result in 

lattictive particles (radicals, ions) being created. The active particles and excited 
[Sii-ejk'S govern the explosive detonation decomposition process behind the shock 

!alduring the second equilibrium stage. The activation energy is usually low, so 
p£'luring this stage the decomposition proceeds extremely rapidly. Therefore the 
fcjfimentally observed dependence of the detonation decomposition time for 
»irasod explosives is rather weak. 

1. Introduction 
1 «ndensed explosives detonation  decomposition   mechanism   problem  is still 

I*Vast investigated in the theory of detonat ion.   Lately  the problem has again 
pssvrtcd the attention of many scientists (Kyring 1975; Kyring & Leu 1975; Karo 
f^. 1977; Owens & Sharma 1979 ; Coffey & Tot on I9SI; Delpueeh el al. 1981; Zcrilli 

'^ÜJtnn 1983; Schmidt el al.   1983;  Peyrard el al.   1984; Trott &  Renlund  1985; 
»'ijo&Tsai 1985; Dufort & Delpueeh 1985; Schmidt el al. I98(>«, b; Moore et al. 

p*. Peyrard et al.  198«; Odiot ct al.  I98(i; Kloy <v   Delpueeh  1987; Walker 1988; 
feiiund k Trott 1988; Lambrakos et al. 1988; Tarver & Calef 1988; Dlott &. Kayer 

.Trott & Renlund 198i); Delpueeh 1989; Moore Ä Schmidt  1989; Oilman 1089; 

hu.R.Soc. Land. A (lil!)2) 339. ;m :m 

iu Gnat Britain .'if>f> 
©   i\)'.)-2 'I'lic Ruval Snrictv anil the aulhoi' 

?SSK ?ZFt,C!bi'\fSr'-'K;?.rx 
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3f)(i .1. A . I)n i/iin Shock ,-jh 

v!":!;,;;i'r./,/ "/■ ^■•^^■^^ ^ & „i„„ «»»<>;odiotiD!*jHoWTOit should b,,,,, 
Nevertheless, SO far no detailed molecular in! e« 

'•'•pirtation "II he mechanism has l*«f «plosives. As far as nowerfi ,,,,.,,,,,„„]   \],,,<     in     ■  «...uuiim,, ifl,a, H TOivra. ns iar as   lowcriu 
;.,:;:; ^u^^' "■■;■<»<»«»«^ i,,,«- .„„ high ^^ «v (Dromm iim. (, i,B 

■ i   e "T S,a','  IS l"'",<"1'  nn",H-v ^ Fo,ess 4 .I>,,nin & Savrov I«,,!«,. Ill 
„ ;Um|"''iSS";"         -Tl    ,,,r"   la,<""   m,n   ,,m,m,t-   Howov,.r.,Uc«letonationw,lvcMH«,l,si,I, 

v               > ',  U'7)
,',,"<;"''(";"/''   «I-   i;n.l.l.,u   l,as  heen  «hwdoped  in the Hirf | wl i„ the experiments.     f 

is I Ü       t ,,       '  I       '"' '"' <";.»'■■"- ' '"^ ,,,""< i"W«M-l«..I «-l«-«.|.„rtlieco.,oe,.t™ f    The second result of our® 
ml, "- "PP-w.mu.v lor ,l,e «citation of con.plex explosive mole™!, I fc™, of condensed explosives 

; «n       ..-«,,,„   bruun<l<,,ru«,  „-.hin. he ,le, „„a. ion wave shock front. Tb | ft has been found thai HUM 

■ as e m.o bemg (o .n.erpre. , he weak dependence of f he detonation rear,,,    ,f the chemical spike does 

S I«   ' M    ,,XP ,'-i;;,S "" |,r"SS,"V- aS r,'V,'I,l,'<1 -P-i.nenlallv in the ,,„n \ «plosive charge   on explosiv- 
t n,   ,1        T K! »»■"»» «"l-l.-i.H i.-H.. t h.. if lc,. «.„,„• »pc^al cx^ri™-^ * J.he explosive «t„tc-. li«,..»! 

u     , , "' n '"? " "" M"'"'V ,"-am" '■"'»l'«»»'«l« (ö™«in i ? ,me tumid out to he a chart 
m   e ,1,\<W I "V    "■ "   S,n,,'""V   •■"ln,,»,i",w   ^  »on-equili!,ri«iStal the time dojKMKlsonlvi 

H   h       Sh"? ^'^r /'«V'" i,m'l, (Kilm<"lU *  ,)~ <!^ »™« S *«h,r weak. For example: ,,.s 
n "     'ntm I   "  T      , ' '" V''sl'^'""-  «'»■ ^»-(ion decomposite ! , 0.2 us while the «lotonat f, 

Ä t   «       M'<1,",,l,7,m: "'" S,','(""1 ■■'"'■'■'■'■'»"  «'««- - "I. "■!."".  In accent,,, f ««sure interval.   Jf the sh<7 
msi   e   I, V°  ,;U'(,|,:,",Sm- ,S,"'U' .;lHlV(' I""-"»«'« <"-i«i..at, «luring the first s.a* 1 «chanism  under ambient -. 
"Me     the de(ona(,on wave shook Iron., on ||„ one hand, and ihe low value of il, § However, experiment has shi 
2     ■<■'> —gv lor   he read,on ol the active particles with explosive molecuio I     In searching for an expkui 

,, Til     1 S,;;g"'   ""   "U'  "H,,,r-   a,v   »*«I»>"«i'»lo for the u«l|i? possible   break-up   of ex 
nee  of   (he  dotonat.on   <«,,,mposii ion   time   for  condensed   explosives <* | «mission within the dot of 

Zoi1"        *rn" ;  •      : ,1,;,,",a,i,,l, <'—!>-<-<  monism ofo, Jzxi! detonation  theorv  foj 
J, y^n"  U",,,vr

l,,;s"1   '"   ,h"  '"'inning on  the Zeldovitch-von  Neun,,,  I «v to thermal explosions. ('1 
n (     i    J      717       ,1;',T;l,mn «'«'vH.,,,,.,1  in (he  |«M(»s.  If is known that th, J .tuin explosion regularities.)-, 

<u   s   llus theory docs no( take into account chenncal reaction kinetics. IWv, | «„all portion of the explosS 
hf   lowers of the   heorv unpl.ed that explosives at detonation should transit j «plosive nature. If follows als« 

ml    <1 fonat.on pro«lu«;(s pra<.( ,«,dlv inslantan.^uslv : it .night he «luring the pn,«,.     ,ip|osive is a str«,ng fun«.(ioni 
«        «     comp,.ss,on w„un Uu; «I«, ona, ion wav«. shock Iron, (Sokolic 19G0). On «h, I Jfinal stages «lep.^uls onlv ■ 
> «:cor«hng to ,   e /M) thcorv. «.xplosiv«, «lo not   u.ulergo any chomW ! I«7,.   LogLlly   (he   suniuse 
«■  .    g( ^ <   in 1 he «letonat mn wa v, slI(„-k Iron) ; t |1(-y are only (-«„n,„vS»WI within tf, ? donation - is has.^l on un«l« 

•     Hi tlKMr,l«.mm,,,,s,1,,,,I lilkl.s pla.r l„.|,i,„| I !„■ Iron, in f he sh.H.k-compre,,; f ^t only a small part of t hei 

c .'I I ,,   M<   ' ■ ', < ,","'!"VSSmM  l'i-1' l"I'W'«->-»<»'v«. The ex,,!,,,, I rt3go. and that flic final stagT 
Thesön."''-',;: ,:l,,,;:nH,;,■,■'■:■«, }>> ]"*u'—»-»' •-'»- -ncd ^0^ f ^0.' if this is „„, it ,n,,nsi 

n„i „;i   1 •,-,•,., ;  "i'llowing. Events which occ™ 
L)    .       I mvesfiga.onsol the (|(.(onation wav«. sln,l„, «.f «•ond.mscd explesw, h.ke up m«,st of the time of ex, 

',vl" b« '|HTf«,rm«.«l a. the Ins.dute sin«,, the mi.Mi.öOs (Dr.unin c/«U970). 0, I vorder of magnitu«le fas(«u-f 

^abk>   l'°n(S lu,v" b"('n .<I'"'»V<MV<I.  It  hns !.«.«■„ r«.v«,d«,l thaf the reaction or,  I »tial state of the explosive. 

\s      ,r<,H,g'rS7!H,'rKr,' •«"■■"^»»^v <»v«.,- tin- „„slal.lo <lrf »nation front surfa^   1     H should be mentioned flj 
As     usulf   he fronUooks M<c a s«.,.,hing „„,,,.„ surla.r and ll«,w bnhi.ul the fn« 1 ftsll!ts testily in favour of ti 

mi,       Si   M ll"7.».v- "M«t»l»I.- cl«.l««wtii„„ diilVr« c-»,i«id.-™I,l.v fi-om tlu-o^   ! ^nation lms not vet been « 

«11, <I,,(;;,>
,.,;1",M-   ,1U> •,l,-vsit-»1 m<,,1('1 ^^^ detonation has U, |  ^avs registered a'verv shar 

at «   elsewhere (R,banm !«»««: Tn.linu.v Ä  Dr.unin  (<)(>(>) an«l therefore is,,      ^iieal s^nke (Drcnin'e/«,/. 
dis<uiss«.(l h«>re. In t his paper only detonat i 

/'////. Trims. R. Sue. Loi/,1. A (I !!!):>) 

a   !!".runeal S]) 
on waves with stable fronts are consider»,.',  |  ;ö the maximum reaction be» 
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Odiot   198<|*J«rer, it should he noted thatthe. insl iM.i ;   is 
anism has hnOHHbives. As far as powerful explosiver a   ' '  n 

h pi rainrUMir (Dremin 198:}).  It has been shevn rv|n, M 

t .ne (heniumpMHtion front surface; in Iic|iii<l exo'loTcic  rcl 
the rrocrtw'^Btenin k Savrov !!)(>(>). It means thai i IM  e   It i 
~Ho'vcvcr."..)Ä4tonation wave is considerably sine k   I hau 

'    in    he liJgKwmthe experiments. 
the cc nccptMtmßr second result of our investigations n     hi   : 
>sive i iolecuJ«(E»Wofcondensed exi)losives is directly <\li.1: :l I 
(   k fr>nt.Tlij8kbeen found that the detonation rear       ill 
iccion FCArtitj|m& chemical spike does not in pract i -a dip  r 
y in (he llt*l*Jp>ive charge (on explosive particle .• h:e. an 
)    oxperirortirafcieexplosive state, liquid or solid, and ■:       i   :■■ 
!      (trcmiaWmtturned out to he a characteristic of   he i '.   ' i i . 
)n-cqiiilibriiNJf   Kthe time depends only on the delonatiiau   "   ' 
|,XS; Dremio'll   in weak. For example, <(.s for the diele ire.     i 

oomporiliif ttius while the detonation wave pi:-;n -h la 
iirst iiitrafräiil «frious that the temperature of the rxplosiei a 
In aeeonlaÄl   piwre interval.  If the shock decunueisin in    i,. 

a first *üp(   jtbnism under ambient conditions, I la   clan a, 
/alucoflill («ever, experiment has shown that the depend, c 

)ive niolccollil    kwarching for an explanation for- the weak dop 

1 I 

!   a. ■    :e: ' na I  i a     aa . i 

,     : hi     ore-cut    |, llicl 

r ( u i nl a >n M ! nar ',... 

I     i     ''cod    |.-.it III..':-   Dl'   t   K' 

• (. I   ill.    111 ill   in  I in-  | nji'es. 

-,   a   kcliiiinov   lUTa')   The 

• I '  -,i ,i iiili i in- |'. ant i-i 1 out 
:, i -■< . ! !■.-.■ i a-| iei aha ice being 
a, 'i i A ; r_M s Iroin en. I .f> pa to 
in.,,: ,) I il'a to en. :M (il'a. It 

i;rf , i .n-idcrablv m t his same 
.nil-.!!', acre the same as the 

, '( would I»' much creatcr. 
il .' im pressure is really weak. 
deuce of /rs (/J). we surmize on 

the «tdfSt' possible  break-up   of explosive   molecule-,   during   the   process   o!   explosive 
plosive*'*!!   «ipssion within the detonation wave si k lout. It  has been assumed alter the 

mism of «if   fi) detonation theory  founders that detonation   reunions  proceed   in  a similar 
'on XeunUll   f»o thermal explosions.  (The considerations  propped  below arc also valid  lor 

vn thatijil (S explosion regularities.) If is known that dann- t he explosion induction period 
widetonaS Ration-stage time), which is Ihc main part d the entire reaction time only a 
ics. Howe#S|i Öportion of the explosive decomposes but. the reaction later becomes of an 
~1 trarufonifl  $kivc nature. It follows also from the theory thai I he ad ivat ion stage time of the 

the prowij qbive is a strong function ol the chemical state and. on I he contrary, the time for 

19G0). Onttff kfaal stages depends only weakly on the initial chemical si ale ( Krank Ixainenecky 
~iy < hcmim(|   K). Logically   the   surmise     whether   flu-   reaction   (ail   is   only   registered   at 

1 within tjy||  ifcoation-is based on understanding various feat uns of the explosion, which arc 
c-compm«*ll   (ttonlyasmall part, of the explosive decomposes during the explosion adivation- 
2l0 cxpluläri I*, and that the final stage of the explosion only depends weakly on the initial 

achcmÜifj   M». If this is so, it means that the process activation stage does not  take place 
.don into timM ÜBJ the explosive's compression within tin- shuck front.  In essence it  means the 

*j  Awing. Events which occur during the induction  period of a  thermal explosion 
"'1 cxplodwgf   fcup most of the time of explosion. However, in a detonation I ho events.proceed 

1070). OtatÜ ucder of magnitude faster within the extremely narrow shock front zone. The final 
n wave» itfttl!   ^» of both processes proceed rapidly with limes which depend only weakly on the 

^action «%»43  (fedstate of the explosive. 
>ntsurf»l%lfi kthould be mentioned that it has since become clear that some experimental 

a.d the fro* 
rom the odd* 

~"n haa taftfSiNT* registered a very sharp decrease of pressure (or particle velocity) within t lit 
3forc i« f^|»taical spike (Dremin el at. Ii)70; Seils el id. 1'ISi): ( Inni el al. li)Si)). It corresponds 

J considcw4?^|4e maximum reaction behind the delonul ion wave shock Iron!. Therefore, one 

*U testify in favour of the surmize. The point  is that  an induction period for 
ion has not. yet been observed in any of I he explosives investigated. One has 

1 Tnu. R. SOC. IMIIII. A (I !)!>:>) 
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(,()U1(1 ine,.,- |l,a| (he progress of Hie reaclioi. had been conditioned by ».»] 
preparatory process inside the shock ln.nl which is still beyond the reach «j 
observation bv present lecl.ni<|ncs. However, the possibility of the destruction «J 
complex polyatomic molecules inside the shock front has been substantiated Irj 
special experiments in which samples of am mat ie compounds (benzene, naphthalra-1 
antraccne) have been recovered and investigated after shocks of J.l-1..5(ih| 
(100-200 V) intensity. It was found that the compounds partly decomposed \<t 1 
1 %); the destruction corresponding to the rupture of bonds of the, benzene ring (s4 
Dremin & Habare 1DS2 and references therein). It should be noted that at the sas.4 
static pressure and temperature the compounds investigated never decom|«| 
entirely (Block rt nl. 1070). At normal pressure and high temperature th-| 
decompose without breaking the benzene ring. Chemical ring condensational 
hvdrocen elimination happen during (he process. Complete graphitization orraj 
when The temperature reaches a,. 2000 V (Ma-aril |<)70). Taking the above facts irt-j 
account, one can assume that the data testily in favour of the specific action ofllri 
shock wave front, that is. the shock front elfect is responsible for the umifal 
destruction products of the aromatic compounds observed in the experiments.     | 

Many explosives are complex organic compounds/therefore, t he decomposition 4 

the explosives molecules inside the shock wave front seem to be a highly proli&j M 
process. The portion decompose! is not known at present. Obviously it is sr*j Tiic ConsidcratiM 
rlm,,U)n „['the wave mfensity and can be s.enilicant at (he detonation ofpow*! ^ verifie(j by (p 

explosives in which the cl.emi.-al spike pressure amounts to ten or more gigahasciif   molpcules illsi(lc lA 

I along  a   one-dim« 

2   Results and Discussion j calculated by the noi 
,.,,,.!. fKlimenko & Drci- 

Naturallv the question arises: What is t he me.-hanism ol t he ml ralront destru<te|  ,h        tem (see fy 

of complex  explosive   molecules?  Some of our  papers  have  been  devoted to til 
problem (Dremin I97T. Dremin^ Shvedov 1070: Klimrnkoec Dremin 1980; Dnraj 
(987- Dremin rt al.  19S9). The ' accumulat ion mechanism' has been introduced Hi JB 
polyatomic  molc<adcs  (Klimcnko  &   Dreniin   19S0).  The gist   of (he accumulate! f} 
mechanism is as follows. Because of a tremendous rate of material loading inside.* I "f P^'ftbe ^ 
shock discontinuity zone (r, 10  '=■ s), an excessively lugh transla.ional temperate interaction  of thc^ 
(overheat) appears at  the beginning, and  it  is followed by the other-excitation, ^rated

1 
b

r>        f' 
L-Mun   bonds    The   overheat   effect   means   a   higher   temperature   level than Ü, 1000 m s    . Ihc nl 
equilibrium one behind the front. The over-equilibrium t ranslat ional temperate j potential 
arises due to the fact that  the kinetic part of the shock compression energy, ivhrtl ,        I 
behind theshock front, is e«,uallv d,s. nbul ,,1 among all I he (ranslat ional, v.brata, «as used to descnp 

n      otational degrees of freedom „HI,, polyatomic molecules, is absorbed only*, !*^t!al *™™% 

he   translational   degrees  of  freedom   within   the   shock   discontinuity  zone T, «™»*°     *™^ 
maximum translation«! temperature overheat value is 7;,„ = 2{„-lHT-T9)M »f^^Jt 
„ is the number of atoms in a molecule, and 7' and T are equilibrium temperate calculated ioi twcTS. 

in   front  of and   behind   the   shock   wave   front.   It   is  obvious   that  due to li-1 (a) re = 0.11 mgg 
translational   vibrational relaxation process the energy of the translational degmt ^ = < 5. ant]        M 
of freedom is redistributed to the vibrational degrees „f freedom. At first theencrrl "             = Q { { nm . 
(low will be directed towards those vibrat ional degrees nl freedom which are DM* * 
easily excited.  If I he energy How towards these degrees of freedom exceeds theh| One can see from Hi 
owiim to the vibrat ional  vil,rat ional relaxation  process, (hey will over-excite jxf predicted by Klügi 
decompose   faster  in   the  shock   front   than   behind   it.   where  the  state is one «j 0f the first excited 1 
equilibrium.                                                                                                                                     1 « quite probable^ 

,    .     ,,„, ,. I     «''• Trans. Ji. Soc. L 
1'hil. Trans. />'. Snr. Lnml. A (l!)'.rj) 
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Figure 1. Translations! temperature over heat  for two sets of Morse potential 
parameter values, (it) and (/;)• 

Iationofpo«««!    verified  by   direct   simulation   of  the   Vrmv> 
Pnore giga Ptmosäü! 

ltrafront destruction 
>ecn devoted to j$f. 
>Aiin 1980; Drm$ 
Btfcn introduced $ai' 

rf the accumuUtW' 
loading insult» tint- 

Considerations presented above arc phononienologieal    I lowove,, they have 
■"    ' ss   oi   excitation   ol   polyatomic 

kkules inside the shock 'irönUI)remin et uL 1980). The passage of the «hock wave 
* a one-dimensional   system   consisting   of   let ratomie   mo eeules   has   been 
Hated by the non-equilibrium molecule dynamic met hod developed •»   he «m D 

ffcenko&Dremin 1078; Dremm & Klunenko 11)81). There were 150 molecules in 

jinystem (see figure 1). The exponential (5 potential 

(> 
Y(r) E 

-C 
:exp oc\ -- 

a - 

A parameters e = S0K,a= V.U) and  a = O.IJSS nm, was used to describe the 
onal temper.!». Won of the  various  atoms  m  di.leren.   molecules,     ho«  -vc    «as 

.othor-excitati^^l-tedby the  forced   motion   ol   the   boundary   m,  ecule        h.    u     ^   « 
'. The motion, in essence, is the shook wave part. cleNcloeilN  I .  I he Moisc 

tc 

> 

(/>(>■) = I){\ -exp | -£((r//;.)- I)]!'J 

fcÄe ^eve'tnan '^'i^m s_ 

aAnal temperatw Jf W'ntial 

■sWon enercy, whkÄ I . .   ., ,     ,K, nn,„ 
lational, vibrato f^d to describe the interaction of neighbouring atoms mside   he molecules   1   c 
■absorbed onlv^i*n.ial parameters were varied to change the characteristic frequencies oi the 

nuity zonc/lfcV Impending bonds. The traus.at.onal temperature 1[ as we as the pi s o the 
L-1)(T-T0). «!»» fictional temperatures '/;,, 7'v. and 7'v, ol the three bonds m the molecule have been 
bfiwun temperate» fclated for two sets of Morse potential parameters values. 

Ahat due to tip■':' 
•nnslational (legm* 
At first, the enw^j [ 

ofi which an- r»*§ ; 
™ exceeds the km;,. 

vill over-excite 

ij re = 0.11 nra; l\ 
• 1.5; and 

5.10' K.C, = '2.r>; /).. = 7.1(W K. £, = 2.5;//,= 1.5 104 K, 

Ajre = 0.11 nm; /;, =/>, /;;i = :uol K, £, = £. = £:, = -•<>■ 

ran see from the figure that the translalional temperature overheat (which was 
cted by Klimenko & Dremin (1980)) takes place in both cases. As to overheat 

4e can; 
*iiicted by ui....v...w ^ ■-■-  v---   ,, . . T 

state is one «f^d, firat excited mode, it has not been observed in this numerical experiment. It 
bable that the fact that the model is only one-dimensional is responsible 
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:«)0 .1. A'. I>n niiii Shock I 
for the iKxr-Uive refill    However   (his does not exclude the phenomenon for other I she activation   energy   for 

complex molecules 1 l971>- Becausc of f° '^ " 
The origin of the t ranslat ional temperature overheat  is of great significance fc | extremely fast and is all, 

understanding Hie meehanisms of Hie shock compression of complex molecules, lb)- 
t ranslat ional temperat ure overheat for molecules consisting of (ens of atoms can I» 
tens   of  thousands   of  degrees   for   shock   wave   intensities   characteristic  of tb< 
,1,.(„nation of powerful explosives. At sueh temperatures the process of electronic j    Thus,   in   accordance 
excitation (activation enertiv 2 5 cV {Harltrop cv Covle l!»7f>)) find even the thenni! 1 mechanism of condensed ex 
ionization process (activation ener-iv (i   10 eV (Koii.lrat lev   1071)) hecome possilA     >pA' mechanism. The mW 
•    ■ i    ii        ■  ,.i,,,.,i .,,,.,,. I decomposition process d(M inside (ho ovcrlieat  /.one. | i ' tgg 

'Thus (he non-equilibrium dissocial ion of polyatomic molecules inside th» j cast or liquid) ot (lie exp 
detonation wave shock front .-an proceed m three ways: through t he accumulator, } principal stage is the first ir 
mechanism thro-mh electronic excilalinn as well as l.y thermal ionization. Tbr j for the most slowly exeitH, 

a(,.ulnt,la(ion mechanism has been developed before (Klimenko & Dremin 19S0. > «cited (ca. 10" _ s). 1 he» 
Dremin el al 1!)SI : Dremin IUS7). The decomposition mechanism through therma.' f time duration (Klimenko cV 
ionization has not been invest mated so far. As far as dccomposH ion by electron!* j m\ non-equilibrium desg 
ex(atati()nisc<)n<rrii('(l.th(Mvarcso...(-experiiiie.ital(latasupporHngthemcchaiiisr:. j first stage and it leads f§ 

For example hexogen (KDX. cvclot riincthvle.ie t rinitran.ine) samples recovered in j 4rtonation products durm; 

special ampoules after the chert' of shocks of L'.II -1.0 CI'M have been investigated!.! I donation decomposing 

X-ray photoelect ron spectroseopv and paramagnetic resonance methods (Owens i | «tage has not been uivc« 
Sharma 1<)70) It has been found that shock <lecomposit ion products of hexogre I Iren developed by J< rcmTT 
differ from those of its thermal decomposit ion. and arc identical to those of (1, f dentists (see Schmidt ctm 
photochemical decomposit ion. The data testify in favour of decomposition U 1 »hock processes. Howov« 
electronic excitation under the shock, because it is well known (hat the photochemical I the present still msufl.c.» 
decomposition proceeds through the oledroiur excitation. It is interesting to notr I elation of about 1 ns ha 
that the bonds in the hexogen molecule whose destruction is the origin of UV I She study of the problem* 

recovered products, are i.lculical to (hose excited bonds observed with high-sH «™ller; Therefore onq| 
Raman spectrometrv in theshock-compressed slate of hexogen (i)elpueehrl «/.19SI- | m,t hods of at least pieos 
Dufort & Delpuech 15)85: Dclpuech IDS!)), 'the in ves( igat ion has shown tbi I possibility of studying tlio 
approximatelv 100 ns behind the shock Iron, of KKM'i. inlensi.y (he excited bond. | finical pathway^contr» 
are the bonds' of the nit ro-roups with (he nilroeam of the ring. |      In spite of the fact « 

Besides the aforesaid, the smnilicant assumption of some preliminary electron« 1 «plosives presented abov 
excitation of the molecules, introduced (o explain (he experimentally observe* j Avance a certain hyp<|> 
eorrelation between the electron slruclure of the molecules and their detonate f «plosive, the eectronngf 
abihfv should also be noted (Odiot ,/ „/. IUS(i). However, the assumption has kv- j that it favours he explos, 
i,,,.,,,,'!,,,,..! without a, iv reliable and convincing i„l erprel a( ion of (he excitation. But | .Inch molecule bonds cxg 
In,,,, the results oblaiued l,v us il follows (hat i( is j.isl the high-energy molccukr f the problem needs some« 
collisions inside (he (ranslal ional lemperalure overheal .one thai air responsible k \ anneal pathways of mffli 

"it rs'obvious (hat owing to the three aforementioned ways in which polyatomic j ^M 

moleoulos can  be destroyed  inside  (he delonalion  wave shock   ln.nl. some act.u | ^.^ "    '                   ■ 
partiell- (radicals, ions and so on) will originale. The particles behave as if they hd | 
been injected into the compressed and healed explosive.  Naturally, they influent | 
the   subsequent   decomposition   of  the   explosive,   'flic   explosive   detonation de | ?M\lwpt j. A. & doylc, .). _ 
composition proceeds behind the shock front  (that  is. during the second afterfror*. j ^.^ s> Weiri (<_ K   & Vivr 

stage) in a stale of chemical and t hermodynamic equilibrium when the translations.' | 2,,tracene at high pressing, 
tetnperaturo overheal and overexcilal ion of certain bonds disappear. The intcractic; | toffey, C. S. & Toton, E.TM 

of the explosive molecules will, (he active pari ides original u.g inside (he front (tk J «.lid explosives. J  rhr,,,m 
is, during the first intrafronl stage) is the main process behind the front. As a nr> | Mpuech. A. F, & Chervil,^ 

1 
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► Kivation energy for M.is interaction is low (Ö 15 keal mob>) (kondrat.ev 
11} Because of the'low value of the activation energy the doeompos.tion proceeds 

bracly fast and is almost independent of the temperature change, 

3. Conclusions 

1* in accordance with our conception of the detonation decomposition 
-iuiism of condensed explosives reaction is homogeneous rather than by the hot 
fmcchanism/riuMneclKunsnmrgularitiesa.vtheexplosn-escharacfenskcs. i he 

«^position process does not depend on the initial physical state (powder, pressed, 

lr,\;n„\A\ „F H,r cvnlosive charue.  The  process  consists of   two stages,   the 

f great significance ijj Rwnely fast 
nplex molecules.!^ 

; of tens of atoms cani*| 
haraeteristic of tfel 

[process of electroisl  Sis, in  accordance   with   oui 
ind even the the 

1974)) become pos.-Äp 

olecules   inside mm or liquid) of the explosive charge 

ough the accumi. 
final  ionization. 

ko & Dremin 
inisin through themÄ;duration (KlimonKo ,v, wremin i;wo , i\mm-...w ^ ■-- /  

■ --■*  '„„ (>f some explosive molecules fakes place during the 

:de Ite« or liquid) ot tne explosive CM,u^,r.   . ...   |  
ulaüAipalstagc is th«>. first, intmfn.nt stage. I.sduration is equal to the t,me necessary 

>n. T&i*most slowly excited bonds of complex polyatomic explosiv molecules t^be 
l l^fcl[ca 10-'° s) The stage begins with the shock discontinuity zone ot ca. It) s 
hoifteJuration(Klinu'nU«)& Dremin IH7S; Klimenko.v Dremin 1980). The activation 

I'sifion by electrtdrfcon-equilibrium destruction of some explosive molecules fakes place during the 
ting the mechanic* stage and it leads to the last  transformation of  the explosive into the hnal 
amples recovered »nation products during the second stage. So, the first stage largely governs the 

e been investigated Action decomposition regularities of condensed explosives, Imlortunalely tins 
«methods (Owen***? has not been  investigate,! yet. Some  Raman speelroscopy techniques have 

roducts of hnvn^C^vnloned bv Kreuch (see Delpueeh 1<)K!) and relerences therein) and American 
,idt el til 1!)S(W/, b and relerences therein) for the investigation ot 
nvever, the spectral and time resolution of (he techniques is for 
ultieien't. Indeed the spectral resolution of 10-20% and the time 

1 ns have been achieved. It is evidently too low a resolution for 
.KI,>„, ,li^.,,^,>,l «incd hi-entire time of the int ra front stage is even 

roducts of hexopsiawdeveloped by Kreuch (see Delpueeh 1!)S< 

ntical to those of tSa|l*s!uts (see Schm' " 

jJL decomposition Ij-jpwk processes. Il< 
St the photochemie^l«*present still insi 
W interesting to iK$|l&räticm of about 

i  is the origin 
I cd with high- 

»elpuech et 
ion   has  show 

the excited I 

in of l&f&tfudy of the problem discussed since the entire time of the mtrafronf stageis even 
gh-Wi^r. Therefore, .me now needs clal.orat ion of theoretical and experimental 
ariWI$&*xls of at least picosecond resolving power. In that case one will have the 

■WiWbflfi W>ility of studying the stage in detail. Obviously, until the problem is solved the 
cd Ixwi* jitieal pathway controlling explosive energy release will be unknown. 

: k-spite of the fact that the detonation decomposition mechanism of condensed 
Summary electro Itjteives presented above is still mostly «|..alitat ive. it is possible even now to 
^mentally observ^ puice a certain hypothesis: the highesl <letonal,on ability corresponds to the 
Id their detonntke iöfcsive, the electronic structure of which changes at <■on.prcss.on ... such a way 
■sumption has fa* f tit it Favours the explosive molecules electron excitation, as well as exp os.ves in 

>f the excitation, l^fc 
»-energy moleeufcr  {»problem needs some further invest igat.on.  Probably it  will be solved when the 

are responsible fr# jvsk-al pathways of molecules inside t he detonal .on wave shock front are studied 

It.ic the very beginning of explosive loading. 

«which polyatoroSf 
ront, some netiw   _ 

avc as if thev h*§   I^'"1" 

U*orW.Byers   Brown   an.l   l>r   .1. !v KiH.l   arc   thanked   lor   the.r   ed.lorial   werk   en   the 
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Modeling Shock-Compression of Porous Composite 
Materials and Correlation with Observed Behavior* 

M. R. Baer, M.U. Anderson and R. A. Graham 
Sandia National Laboratories, Albuquerque, NM 

The dynamic response of granular energetic materials involves a complex 
interaction of thermal, mechanical, and chemical processes associated with disper- 
sive waves. Continuum mixture theory provides a foundation for theoretical descrip- 
tion of combustion behavior and a key element to this approach is the treatment of 
volume fraction as independent kinematic variables1. Thus, compressibility of all 
phases is modeled without any compromise on compaction behavior. Extensive 
modeling at a variety of loading conditions and porous states has shown that disper- 
sive compaction waves trigger complex thermal, mechanical, and chemical behav- 
ior. For example, the combustion leading to the onset of deflagration-to-detonation 
transition (DDT) in granular explosives is known to involve complex combustion 
processes near compaction and shock fronts and numerical simulations of low-veloc- 
ity impact, using a multiphase model, have provided detailed insights to the compli- 
cated nature of combustion and the wave mechanics. The incorporation of this model 
into multi-material hydrocode analysis are discussed to address the effects of con- 
finement and its influence on accelerated combustion behavior. 

In extending this modeling to composite blends of inert and reactive pow- 
ders, continuum mixture theory has been formulated to treat multicomponent blends 
of powders in which more than two materials coexist at every point. The resulting 
sets of balance laws describe the continuum nature of the individual materials and 
the interactions between all components. Sets of interaction laws are suggested from 
the constraints from the Second Law and multiple rate dependent laws are derived to 
describe dynamic compaction. With this complex framework, combined theoretical 
and experimental studies is essential to explore the nature of the microscale pro- 
cesses of consolidation, deformation and reaction which are the key features of 
shock response of porous materials. 

The experimental studies focus on the use of PVDF piezoelectric polymer 
stress-rate gauge to precisely measure the input and propagating shock stress 
response of porous materials. In addition to single constituent porous materials, such 
as granular HMX, resolved shock waves in porous composite intermetallic powders 
has confirmed the dispersive wave nature which is highly morphologically and mate- 
rial dependent. 

1 Baer, M. R. and Nunziato, J. W., "A Two-Phase Mixture Theory for the Deflagration-to-Detona- 
tion Transition (DDT) in Reactive Granular Materials", Inter. Journal of Multiphase Flow, V12, 
no. 6, 1986. 

* This work was preformed at Sandia National Laboratories, supported by the US Dept. of Energy, 
under contract DE-AC04-76DP00789 



A model for the shock behavior in a blend of 2A1 + Fe203 powders has been 
formulated whereby a three phase system is considered and relative flow effects are 
ignored. Shock loading conditions are considered in which no chemistry is induced. 
Numerical solution of the resulting field equations demonstrates that dispersive 
waves are produced which are not in thermodynamic equilibrium. Furthermore, 
numerical solutions also demonstrate that much of the deformation at the granular 
level takes place in the Fe203 material consistent with recovery observations. This 
preliminary study suggests that the multiphase nonequilibrium mixture model well 
describes the shock-induced behavior of composite materials. Future work will 
include chemistry and examine shock loading conditions with energy release 
induced during the dynamic compaction of the mixed powders. 

Additional references: 

M. R. Baer, J. W. Nunziatio, P. F. Embid, "Deflagration-to-Detonation in Reactive Granular Mate- 
rials", Numerical Approaches to Combustioini Modeling, Progress in Astronautics and Aeronau- 
tics, 1991,Vol. 135, Chapter 19. 

M. R. Baer, J. W. Nunziato, "Compressive Combustion of Granular Materials Induced by Low- 
Velocity Impact", Ninth Symposium (International) on Detonation, Vol I, OCNR 113291-7, pp 
293-305. 

M. R. Baer, "Numerical Studies of Dynamic Compaction of Inert and Energetic Granular Materi- 
als", J. of Applied Mechanics, Vol 55, 1988, pp 36-43. 

P. F. Embid and Baer, M. R., "Mathematical Analysis of a Two-Phase Continuum Mixture The- 
ory", Continuum Mechanics and Thermodynamics, 4, 1992, pp 279-312. 
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MECHANISM OF SHOCK-INDUCED MECHANOCHEMISTRY 

John J. Gilman 
Department of Materials Science and Engineering 

University of California at Los Angeles 
Los Angeles, California, 90024 

Mechanochemistry means chemical reactions driven by large mechanical strains. It was first reported 
by Bridgman in 1935, and since then studied extensively by Enikolopyan and by Boldyrev in Russia as well as 
Sohma in Japan. It is athermal; that is, independent of temperature, although it may sometimes be assisted 
by temperature. The mechanical strains affect the electronic structures of solids (or rapidly loaded liquids). 
If the overall strain tensor is compressive, shear strains are particularly important because they bend covalent 
bonds, thereby tending to close the LUMO-HOMO energy gaps. 

Closure of a LUMO-HOMO gap causes metallization. That is, it allows the bonding electrons to 
become delocalized, and thereby to rearrange as needed to carry out a chemical reaction. Since the process 
is electronic, it can proceed at a very high rate. Thus this mechanism can keep up with sharp shock fronts. 

If the overall strain tensor is tensile, a potential is developed which causes bonding electrons to tunnel 
across the LUMO-HOMO gap into anti-bonding states. That is, dissociation occurs. But this process will not 
be discussed further here since it does not lead to chemical reactions. 

Evidence of LUMO-HOMO gap closure is provided by the monomolecular reactions that occur in 
covalent solids when they are subjected to compression; either in high-pressure cells, or during the formation 
of indentation hardness impressions. Eight cases are known in which cubic covalent semiconductors change 
their structures from the diamond-type to the beta-tin-type, and simultaneously become metallic. Evidence 
is also present under shock conditions where large increases in electrical conductivity have been observed just 
behind shock fronts by the Russian group of Zeldovich, by Melvin Cook, and by others. Also, optical opacity 
has been observed at detonation fronts. This indicates a high level of electrical conductivity at the front. 

Further evidence that closure of the LUMO-HOMO gap plays an important role in mechanochemical 
reactions is provided by the fact that the stabilities of aminated trinitrobenzenes correlate linearly with their 
gaps. In the series: trinitro-benzene, monoamino-trinitro-benzene, diamino-trinitro-benzene, and triamino- 
trinitro-benzene; the LUMO-HOMO gap increases as does the stability. That is, TB is a very sensitive 
explosive, whereas TATB is quite insensitive. 

The state of strain at a shock front is uniaxial compression. This is a combination of shear and 
isotropic compression. Behind the front the shear strains may, or may not, be relaxed through plastic flow 
or other processes, but initially the front imposes both shear and isotropic compression on the material. Since 
electronic processes are at least 10X as fast as acoustic processes this means that any changes that might be 
induced by the shear strains will have adequate time to occur. It also means that the material cannot escape 
being severely sheared as a high amplitude shock passes through it. This is emphasized here because much 
of the literature an shock-induced processes ignores shear effects. 

Shear effects are expected to be more important in most cases than the effects of isotropic 
compression for the following reasons: a. they cause the major part of the heating if the material is porous; 
b. covalent bonds having smaller bending force constants than compression force constants; c. shear strains 
cause larger changes in the electronic structures of materials than isotropic compressions do because they 
reduce the symmetry of the molecular structure; and d. shear strains cause shape changes and this is consistent 
with the molecular shape changes that occur during chemical reactions. 

A specific example of a shock induced reaction is the polymerization of benzene. This has been 
analyzed by Gilman and Armstrong. Its molecules are known to polymerize under quasi-static conditions at 
imposed pressures above 4 GPa. with temperatures above 600°C. It was suggested that the polymerization 
process starts with the combination of two benzene molecules to form one biphenyl molecule followed by 
further carbon additions and hydrogen subtractions to build up polyphenylenes; and other polymers. 
Normally flat benzene molecules buckle under compression applied parallel to their planes into the chair 
configuration. This deformation largely destroys the 7r-bonding, raising the energy level of the HOMO level, 
and lowering the LUMO level, thereby eliminating the HOMO-LUMO gap. Thus the bonding electrons are 
delocalized, allowing polymerization to proceed. The critical strain for this is estimated from molecular 
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mechanics. The bond lengths do not change, while the bond angles change from 120° to 109.5°. The compres- 
sive strain is about -4.3%; assuming that the molecules contract laterally by -5.7%. The volume change is 
about -5%. The carbon molecular orbitals change from the sp trigonal type of benzene, to the sp^ 
tetrahedral type of methane and diamond. 

According to ultraviolet spectroscopy, the magnitude of the LUMO-HOMO gap is 3.65 eV.  The 
molecular volume is 127 Ä , so the excitation energy density (in mechanical units) is 4.6 GPa. 
Both static, and dynamic, studies of compressed benzene indicate that polymerization occurs when the 
macroscopic compression reaches about 0.5 at pressures in the range: 10-20 GPa.  Electrical conduction at 
both low and high frequencies is also observed as expected from the present model. 

Shock impact data provide the clearest benchmark for the onset of polymerization. It occurs at about 
15 GPa., and a macroscopic uniaxial compression of 0.5, yielding a work of compression of about 7.5 GPa. 
But only part of this can be associated with shear strains. Multiplying by 3/5 ths (the average ratio of the shear 
to the bulk modulus) gives 4.5 GPa. which is remarkably close to the necessary excitation energy-density given 
above. 

Now turn to the azides. They explode through decomposition of the azide ion, yielding nitrogen gas. 
This consists of three nitrogen atoms (usually in a linear array) bound together by a a-orbital and two TT- 

orbitals. If the ion is bent, the Tr-orbitals must be substantially disturbed, thereby raising the bonding level 
(HOMO) and lowering the antibonding level (LUMO). 

Initially the energy gap in Pb(Nj)2 is 1.64 eV. (the first exciton level is 1.26 eV.) Bending a linear 
triad shortens its length. If the bend angle is 8, the longitudinal strain is (1 - cos 5)/2. The work of bending 
is about (kgS^)/2 where kg is the bending force constant = 4.63 eV/rad. Thus the work equals the initial gap 
when 5 = 0.84 rad., or the critical longitudinal strain = 0.17. Since the compressive strains at detonation 
fronts in lead azide are observed to be as much as 0.5, this is a very reasonable estimate. 

Next, consider the ammonium ion. In this case strain has two effects because the ion is not 
centrosymmetric. One is reduction of the HOMO-LUMO gap through bond-bending; and the other is 
polarization of the ion through internal charge displacement. An unstrained ammonium ion which has the 
form of a tetrahedron with hydrogen nuclei at the corners. Each corner is a bond length, b away from the 
central nitrogen nucleus. The molecule has four each of two principle symmetry axes: one is two-fold, the 
other three-fold. Thus there are two principle deformation modes. Compression along the two-fold axis 
increases two of the bond angles, while compression along the three-fold axis second increases three of the 
bond angles; and in addition (at constant bond length), brings the central N-atom closer to the plane of three 
H-atoms that lies perpendicular to the compression axis than to the H-atom at the apex. This causes a net 
charge displacement. That is, to a piezoelectrically induced internal electric fields. If 633 is the compressive 
strains, and the bond length is b, then the electrostatic energy change is about (3q /4b)e33 where q = one 
electronic charge. If the strain is 0.2, since b = 1.1 Ä, the change in energy is about 2 eV; and the local 
electric field is very high, about 2.4 x 10     V/m. 

The nitrate ion and PETN have been discussed in one of the references. 

The resonance binding energy per 7r-electron correlates quite well with the HOMO-LUMO energy 
gap for a large number of aromatic molecules. Thus the chemical "hardnesses" of molecules largely determine 
their sensitivities to shock-induced chemical reactions. 

Related references by the author: 

"Metallization at Microindentations", Mat. Res. Soc. Symp. Proa, 276, 191 (1992). 
"Shear-induced Metallization", Phil. Mag. B, 67, 207 (1993). 
"Metallization and Insulizatiion During Impact", Int. Jour. Impact Eng., 14» 291 (1993). 
"Shear-induced Polymerization of Benzene", with R. W. Armstrong, to be publ. in Shock Compression of 

Condensed Matter - 1993, Proc. APS Topical Meeting (1994). 
"Strain-induced Chemical Reactions at Detonation Fronts", ibid. 
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INTRODUCTION 

In about 1843, James Joule demonstrated that mechanical work and 

thermal energy are equivalent. Therefore, since thermal energy affects 

chemical reactions, mechanical strain energy might be expected to affect them 

under appropriate conditions. Thus mechano-chemistry would stand alongside 

thermo-chemistry, photo-chemistry, electro-chemistry, radio-chemistry, and 

others. This mechanical/chemical alliance has little importance for the 

traditional phases of chemistry, gases and liquids, because they do not sustain 

shear deformations; but it is of great importance for solids. 

The usual approach is the view that strain energy can assist thermal 

energy to enable reactions. In this approach, the mechanical work done to 

reach an activated state is subtracted from the activation energy. However, at 

temperatures below the Debye temperature of a solid, the strain energy density 

at the beginning of a reaction is often large compared with the thermal energy 

density. Thus, it alone can cause reactions. In this regime, therefore, it is 

more appropriate to say that thermal energy can assist strain energy to enable 

a reaction rather than the inverse. 



During chemical reactions the primary geometric changes are those of 

shape. Changes of volume secondary. Typical reactions do not change the 

sums of the atomic volumes (to a first approximation). But reactions do 

change the arrangements of the atoms, so the shapes of the products of a 

reaction are often quite different from the shapes of the reactants. Therefore, 

shear deformations gain their importance through LeChatelier's principle. This 

is aided by the fact that the force constants for bond-bending are 4-5 times 

smaller than those for bond-stretching/compressing. 

Shear deformations affect chemical reactions principally by causing 

changes in the electronic structures of molecules, or of crystals. The most 

important of these are changes in the energy differences between the highest 

bonding orbitals (HOMO-usually occupied by a pair of electrons in the 

ground-state), and the lowest anti-bonding orbitals (LUMO-usually unoccupied 

in the ground-state). 

Viewgraph 1 - Effect of bond bending on LUMO-HOMO gap 

Large shear strains cause the HOMO-LUMO gap to close making it easier for 

the bonding electrons to enter the anti-bondng states where they become 

delocalized, and able to move freely from one location to another; that is, to 
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execute a chemical reaction. 

Shear has a much larger effect on the electronic structure of a collection 

of atoms than does a change of volume. The reason is that it reduces the 

symmetry of the atomic array while a volume change does not. The effects 

may belong to one of two modes. In the first mode, shear strain rearranges 

the electrons without moving the center of negative charge away from the 

center of positive charge. This is the homopolar mode. In the second, the 

heteropolar mode, the initial symmetry of the array is not centrosymmetric. 

Therefore, in this mode, shear strain separates the centers of negative and 

positive charge, thereby creating an electrostatic dipole. The local electric field 

of this dipole affects the LUMO-HOMO gap. 

EXAMPLES 

A striking example of the effect of shear strain is the effect it has on 

crystals with the diamond (or the closely related zincblende) structure. Some 

splecific cases being silicon, germanium, and indium antimoniode. When 

these are compressed along the four-fold axes of their structures, they cease 

being semiconductors to become metals, and they acquire the crystallographic 

structure of ß-tin (the "white" tin-can kind). The chemical bond lengths change 

very little during this transformation, but the angles between the bonds become 



-4- 

markedly sheared: 

Viewgraph 2 - Change of diamond to beta-Sn structure. 

Viewgraph 3 - Another view of the diamond/beta-Sn structure 

change; emphasizing the shear strain. 

Evidence that the shear strain is the important factor is provided by the fact 

that, at the critcal strain, the work done in bending the bonds to reach the new 

structure is approximately equal to the LUMO-HOMO energy gap: 

Viewgraph 4 - Correlation between work of bond-bending and 

energy gaps. 

The relative importance of the sherar strain can also be seen by 

comparing the fractional changes in the structural parameters that occur during 

the diamond/beta-Sn transformation: 

Viewgraph 5 - For the eight known cases, the average fractional 

bond length changes compared with the fractional 

amounts of bond-bending during the transformation of 

the diamond structure into the beta-Sn structure. 
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It is concluded from these facts that bond-bending in compressed covalently 

bonded specimens has more effect on the electronic structure than increasing 

or decreasing the lengths of covalent bonds. 

On the other hand, if the material is put into simple tension, the gap 

does not close; and at high enough tensions the material fractures. At low 

temperatures, this is clearly an athermal, mechanically-induced phenomenon, 

but it will not be discussed further here. 

Estimates have been made of the strains needed to close the LUMO- 

HOMO gaps in some chemical species, and then compared with what is known 

about their reactivities. The first case to be discussed is that of the 

polymerization of benzene under shock conditions. This case was has been 

discussed previously by Armstrong and Gilman. They considered the 

possibility that when initially flat benzene molecules are compressed along an 

axis lying in the planes of the molecules they buckle into the chair 

configuration: 

Viewgraph 6 - Buckling of a benzene molecule. 

This would change their C-C bond angles from 120 ° to 109.5 ° and close their 

LUMO-HOMO energy gaps: 
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Viewgraph 7 - Correlation diagram for benzene molecule. 

The stress required to do this was estimated from the known vibrational force 

constants. It was found to be consistent with transformation data from shock 

experiments. 

Also, using a molecular mechanics approach, Gilman studied what the 

effects of strain might be in the decomposition of some energetic molecules: 

azide ions, ammonium ions, nitrate ions, and PETN molecules. The objective 

was to estimate how much shear strain is needed to close their LUMO-HOMO 

gaps, thereby alowing them to decompose. The estimated critical strains are: 

Viewgraph 8 - Critical Strains for Gap Closures 

Estimated 
Critical 

Species Strain 

Azide ion 0.17 
Ammonium ion      0.20 
Nitrate ion       0.21 
PETN 0.21 

Note that the critical strains are similar for the various molecular species. 

However, since the force constants vary, the critical stresses are quite different. 

For the non-centrosymmetric nitrate ion (triangular) there is a piezoelectric 
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effect in additiion to the bond-bending effect: 

Viewgraph 9 - Nitrate ion. 

However, the energy change associated with the piezoelectric effect for a given 

strain is smaller than the change associated with the work of bond bending, so 

the latter is the most important effect. This was hsown by writing an 

expression for the two terms as functions of the strain. Then the sum of these 

was equated to the LUMO-HOMO gap, yielding a quadratic equation in the 

strain. This was solved for the critcal strain. Finally, the solution was 

substituted back into the quadratic equation to evaluate the two terms; 

showing that the bond-bending term is the largest: 

Viewgraph 10 - Critical Strain for the Nitrate Ion 

The effects of large mechanical strains can be dramatic. As long ao as 

1935, Bridgman reported that several of the specimens he studied exploded 

when the anvils he used were compressed and twisted. In more recent years, 

Enikolopyan and his co-workers studied these fast reactions in considerable 

detail. The reaction types included decompositions, substitutions, additions, 
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and polymerizations; both endo- and exo-thermic. The components were both 

organic and inorganic substances. Among the many reactions were those of 

the highly exothermic "thermite" type: 

Viewgraph 10 - Two "thermite" reactions. 

2A1 + Fe203 -» A1203 + 2Fe 

3Mg + Fe203 -> 3MgO + 2Fe 

When pellets of the reactants were compressed between Bridgman anvils to 5- 

15 kbar. they often exploded without gas generation, and without any observ- 

able temperature rise. The reaction times were less than 10" sec. Thus, since 

the reacting particles were as large as 1 mm., the detonation front velocities 

could be as large as 106 cm/sec. The energy release is much larger than the 

initial elastic strain energy which acts only in an initiation role. Enikolopyan 

concludes: "we observed the formation and propagation of a powerful detona- 

tion wave in solid substances at room temperature without the formation of 

gaseous substances. This indicates unambiguously that in solid substances 

there is a mechanism of direct conversion of chemical energy into mechanical 

energy without a gas phase". 

A likely mechanism is that the electronic structure is changed by finite 
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bending of one or more covalent bonds. By analogy with the metallization 

that this causes in semiconductors, this causes delocalization of the bonding 

electrons. Thus a very dense plasma is created which allows fast chemical 

reactions. 

Enikolopyan has pointed out that his observations imply very fast 

diffusion of the atomic components; a few orders of magnitude faster than the 

diffusion rates observed in liquids. This is consistent with the idea that one is 

dealing with a plasma where the limiting diffusion rate is about 5 x 10 

cm /sec, according to the Einstein-Smoluchowski equation. 

METALS 

So far what I have discussed refers to covalently bonded solids in which 

the spJ hybrid orbitals are most important. But similar mechanisms apply for 

the transition metals where spd hybrid orbitals are responsible for most of the 

bonding. 

PROPOSED METHODS FOR VERIFICATION OF THE MECHANISMS 

Although many practical phenomena involve mechanochemistry, system- 

atic srudies of the underlying phenomena are rare. Some of the mechano- 

chemical phenomena are: 
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1. The types observed by Bridgman and Enikolopyan between compressed and 

twisted anvils, such as: Mg plus Si02 yielding Si and MgO; explosion of 

hydrated cupric sulfate to yield Cu metal; decomposition of PbO yielding Pb; 

cross-linking of polymers; the thermite reaction; and many more. 

2. The effects of mechanical strain on the photochemical reactions studied by 

McBride and coworkers. 

3. The ultra-fast reactions at detonation fronts. 

4. Decomposition reactions in polymer systems at low temperatures as studied 

by Boldyrev and Sohma. 

5. Mechanical alloying. 

6. Shock synthesis. 

7. Friction and wear. 

8. Cutting processes. 

9. Biological systems. 

SHEAR STRAINS AT SHOCK FRONTS 

In the case of solids, the hydrodynamic approximation is an over-simpli- 

fication; especially for transtion metals and covalently bonded substances. One 

reason is that relaxation of the shear strains is a very slow process compared 

with the rates of many electronic processes.  Furthermore, on the molecular 
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scale, the large shear strains can never be completely relaxed: 

Viewgraph 11 - Large shear strains in both unrelaxed and relaxed 

shock fronts. 

SOME GENERAL IMPLICATIONS 

Some general implications should be mentioned of the fact that the 

energies of most substances are affected by microscopic shear strains. The first 

of these is that the shear part of the strain energy tensor cannot be neglected 

when the thermodynamic functions of solids are being calculated, nor can the 

transverse vibrational frequencies of a solid. All too often only the isotropic 

strains are considered.  Most textbooks ignore the shears. 

Furthermore, the surface energy should not be treated as a scalar, or as 

a vector quantity. It behaves like a second order tensor with less symmetry 

than that of the bulk solid. This implies, in turn, that the surface of a solid has 

a finite thickness. 

MICROSCOPIC STUDIES 

Most of the studies to date of mechanochemical effects have been 

phenomenological. Spin-resonance for detecting free radicals is an exception. 
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However, other techniques could be used: 

1. Optical absorption to follow the  effect of strain on LUMO-HOMO gaps. 

2. Surface generation of second-harmonic optical beams to see the effects of 

anisotropy and electron delocalizatiion (increased polarizability) as gap 

closure is approached. 

3. Examine changes in charge density waves when large strains are applied to 

appropriate solids. 

4. Chemical probes may also be used. At surfaces changes in rates of adsorp- 

tion, or reaction-rate, caused by large strains could be examined. 

5. Sensitive molecules (small LUMO-HOMO gaps) might be isolated within 

a matirx of insensitive molecules, and then studied with optical probes. 

CONCLUSION 

Numerous solid-state chemical reactions can be induced by mechanical 

driving potentials with or without the assistance of temperature. For covalently 

bonded solids, strained in compression, these reactions occur because the 

strain causes finite amounts of bond-bending which reduces, or closes, the 

LUMO-HOMO gaps of the reactants, thereby delocalizing the bonding 

electrons and allowing a reaction to proceed. 
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One pertinent fact is that uniaxial compression (a combination of isotropic 
compressive and shear strains) induces the transition to the metallic state at much 
lower stresses than those required for isotropic compression. This has been noted in 
passing but largely ignored. In the case of silicon the difference can be 40% or more; so 
the effect is not small (Gupta and Ruoff 1980). Further evidence of the importance of 
shear is provided by the crystallographic data that will be presented here. 

A prototype transformation for semiconductors occurs when the diamond- 
framework, tetrahedrally bonded crystals (IV, III-V and II-VI types) are compressed. 
For eight known cases the cubic diamond framework becomes the tetragonal ß-tin 
framework. In the latter structure, the crystals are metallic (for tin itself the resistivity is 
not isotropic, being different parallel and perpendicular to the tetragonal axis). 

As Musgrave and Pople (1962) have pointed out, the ß-tin framework can be 
reached by compressing the diamond framework along its cube edge while allowing it 
to expand laterally (fig. 1). The elementary deformation consists of compressing a 
tetrahedral bonding unit along an axis that passes through its centre and bisects the 
opposite edges, plus the topological constraint that 'bond rings' such as ABCDEF 

Fig. 1 

Schematic relationships between the diamond and ß-tin frameworks. For tin. 6C = 109-5°, 
61 = 149-5° and 02 = 94°. Note that the 'boat ring' ABCDEF which has equal sides and 
equal angles in the diamond framework becomes the ring A'B'C'D'EF' which has equal 
sides but two sets of three angles in the ß-tin structure. Also note that the nexx-nearest- 
neighbour distance c in the ß-tin structure is 3-18 Ä, compared with 3-01 A for the 
nearest-neighbour bond length. 
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which becomes A'B'C'D'E'F' are conserved, that is they remain closed. In order for 
them to close while the nearest-neighbour bond lengths remain equal, the ring 
symmetry must change from three fold to two fold. This occurs more readily than 
symmetry-preserving isotropic compression because the bending force constants are 
substantially smaller than the stretching constants. 

The crystallographic data (tables 1 and 2) show that the observed shear 
deformations A0/0 of the bonds are numerically much larger than the bond 
compressions -A///. Thus the bond-angle changes are much larger than the bond- 
length changes. The angle changes reduce the symmetry from cubic to tetragonal. 

For tin itself, the crystallographic parameters are given at the top of table 1. Since 
the contraction of the c axis is nearly twice the expansion of the a axes, the volume 
change is modest. The fractional bond-angle changes are much larger (five to ten times) 
the bond-length changes. Thus both the crystallography and the mechanics indicate 
that shear predominantly induces the transition and not isotropic compression. An 
objective of this paper is to show that this is also consistent with the theory of chemical 
bonds. 

The crystallographic facts indicate that, although these transitions are commonly 
said to be 'pressure induced', in reality the whole deformation tensor governs them, and 
not just the compression scalar. Thus they are 'deformation induced', or perhaps shear 
alone induces them. 

Several of the other III-V, as well as II-VI, compounds transform to the rocksalt, 
instead of the ß-tin, structure. This can also happen through shearing but will not be 
discussed here because the geometry is not as straightforward as for the ß-tin case. 

Note that the first-nearest-neighbour distance in the ß-tin structure is 301 Ä, while 
the second-nearest-neighbour distance is 3-18 Ä. So the difference is only 5-6° 0. This has 
led many workers to assert that the coordination number is six, rather than 4, in ß-Sn. 
However, conservation of the orbital rings (such as ABCDEF) requires that it be four as 
suggested by fig. 1. 

It has become commonplace to discuss these semiconductor transitions in terms of 
diagrams of energy against density (Yin and Cohen 1980), but fig. 1 and the text above 
indicates that this obscures the nature of the change. The change is primarily one of 
shape, and only secondarily of specific volume. The same comment applies to other 
substances, for example the transformations in silicates and phosphates which also 
involve covalent bonds. In such cases, volume change is not an adequate descriptor of 
either the structural or the energetic factors. 

Although it is questionable, if the assumption is made that bond lengths and 
angles affect the energy independently, then the energy can be taken to be a function of 
bond-length changes plus a function of bond-angle changes, and energy surfaces can be 
plotted. For small changes this approximation does not introduce large errors, but it is 
unreliable for changes as large as 37%. Also, for large strains, different paths from the 
initial to the final state are unlikely to be equivalent. This is a point that should be 
studied experimentally, although it has been largely ignored to date. It seems likely that 
the free energy is not a linear combination of functions of bond lengths and bond 
angles; so the free-energy surface needs to be determined point by point. This is, of 
course, easier said than done experimentally. 

Data for the other homopolar diamond-framework crystals are also given in table 
1. The data for carbon are estimates from theory and it is assumed that the ß-tin 
structure is the transformation product. The congruence of the data among the four (or 
three) homopolar elements is striking. 
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Specifically, the fractional contractions of the c axes are nearly all equal, as well as 
the bond angles in the ß-tin phase. This further suggests that shape rather than volume 
is the important factor. Heteropolar diamond-framework crystals behave similarly 
(Jamieson 1963), provided that their ionicity is less than the Phillips (1973) limit. Data 
for those that transform to the ß-tin structure is given in table 2. 

The data for InSb are quite congruent with those for its isoelectronic mate, tin 
(table 1). Less-congruent data for InSb has been reported by other workers, for example 
Jamieson. This illustrates the point that, because of the large shape change associated 
with the transformation, very precise crystallographic data are needed to distinguish 
among possible transformation products. These have not, in general, been available in 
this field. 

Tables 1 and 2 indicate that changes in bond angles for this transformation are 
nearly invariant, again confirming the importance of shear strains. 

Little is known experimentally about the state of deformation at the start of the 
transformation. Typically, only the 'pressure' is reported and/or the 'volume', but it is 
not clear whether the material still has cubic symmetry, and to what level of precision. 
Nor is it clear to what extent bond-angle changes are reversible in perfect, relatively 
unconstrained crystals. Thus the 'order' of the transition may depend on the loading 
conditions as well as the temperature. 

A simple criterion for shear metallization can be derived from Pauling's original 
(approximate) theory of the chemical bond (Glasstone 1944). In the most simple version 
of this theory, the form of the wave function for a hybrid sp3 orbital is (angular 
dependence only; the radial part is assumed to be unchanged by hybridization) 

l]/h=1(1 + 3 cos 0), 

where 0 is the angle with respect to the direction of the bond. The first term represents 
the s part of the orbital while the second represents the p part. The bond energy is 
proportional to the square of this, or 

i/,2=i(l+6cos0 + 9cos20) = 4 (When 0 = 0). 

The antibonding orbital has a similar form except that its energy decreases with 
increasing bond angle. The energy difference, or gap, between the bonding and anti 
bonding energies is four when 0 = 0, but it decreases towards zero as the bond angle 
increases from its initial value (109-5°). The gap becomes zero when the bonding energy 
level has increased by half the gap. That is, the bonding energy has decreased from four 
to two; so the term in parentheses above becomes 9 cos2 0 + 6 cos 0 - 7 = 0 at constant 
bond length. Solution of this for the positive root yields cos 0 = 0-78, or 0 = 39°. This 
plus 109-5C yields 148-5°, which is close to the 149-5° observed for tin and the other 
substances after the transformation. The excellent agreement may be fortuitous, but the 
calculation illustrates the principle that there is a strong dependence of bond energy on 
bond angle, and that there is a critical angle at which the bonding becomes metallic. 
Numerical band-theory calculations are consistent with this (Chelikowsky 1987). 

The existence of a critical angle at which a phase transition occurs is consistent with 
the separation of the angular and radial dependences of wavefunctions. Further 
support can be given to this geometric criterion by showing that it yields the correct 
energy condition, that is by showing that the work done in changing the bond angle 
equals the energy needed to close the energy gap. 

Imagine a bond of length b that is held in place at one end and acted on by a 
tangential force/at the other end. The force tends to change the bond angle 0 and is 
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resisted by a bond-bending force constant kg (d cm). For a small change in the angle, 
the incremental work dW done by the force is fbdö = ke6do. Integration yields 
W= ke(A6)2/2 and, since the observed value of A0 is 0-7 rad, W=ke/4. The force 
constant kg has been defined in various ways, but most convenient is Harrison's (1980) 
definition ke = {3b3/8)(C11 — C12) which relates it to the standard elastic constants C(j. 

The energy needed to close the gap is EJ2. Equating this with W yields 2W=Eg 

which is plotted in fig. 2. The data indicate that the relationship is approximately 
confirmed, although the fact that the correlation line does not pass through the origin 
indicates that the bond-bending work has been overestimated. The relationship shows 
that, as the gap increases, so does the force constant; therefore the angle change needed 
to close the gap remains approximately constant as is observed. 

II—VI compounds have not been included in fig. 2 because their high ionicities make 
the simple bond-bending model inappropriate for them. However, shear deformations 
may play a key role in their transformations. 

For states of uniaxial compression such as those experienced in the inertial 
confinement of strong shock waves, or in the confined static compression of 
indentations, bond-angle changes are accompanied by bond-length decreases, and 
metallization is induced by the combination. However, since the stretching force 
constants are much larger than the bending force constants (by a factor of about four) 
they provide most of the resistance to the loading, and bending accommodates most of 
the deformation. This may account for the efficacy of the Herzfeld theory in describing 
the transformations induced at indentations (Gilman 1992). 

It is natural to wonder why so many diamond-framework crystals transform to the 
ß-tin structure. There is a long-form answer based on numerical calculations, but a 
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simple answer is based on the elementary static stability of localized bonds. For arrays 
in which the forces between the atoms are directed along lines between them, and the 
coordination number is four, there are two, and only two, ways to arrange the lines such 
that the forces acting along them are all of equal magnitude at static equilibrium. These 
are the cubic and tetragonal configurations in fig. 1. Note that, if the atoms are 
oppositely charged (as in ZnS, for example), other possibilities arise, such as the NaCl 

structure. 
If it is accepted that shear can induce metallization, there are implications for many 

situations that do not appear to have been appreciated in the past. These include point- 
contact diodes and transistors (Clarke et al. 1988), various allotropic transformations 
including those involving the d-shell bonding in metals, chemical reactivity by 
facilitating electron transfers, the core structures of dislocations and dislocation 
dipoles, the mechanisms of machining and grinding, mode-HI crack propagation, 
reversible compression-induced transitions in silicate-like frameworks, impacts and 
shock fronts, and indentations. 

For tensile states of strain, metallization is not expected, but the 'insulization' of 
metals is. It is to be expected that insulization will be deformation dependent (i.e. 
dependent on both isotropic expansion and shear). This would change the metallic 
bonding from a delocalized mode to a localized mode. Therefore it might well play a 
role in such phenomena as crack propagation in which large tensile strains exist near 
crack tips. It might also account for why the spalling of metals that is associated with 
strong shock waves is often very localized, and it may account in part for the weakening 
effects of large concentrations of dislocations, as well as the hardening effects of 
dilatational dislocation dipoles in metals. Localization of the bonding would be 
expected to have a strong influence on the microscopic mechanisms of these various 
phenomena. For moderate tensile strains (about 0-1-0-5), not much localization of the 
s-like electrons would be expected, but the p-like and especially the d-like electrons 
would localize significantly. 
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SESSION IV:  SHOCK SYNTHESIS APPLICATIONS 
AND PROCESS MECHANISMS 

Robert Young:  SESSION CHAIR COMMENTS 

Five talks were given in this session by: Toshimori Sekine of National Institute for Research 
in Inorganic Materials, Vladimer F. Nesterenko of Lavrentyev Institute of Hydrodynamics, 
Masatake Yoshida of National Institute of Materials and Chemicals Research, Yasuhiko Syono 
of the Institute for Materials Research at Tohoku University, and Naresh Thadhani of Georgia 
Institute of Technology. A common theme emerging from these talks is the influence of, and 
lack of knowledge about, reaction paths and associated rarefaction stability. The main points 
that each speaker made in their presentation will be considered next. 

Sekine's talk, entitled "Synthesis of Inorganic and Organic Materials", contained results from 
shock-compression experiments on boron nitride and organic material systems. Sekine used 
boron nitride as a model material to demonstrate that diffusion-controlled nucleation and growth 
was necessary to stabilize a high-pressure phase. Based on this he inferred that martensitic 
phase transformations that were not followed by a diffusion process may quickly result in 
reversal to the original phase upon sample unloading. Converting graphite to the rhombohedral 
phase, thought to be a diffusionless transformation, was cited as an example where the 
rhombohedral phase is known to exist at high pressure but is not obtained from shock recovery 
experiments. Sekine contrasted the graphite system with the boron nitride system to show that 
the rhombohedral to cubic transformation is stable and obtainable through shock-recovery 
experiments. Its previously speculated reaction path, the rhombohedral to cubic transformation, 
is shown not to be martensitic, but diffusion dependent with the reaction path proceeding from 
rhombohedral, to a combination of hexagonal and turbostratic state, through a martensitic 
transformation, and finally to cubic phase through diffusion-controlled nucleation and growth. 
Furthermore, the total yield of cubic boron nitride is correlated with the total amount of 
diffusion that occurs at high pressure. His thesis is that a material which undergoes a true 
martensitic transformation, i.e.. a transformation who's reaction path does not involve diffusion 
or change in chemical composition, is not retainable during rarefaction, and some time- 
dependent-reaction-path mechanism needs to be present in order to "quench" the phase with the 
rarefaction wave. 

Sekine also discussed his work on synthesis of the theoretically predicted superhard C3N4 

material from low-pressure shock recovery experiments on three organic materials. 
Experimental results indicate possible synthesis of slight traces of this material, but did not 
indicate that the material had been fully synthesized. The inference is the material probably 
exists, but the correct experimental approach has not been identified with the appropriate 
reaction path enabling recovery of C3N4. 

Nesterenko's talk entitled "Shock Synthesis of Non-Equilibrium Materials" was general in 
nature, and not focused to convey a deep understanding of any particular mechanism or material 



response. However, his main theme dealt with the uncertainties associated with shock synthesis 
resulting from the lack of specific knowledge concerning how individual materials behave at a 
granular level. Nesterenko's work is focused on understanding how the shock-wave energy is 
localized and partitioned in particulate systems, and reveals the wide variation in conditions that 
are experienced. Evidence was shown of how energy-localization at shear-bands increased the 
yield of certain products, and the lack of those products in regions of the matrix where energy- 
localization did not occur. Nesterenko discussed the importance of energy-localization at the 
material surfaces to nucleate reactions or bonding between materials. The mechanics of pore 
deformation and collapse was shown to involve a high degree of energy-localization and is cited 
as the reason that they are relatively important in shock recovery experiments. However, he 
contends that the lack of fundamental knowledge concerning these mechanisms inhibits our 
ability to control the experiment, and the wide ranges in processing conditions that individual 
particulate constituents are exposed to in the experiment are left to chance. This processing 
variability creates a wide range of observed responses, and the lack of correlation between the 
observed response with localized processing histories. 

Yoshida's talk entitled "Shock Synthesis of Diamond and C-B-N Materials" focused specifically 
on how different mechanisms in the reaction path influence the rarefaction stability and 
associated yield of certain material phases. His experiments indicate that shocked graphite 
transforms directly into hexagonal diamond through a diffusionless process, that fully converts 
back to graphite upon rarefaction. His experiments also indicate that experimental 
heterogeneities induce a diffusively-controlled transformation from hexagonal diamond to cubic 
diamond caused in part by adiabatic pore compression forming hot-spots. The thesis is that 
diffusion is time dependent within the domain of shock experiments, and only small relative 
amounts of diffusion can take place upon rarefaction, with respect to the amount of diffusion that 
takes place during pressurization. The inability for diffusion to take place during rarefaction 
inhibits the cubic diamond's ability to transform back to graphite, and as such is retained due 
to lowered diffusional rates associated with the reduced rarefaction temperatures. This thesis 
was supported by conducting experiments with copper powders of differing morphology mixed 
with graphite. The effect of copper powder of varying morphologies is to modify the thermal 
characteristic of the hot-spots, such that small irregular morphologies yield a more uniform 
temperature profile and associated gradients when contrasted to a large spherical morphology. 
In theory, more diffusion would take place in hexagonal diamond at higher temperature, thus 
for the same shock duration a higher cubic diamond yield is expected when large spherical 
copper powder morphology is employed in comparison with small irregular morphology. This 
is precisely what their experimental results indicated. A remarkable insight into the process. 
Further confirmations to their theory were obtained using the boron nitride system. 

Syono's talk, entitled "Shock-Induced Transformations in Oxides", continued with the theme that 
diffusionless transformations are not "quenchable" during rarefaction, and added the further 
insight that changes in bonding can induce rarefaction stability enabling the altered phase to be 
recovered. Syono contrasted the rutile-to-fluorite transition to the zircon-to-scheelite transition 
in order to make this point. He presented theoretical and experimental evidence suggesting that 
rutile, upon shock, transforms by a displacive mechanism to a fluorite structure which is not 
retained upon rarefaction. However, zircon transforms to a scheelite type phase and has been 
successfully recovered from shock experiments.  Syono presented evidence suggesting that the 



only difference between these two transformations is a coherent rotation of the Si04 tetrahedra 
in zircon, and concluded that changes in the bond structure can also prevent back transitioning 
during rarefaction. Syono further pointed out that a reconstructive phase transition is necessary 
but not a sufficient condition to ensure recovery of the secondary phase, an example being the 
olivine-spinel transformation. His thesis is that this transformation is not diffusionless, because 
diffusionless transformations can be identified by deviations in the Hugoniot. He claimed that 
the lack of this observation is evidence that this transformation must be reconstructive in nature, 
and that reconstruction is inhibited by the experimental time domain. 

Thadhani's talk, entitled "Materials Synthesis bv Shock-Induced and Shock Assisted Solid-State 
Chemical Reactions", provided the best organized overview. His talk should have been the first 
one given in the conference, for examples presented would have saved time and effort in 
bringing everyone attending the conference to a common level. He subdivides the field of 
shock-chemistry into two areas: shock-induced reactions and shock-assisted reactions. Shock- 
induced reactions are those that take place in the high-pressure state before rarefaction, and 
shock assisted reactions take place after rarefaction. In combining time resolved and recovery 
experimental results, Thadhani was able to provide evidence that shock-induced solid-state 
reactions exist, a point contested before his talk. He methodically presented how to interpret 
results of recovery experiments by distinguishing between characteristics that occur uniformly 
within the bulk sample, with those characteristics known to proceed through time dependent 
mechanisms such as nucleation and growth. Examples were shown of morphology influence on 
both particulate deformation and initiation of chemical reactions. Many material synthesis 
examples were given and correlated with experimental processing conditions. 

GENERAL DISCUSSIONS: The discussion associated with this session focused on identifying 
unique shock-chemistry attributes that could be exploited for material synthesis. The discussion 
was broken into two parts: the first identified unique attributes of shock-processing, and the 
second identified unique material induced attributes.  The identified attributes include: 

Unique Shock-Processing Attributes Unique Material-Science Attributes 

o High Strain Rates ° Metastable Materials 
° Introduction of High Defect Populations ° Non-Equilibrium Phases 
° Large Volume Processing ° Near-Net-Shape 
o High Hydrostatic Pressure ° Shock Modified Materials 
o High Deviatoric Pressure ° Joining of Metastable Materials 
° High Quench Rates ° Atomic Mixing of Incompatible Materials 
0 High Temperatures 
° Mechanical Energy Localization 
0 Short-Time Duration 
0 Localized Mixing of Constituents 
o Obtainment of Non-Equilibrium States 

This session ended without obtaining a consensus concerning defining the application for which 



future shock synthesis research should be focused on. The assembled personnel consisted of 
very good problem solvers, but not good problem definers. Given a goal, the researchers are 
very competent in establishing objectives and plans to achieve the goal. This is accomplished 
because researchers are highly versed in technical knowledge. However, asking them to 
establish the goal is a different matter entirely. To establish the goal requires knowledge 
concerning the needs, which could be in terms of industrial, governmental, or consumer needs. 
The problem is the assembled group of scientists collectively possessed a large body of technical 
knowledge, and only a small amount of knowledge concerning a diverse cadre of specialized 
niche needs for this technology. In reality, the scientists are looking for the same information 
that the sponsors of this conference are: where is the future need for this technology? 

To summarize the applications session from a technical standpoint, the discussions were not 
focused on developing materials for a specific applications, but were focused on understanding 
how to obtain unique materials by the use of shock-induced reactions. In general, the Japanese 
are orienting their research towards identifying the mechanisms that enable rarefaction stability 
for the formation of super-hard materials. Other research presented focused on identifying new 
compounds and associated properties. The two new pieces of knowledge presented at this 
session are; that time dependent mechanisms such as nucleation and growth or changes in 
chemical bonds enables material formed under the shock condition to be retained upon release, 
and that techniques are being established to differentiate between those materials formed in the 
shock-wave from those that are formed post-shock due to elevated temperatures and 
modifications that the shock-wave induces into the constituent's solid-state structures. 

OVERALL IMPRESSIONS: The forte of the shock wave includes sudden alteration in material 
geometry, usually accompanied by alterations in solid-state properties and induction of chaotic 
intra and inter particle turbulence. The question is: where can this technology be applied most 
beneficially? In the session chair's opinion, from a business perspective, the focus for future 
research should be in developing novel electronic materials. This business sector is growing, 
is high-value added, uses relatively small amounts of material, and shock processing can impart 
unique electronic properties through solid-state alteration in terms of huge defect populations. 
It is well known that defects alter electronic properties, and most sensor applications utilize 
defects as the operational mechanism. 

The question is, can the different types of defects generated in the material bulk by shock-waves 
be tailored to provide unique electronic properties that can be exploited? Furthermore, can 
unique electronic properties be obtained by certain combination of materials possessing huge 
defect populations? There are several reasons for focusing in this direction. The electronic 
business is still in its expansion cycle, which usually means the market is receptive to adapting 
new unique materials. This also implies that problems have been identified for which solutions 
are being actively sought. In general, electronic components are miniature in scale which means 
that small amounts of material synthesized under a controlled shock experiment could be useful 
to industry. 

With respect to the current usefulness of the so-commonly-performed shock-recovery 
experiments,   it seems that this is a good tool to survey the response of materials for a wide 



variety of processing histories, in particular conditions of extreme pressure. An experiment has 
not been devised to yield a uniform process, and thus to generate uniform effects, throughout 
the material bulk. As such, current recovery experiments exhibit the results of different 
processing histories spatially. To develop a standard well characterized experiment for which 
process histories could be spatially correlated would be valuable. The lack of generally available 
real-time diagnostics with spatial resolution on the order of a micrometer and temporal resolution 
on the order of a nanosecond inhibits our ability to understand the mechanisms involved in 
shock-induced chemistry. Focusing experimentalists on developing a standardized capability 
would be very valuable. 

Incredible insight into defining the controlling mechanisms in shock-induced chemistry seems 
to be coming from the Russian modeling effort. Specifically, the localization of energy in terms 
of intraparticle dynamics and particle deformation is leading to the understanding of where and 
how chemical reactions can nucleate. It is also providing some hints concerning what inhibits 
the reactions from going to completion. Focusing future modeling efforts on identifying the 
mechanisms that control intraparticle turbulence and particle deformation, and using these 
mechanistic models to develop experiments for confirmation could prove very useful. 

At the beginning of this workshop many of the participants were highly skeptic about the ability 
to obtain a solid-state reaction in a shock wave. The workshop has gone a long way to dispel 
this disbelief. However, the critical experiment in this area has not been conducted. It would 
be very beneficial to assemble a subset of researchers tasked with specifying a definitive 
experiment. Not only would it serve to verify that shock-induced chemistry is possible, it would 
require the group to hypothesize in detail what the mechanisms are, and pre-think the meaning 
of different experimental result scenarios. Furthermore, no matter what the mechanism may be 
for shock-induced reactions, solid- or liquid-state, the question is, how can the mechanisms be 
best utilized to develop processes that yield useful and technologically interesting material 
characteristics? 

In conclusion, I thought that many positive things came out of this workshop. More 
importantly, their seems to be a possible usefulness for this technology in the area of electronic 
materials. It was a real pleasure to be associated with this workshop, and I would be delighted 
to be involved in future discussions. 
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ABSTRACT 

It is well known that compression causes insulators and semiconductors to 
become metallic when the concentration of the matrix atoms (or of impurity atoms) 
reaches a critical value given by the theories of Herzfeld, Mott, Hubbard, Edwards 
and Sienko, and others. It is argued here, based on the observed transitions in 
diamond-framework semiconductors, that microscopic shear strains are sometimes 
more important than dilatations. The simple theory of hybridized covalent bonds 
indicates that the energy gaps in these materials should vanish when compression 
causes the tetrahedral bond angle (109-5°) to increase to 148-2°. This is close to the 
average observed transformation angle of 149-2° (homopolar crystals). Implications 
for various phenomena are outlined. 

It is well known that insulators become metallic if they are compressed a critical 
amount (Cottrell 1988). Volumetric compression criteria for this transition have been 
proposed by various workers, starting with Herzfeld (1927), then by Mott (1949) and 
further developed by Edwards and Sienko (1983). The proposed criteria, well 
corroborated by experiments, are based on changes in the overlapping of atomic 
wavefunctions as compression occurs, that is on changes in bond lengths. However, in 
the case of semiconductors, there is substantial experimental evidence that bond-angle 
changes are more important than length changes. In open structures, either bond- 
length or bond-angle changes can cause the overall volume changes that have been 
reported as experimental results. 

The most straightforward case is that of covalent bonding. It leads to open crystal 
structures (the diamond structure is the prototype), and chemical bonds with distinct 
lengths and bond angles. Changing the lengths or the angles causes increases in the 
energies of the bonding orbitals, and decreases in the energies of the antibonding 
orbitals. In the language of solid-state physics, the valence-band edge increases in 
energy, while the conduction-band edge decreases. Thus the energy gap decreases for 
large strains (in some cases it increases for small strains). When it vanishes, the electrons 
at the top of the valence band become delocalized, and the material is said to have 
metallized. 

In general, both isotropic compression and shearing are asymmetric. Lengthening a 
bond is clearly not the same as shortening a bond. Shearing may be symmetric, but 
often it is not. For example, increasing a right-angle to make it obtuse is not the same as 
making it acute by decreasing it. On the other hand increasing, or decreasing, a 180° 
angle is symmetric. Thus, depending on the sense of a particular deformation, the 
electrons may become either more, or less, localized. 

fReceived in final form 14 July 1992. 
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1.Introduction 

New Materials characterized by noble mechanical, electronic, optical, and magnetic properties are 

receiving increasing attention in the modem science and technology. Shock compression provides us an 

unique environment for material synthesis in terms of pressure, temperature, density, and their rapid 

changing rates. Material synthesis can be developed not only in the thermodynamically stable field of a 

given phase and also in the metastable region as long as the synthetic pass is not prohibited kinetically. 

One of the most typical examples is CVD diamond grown below one atmosphere. 

Many phase transformations of solids have been observed by shock compressions and static 

pressures. The phase transformation induced by shock compression must be fast reactive because of 

experimentally limited availability of time(roughly 1 microsecond). 

Using a propellant gun with a 30 mm bore, we accelerate projectiles(mass of 40-100 gram) to a 

impact velocity of 2 km/s. Sample space is up to about 0.5 cm3. In most cases samples were mixed 

with massive copper powders to increase shock pressure and to quench efficiently. 

2.Transformation  in  Boron  Nitride 

Boron nitride(BN) has been recognized as a similar material to carbon structurally and mechanically. 

Boron nitride displays five low pressure phases(hexagonal, rhombohedral, turbostratic, pyrolytic, and 

amorphous) and two high pressure phases(wurtzite-type and zincblend-type). Carbon has the phases 

corresponding to the BN phases, but the preparation of each single phase is not so easy as in BN. For 

example, rhombohedral graphite is known, but the synthesis of its single phase is not practical. Since 

transformation in shock synthesis has to occur in an extreme short period, the structural factor of the 

starting material such as crystallinity, orientation, and perfectness plays an important role. The initial, 

preshock condition also may have a critical effect as well as shock conditions. 

In this paper we present two experimental results indicating that diffusion-controlled nucleation- 

growth mechanism, rather than martensitic mechanism, appears to be significant in some shock-induced 

transformations. The first is the rhombohedral BN to cubic BN transformation, which has been 

considered to occur in martensitic \vay[l]. Our recent results under relatively weak shock conditions 

revealed that the first products from the rhombohedral BN are both hexagonal and turbostratic BN and 



that the products converts into cubic BN progressively over a threshold temperature[2]. The second is 

the turbostratic BN to cubic BN transformation^]. This transformation needs diffusional process. It 

does not appear that the process is assisted by the presence of vapor or liquid since the shock condition 

is relatively weak. 

It also should be noted that Ceo crystalline powders convert into diamond by shock pressures of 20- 

50 GPa[4]. This is another example of diffusianal transformation induced by shock compression. 

3.Experiments of Organic  Materials 

Recently carbon nitride(CxNy) becomes an interesting material after the prediction of C3N4 

theoretically to exhibit superhardness[5]. Hardness can be represented in fact by the bulk modulus. 

Empirical and some theoretical calculations have indicated that a large bulk modulus requires short, 

tetrahedral covalent bonds within a solid. 

We tried to produce carbon nitride solids through shock recovery experiments of some organic 

materials such as l,3,5-triazine(C3H3N3), hexamethylenetetramine(C6Hi2N4), and tetracyanoethylene 

(C6N4). It was difficult to recover samples after shock compression because of gas production from the 

decomposition of hydrocarbons. Some samples weakly shocked were recovered successfully, and X- 

ray diffraction indicated the presence of poorly crystallized solids. The greatest, broad diffraction peaks 

corresponding to the graphite (002) index shifted towards higher angles(shorter interlayer distance). 

This implies that some nitrogen is present in the graphitic solids. 

In addition, we could obtain graphitic carbon nitride[6] through pyrolysis experiment of tetracyano- 

ethylene under static high pressure and temperature condition. Preliminary investigation in the system 

C-N-H by diamond anvil cell coupled with laser hearing system indicated a transformation of triazine and 

tetracyanoetrhylene to transparent materials with smaller volume at pressures of 30-40 GPa[7]. 
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Rhombohedral forms of layered boron nitride (r-BN) as mixtures with copper powders were 
shock compressed and quenched from pressures in the range 8-50 GPa. Recovered specimens 
were investigated by x-ray dhTraction and electron microscopy. The graphite-like BN (A-BN) 
and turbostratic BN (f-BN) phases are observed in the pressure range 8-22 GPa and 
wurtzite-type BN (u>-BN) in the range 17-39 GPa. The zincblende-type BN (c-BN) phase is 
identified from specimens subjected to high shock temperatures and consists of very fine grains 
mostly less than 10 nm. The mechanism of phase transformation of r-BN to c-BN is proposed 
to occur through two paths: (i) direct conversion by relatively strong shocks and (ii) indirect, 
kinetically controlled conversion via intermediate phases by shock loadings generating relatively 
weak pressures ( <50 GPa). The possible intermediate phases are A-BN, r-BN, and if-BN. 

INTRODUCTION 

Boron nitride has a very close similarity to carbon in 
terms of physical, mechanical, and chemical properties and 
structural relations. Intensive investigations of shock syn- 
theses and polymorphic transformations in BN1-3 and 
carbon4 have been carried out. Although the rhombohedral 
form of graphite is known, a significant amount of rhom- 
bohedral graphite has not been obtained for detailed inves- 
tigations. In our Institute, the rhombohedral BN (r-BN) 
whiskers and powders have been synthesized5'6 and inves- 
tigated to understand the phase transformation mechanism 
through shock-recovery experiments at pressures of about 
50 GPa.7 The previous results from shock-recovery 
experiments1,7,8 indicate that graphite-like BN (A-BN) 
transforms entirely to wurtzite-type BN (iu-BN) and that 
r-BN converts directly to zincblende-type BN (c-BN). 
Static compressions of A-BN and r-BN produce w-BN at 
low temperatures and c-BN at high temperatures.2,9 Recent 
static, in situ high-pressure observations revealed that 
highly crystalline r-BN converts to c-BN through u;-BN,10 

but that poorly crystallized r-BN converts directly to c-BN 
at room temperature and at pressures of about 20 GPa.11 

According to the Hugoniot data obtained on A-BN,3'12 

the threshold shock pressure to initiate the phase transition 
is estimated to be about 10 GPa, which is consistent to 
shock recovery results on highly crystalline A-BN.13 If we 
assume similar shock behaviors for r-BN since there are no 
Hugoniot data for r-BN, we can expect a similar threshold 
pressure for the r-BN to c-BN transformation. Therefore, 
there is a need to investigate the polymorphic transforma- 
tion from r-BN to c-BN at relatively weak shock condi- 
tions in order to understand the shock-induced mechanism 
and process for phase transition in this material. 

EXPERIMENTAL PROCEDURE 

Powders of A-BN and r-BN were mixed with copper 
powders. The A-BN powder was the same as that used in 
previous studies.13 The r-BN powder was obtained through 
the    chemical    reaction    of   sodium    tetrahydroborate 

(NaBH4) and ammonium chloride (NH4C1) in a N2 

atomsphere6 and contains very small amounts of A-BN. 
Two kinds of r-BN powders, referred to here as r-BN(L) 
and r-BN(H), were investigated and they are slightly dif- 
ferent in A-BN content and in crystallinity, as indicated by 
x-ray diffraction patterns (Figs. 2 and 3). According to 
transmission electron microscopy (TEM), the ranges of 
the starting BN particle size are 0.2-5 /xm for the A-BN 
powder and 0.03-0.4 fim for r-BNs. The 4 wt. % BN-96 
wt. % Cu powder mixtures were pressed into stainless-steel 
containers to form disks. The sample thickness of the 
pressed disks was fixed at 1.5-2.0 mm for r-BN and a 
second Cu pressed disk, about 3 mm thick, was situated 
behind the sample to absorb the reflected shocks from the 
back of the container; the A-BN sample disks were about 
4.5 mm in thickness and may be affected by reflected 
shocks. The bulk density of the pressed disk was estimated, 
within an error of about ±3%, in order to calculate the 
first shocked state of pressure and temperature. The con- 
tainer was mounted in a holder and subjected to the impact 
of a flyer plate glued on the front surface of the projectile. 
The projectile was accelerated by a propellant gun.14 The 
impact velocity was measured in order to determine shock 
pressure and temperature. The duration of shock compres- 
sion is proportional to the thickness of the flyer plate. 

The recovered containers were cut open and specimens 
taken from the disks were immersed in a mixed acid of 
HN03 and HC1 (1:3 by volume) to dissolve the copper 
matrix. Both powder x-ray diffraction and electron micros- 
copy were employed to examine the recovered BN speci- 
mens. 

The Hugoniot for the mixtures can be calculated by 
calculating the Hugoniot for a mixture of constituents with 
known Hugoniots and with the assumption of equal pres- 
sure and temperature of both constituents. As there is no 
significant difference of the bulk densities between copper 
powder and the Cu mixture pressed under the same load, 
the shock temperature for the pressed mixture is approxi- 
mated by that for the copper pressed to the same load if 
one can assume the thermal equilibrium within the mixture 
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TABLE I. Shock-recovery conditions for mixtures of 4 wt. % BN-96 wt. % Cu. 

Run" 

31G 
42G 
64G 

267L 
255L 
254L 
283H 
269H 
270H 
273H 
275H 

Flyer 
thicknessb 

(mm) 

SUS/2 
SUS/2 
SUS/2 
Al/3 

SUS/2 
SUS/2 
Al/3 

SUS/2 
SUS/2 

SUS/12 
SUS/2 

Impact 
velocity 
(km/s) 

1.24 
1.75 
1.98 
1.15 
1.07 
1.49 
0.920 
1.29 
2.06 
1.7C 

1.52 

Bulk 
density0 

(g/cm3) 

5.97 
7.17 
7.40" 
7.81 
7.78 
7.90 
7.88 
7.88 
8.28 
8.14 
5.53 

Pressured GPa) 

/>, 

15 
29 
37 
11 
17 
27 

8.5 
22 
43 
33 
17 

26.9 
40.6 
47.3 
14.0 
22.7 
33.4 
10.8 
28.2 
49.7 
39 
34.3 

= r-BN (L) as shown in Fig. 2, and H= r-BN (H) shown in Fig. 5. L and H contain small amounts of A-BN "Starting material; G=graphite-like BN, L = 
some 8% and 2%, respectively. 

bSUS = stainless steel 304 and A1 = A1 alloy. 
'Impact velocity was estimated based on propellant mass. 
dEstimated errors are about ±3%. 

"Pressures P, and P, are the first shock pressure and the pressure equilibriated with the container, respective!;. 

Temperature 
(°C) 

1500 
1450 
1550 
350 
550 
850 
250 
700 
1000 
850 
1800 

during shock compression. Shock pressures were calcu- 
lated based on the impedance match method using mea- 
sured impact velocities. 

RESULTS 

Experimental conditions are summarized for h-BN and 
r-BN in Table I. The first shock pressure within the sample 
ranges between 8.5 and 43 GPa. Figure 1 depicts a series of 
x-ray powder diffractions of specimens for virgin h-BN and 
shocked A-BN.  The shocked A-BN specimens contain 

FIG. 1. X-ray diffraction patterns of the starting A-BN (1) and the 
specimens recovered from various shock pressures (2 = #31G at 15 GPa 
3 = #42G at 29 GPa, and 4=#64G at 37 GPa). 
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w-BN with the percentage of w-BN increasing with in- 
creasing pressure. c-BN was not observed in the shocked 
h-BN specimens. This is consistent with previous results.1 

A small amount of h-BS remained in the run product of 
#64, subjected to the maximum shock pressure in the 
present study, although Fig. 2 does not indicate that 
clearly. 

Figure 2 shows a series of x-ray powder diffractions of 
specimens for virgin /--BN.'L) and shocked r-BN(L). We 
adopted the index (hkl) as the hexagonal system for the 
rhombohedral BN instead of (hkil) for simplicity, where 
i= — (h + k). The starting r-BN contains about 8% h-BN 
that is greater than that of r-BN(H) (Fig. 3) as based on 
the diffraction pattern (Fig. 2). The product of run #267, 

»toe iiw(i oo) 

50 40    30 

2G degrees 

FIG. 2. X-ray diffraction patterns of the starting r-BN(£) (1) and the 
specimens recovered from various shock pressures (2 = #267L at 11 
GPa, 3 = #255L at 17 GPa, and 4=#254L at 27 GPa). 
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FIG. 3. X-ray diffraction patterns of the starting r-BN(#) (1) and the 
specimens recovered from various shock pressures (2 = #283H at 8.5 
GPa, 3 = # 269H at22GPa,4 = # 270H at 43 GPa), with a longer shock 
duration (5 = #273H) and with a higher shock temperature (6 
= #275H). 

subjected to the 11 GPa shock compression, indicates re- 
markable intensities of h-BN diffraction peaks of (100) 
and (004) and a broad peak around 43° to 44° correspond- 
ing to the presence of f-BN.15 With increasing shock pres- 
sure, the diffraction peaks corresponding to w-BN (100) 
and (002) appeared very distinct. However, the peak po- 
sition corresponding to the w-BN (002) shifted toward the 
higher diffraction angle and the peak corresponding to 
h-BN (100) decreased with increasing pressure. By com- 
parison of the w-BN phases formed from h-BN and r-BN 
powders, it is noteworthy that the (101) peak of w-BN 
formed from r-BN diffuses considerably relative to the 
peaks (100) and (002) and that the relative intensity of 
(100) to (002) differs greatly. The latter may be due to the 
formation of t-BN from r-BN. 

X-ray diffraction patterns of the starting and shocked 
specimens for r-BN(H) are shown in Fig. 3. The effect of 
different r-BN is not significant. The results of run #283, 
subjected to the weakest shock, display the increased in- 
tensities of A-BN (100) and (004), diminished r-BN peaks 
at (102), (104), and (105), and two broad peaks at ap- 
proximately 43-44° and 82-83° in 20 degrees. These dif- 
fraction patterns indicate the formation of A-BN and t-BN. 
The results of run #270, subjected to the maximum shock 
pressure, do not appear to indicate that peak pressure is 
important at least up to 43 GPa. In run #273, the shock 
duration was about six times longer than the other exper- 
iments, but the x-ray diffraction pattern does not change 
significantly. The starting mixture of No. 275 was less 
dense than the others in order to increase the shock tem- 
perature. The x-ray diffraction pattern for this run reveals 

FIG. 4. Microphotographs of transmission electron microscopy of the 
typical grains of (a) the starting r-BN(L) and (b) c-BN grains in the run 
product #275H. 

that the w-BN (100) peak starts to diffuse and that the 
peak position corresponding to w-BN (002) is identical to 
c-BN (111). This indicates that the major high-pressure 
phase is c-BN in the results of that run. The interplanar 
value corresponding to w-BN (002) is determined to be 
0.2114( ±0.0003) nm for runs No. 31, 42, 64, and 255, 
0.2108 nm for run No. 269, 0.2103 nm for run No. 254, 
0.2100 nm for runs #270 and #273, and 0.2088 nm for 
run No. 275. These interplanar distances correspond to the 
values for w-BN (002) and c-BN (111). 

Figure 4 gives electron microphotographs of typical 
grains of starting r-BN(L) and shocked grains in #275 
where grain sizes are very fine (mostly less than 10 nm) 
and electron diffraction patterns are identical to c-BN. 

DISCUSSION 

The present shock-recovery experiments at pressures 
of 8-50 GPa indicate that h-BN converts only to w-BN 
and that r-BN transforms to h-BN, t-BN, w-BN, and c-BN. 
The transformations of r-BN to h-BN and t-BN are ob- 
served at pressures below about 25 GPa. The amounts of 
w-BN and c-BN increase with increasing shock pressure 
and the relative amount of c-BN to w-BN increases with 
increasing shock temperature at a given pressure. 

Sato et al described the direct phase transformation 
of r-BN to c-BN by using strong shock compressions. 
Their shocked r-BN converted almost completely to c-BN 
with a small amount of unidentified phase which might be 
2J-BN.

16
 The presence of the unidentified phase suggests 

that the specimen was subjected to intensive shock 
loading.8'16 The shock condition corresponds to the one 
extrapolated from the present experiments to stronger 
shocks. Therefore, there is no inconsistency between the 
present and previous results. 

In the present study, the formation of h-BN from r-BN 
at weak shock pressures implies that slipping and rotation 
between layers proceed very fast and extremely easy at 
pressure. However, the r-BN hardly converts to h-BN with 
temperature.6 Static high-pressure experiments on r-BN9,10 

also indicate the formation of h-BN from r-BN at pressures 
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below 8 GPa. If we assume that the shift of the diffraction 
peak corresponding to the w-BN (002) is caused by the 
coexistence of various amounts of c-BN, then the threshold 
pressure for the formation of c-BN is estimated to be about 
25 GPa at relatively low shock temperatures and for pres- 
sures below 17 GPa at high shock temperatures. This im- 
plies that the phase transition is dominated by kinetics. 
These threshold pressures are greater than the one for the 
A-BN to w-BN transition. 

The structural difference between A-BN and r-BN is 
only the number of the layered sequence since h-BN is 
thermodynamically stable. The phase A-BN converts im- 
mediately to w-BN under shock loading and never to 
c-BN. The c-BN phase favors high-temperature and high- 
pressure conditions, as indicated in the present results and 
previously observed in static experiments.9 This is consis- 
tent to the assumption that the mechanism for the phase 
transition of r-BN to c-BN is diffusional rather than diffu- 
sionless, i.e., martensitic. If intermediate phases are in- 
volved in the formation process of c-BN, then h-BN, t-BN, 
and w-BN are the most probable candidates as identified in 
runs for relatively weak shock loadings. It has been known 
that intensively shocked w-BN converts partially to 
c-BN. • On the other hand, experiments with longer 
shock durations on A-BN have indicated no formation of 
c-BN under relatively weak shock loadings,13 while shock 
loading of preheated h-BN results in the conversion to 
c-BN, although the yield is very low.13'17 We have no firm 
evidence to indicate any difference between the w-BN 
phases formed from h-BN and r-BN, although the shift of 
the diffraction peak corresponding to w-BN (002) may be 
related to an intermediate phase such as the compressed 
wurtztite phase analogous to compressed A-BN.2 We can- 
not exclude the possibility that c-BN is converted directly 
from r-BN. It is not possible to identify the shock-induced 
high-pressure phase of BN from the Hugoniot data alone 
because of the very small density and compressibility dif- 
ferences between the w-BN and c-BN phases.3 Flash x-ray 
diffraction investigations of BN during shock 
compression18 should be performed in order to determine 
in situ shock-induced high-pressure phase. 

Onodera et al.9 pointed out that there are three possi- 
ble formation paths of c-BN from r-BN under static com- 
pressions: (i) r-BN-c-BN, (ii) r-BN -A-BN- c-BN, and 
(iii) r-BN -w-BN- c-BN. The paths (i) and (iii) occur at 
higher pressures and the path (ii) at lower pressures. Un- 
der dynamic conditions only path (i) has been previously 
observed.7 From the present study other paths (iv) 
r-BN -A-BN- w-BN -c-BN and (v) r-BN-?-BN-c-BN 
can be realized at relatively weak shock conditions. The 
first step of path (iv) requires the change of a three-layered 
sequence to a two-layered sequence, which is followed by 
the slipping and 60° rotation between the layers. The sec- 
ond step is readily achieved at shock pressures of about 10 
GPa. The final step requires a diffusional process to recon- 
struct the bonding in the zincblende structure, and in gen- 
eral this process controls the kinetics of the transition. To 
enhance the final step, high-temperature conditions are 
necessary. For path (v), our recent investigations of post- 
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shock r-BN20 indicate formation of c-BN, but no w-BN, 
under similar shock conditions. 

Ueno et al.n have shown the occurrence of the direct 
r-BN to c-BN transformation in a diamond anvil cell at 
room temperature. The transition starts at about 8 GPa, 
followed by a structural change of r-BN and finishes at 
about 25 GPa. Their r-BN sample was prepared from the 
CVD method and was not crystallized as well as ours, 
based on a comparison of the x-ray diffraction patterns. 
With a decreasing degree of crystallinity and layered se- 
quence regularity, the formation area of w-BN appears to 
be reduced under both static and dynamic 
compressions.1619 It should be pointed out that the crys- 
tallinity of the starting material is one of the most impor- 
tant parameters to influence the phase transformation, not 
only under static pressure but also under shock compres- 
sion. 

The transformation mechanism for the graphite to di- 
amond transition has been suggested to be martensitic 
through recent VISAR measurements.4 Structurally, the 
hexagonal diamond phase, instead of the cubic diamond 
phase, is preferably shock induced from graphite by a mar- 
tensitic mechanism.21 The major component of recovered 
diamond, however, consists of the cubic form. This is due 
to the requirement for heating to at least 1000 °C (Ref. 22) 
and to quenching the shock-induced hexagonal diamond to 
ambient condition. Smce the rhombohedral phase of 
graphite has not been investigated, we cannot directly com- 
pare the transformation characteristics between the rhom- 
bohedral graphite and BN. The present results on rhom- 
bohedral BN may give a guide for the rhombohedral phase 
of graphite to cubic diamond transformation. 
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NIMM COE RESEARCH PROGRAM 
— Striving to Be a COE in Advanced Materials Research — 

Advanced Materials Research 
Utilizing Extreme Conditions 

Science and Technology Agency of Japan 

National Institute for Research in Inoraanic Materials 



NIRIM Expands its Capabilities with COE to Promote the 

What is COE? 
COE stands for Center of Excellence (COE), which is 
composed of excellent research facilities and a com- 
plete research support system under the supervision 
of distinguished leaders. The COE program began 
in FY1993, funded with Special Coordination Funds 
for Promoting Science and Technology, to make the 
national research institutes generate new funda- 
mental research results. The National Institute for 
Research in Inorganic Materials (NIRIM) was selected 
as one of the initial COE organizations. 
NIRIM selected three areas, "Ultra-High Pressure," 
"Ultra-High Temperature," and "Ultimate Analysis," 
as the COE program topics. It intends to systemati- 
cally coordinate these extreme conditions to make 
the Institute the most advanced in the world, unsur- 
passed in internationality, openness, and dissemi- 
nation capabilities. 
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oiume. It can synthesize and 

sirjgle crystals and sintered | 
hew'high-density'materials/ * 

1 Pressurized Volume: 1,000 to 
,; Duration: Several Minutes to one Week 

» 

1                                 X       ^      Anv" 

äwi^H cH          BL 
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Temperature 
Ultra-high temperature techniques will be developed to stably 
generate highly active plasmas and excited beams to create 
the next-generation of semiconductor materials, superdia- 
monds (cubic boron nitride and single crystal diamond films). 
Film synthesis techniques controlled at atomic or molecular 
levels will also be developed. 

1. Ultra-High Temperature Techniques 

Ultra-high temperature techniques will be developed to 
produce various processing plasmas at pressures lower 
tbarPl atm using direct current, radio frequency, or 
microwave discharge. 

A plasma torch to 
produce ultra-Mgh 
temperature HIMHUS 
at pressures of 0.1 to 
latin. 

Axial Gas 
Sheath Gas —,      J   r- Center Gas 

RF 
Work 
Coil 

K 

[- 

u.rJ E^ 
n 

1 

RF 
I power 

and 
Cooling 
Water 

- Ultra-High 
Temperature Plasma 

2. Development of Film Fabrication 
Techniques 

_ films are necessary to utilize the excellent    ; ! 
tsof "super diamond". For this purpose,' filmV-"'. 

. n techniques, such as laser-assisled^pksii^^^^^piÄi'; 
vapor deposition (CVD), Ion beam syn^heste;    ^ ; 

1 beam epitaxy processes, will be   jvelopecl; 

«Si, 

llfllilliSl? 

_..»._, ,„.fe"& 
'A «Inflle-cry ilal ■■ > 

with an oriented aorta 
produced ona 
by epitaxial 
techniques. 

"1   Epitaxial 
_pFilm 



Analysis techniques will be developed to analyze very accu- 
rately the structure, composition, and bonding nature in the 
angstrom region of the surfaces, interfaces, and grain bound- 
aries of the advanced materials using the advanced beam 
techniques of electron and ion beams. 

Development of Local Structure 
Analysis Techniques 

Observation techniques will be developed to dynami- 
cally view the local structure directly to identify micro 
deficiencies in the advanced materials. Image process- 
ing techniques will be introduced using an ultra-high 
voltage electron microscope with the highest resolution 
in the world. Lattice Image of TIBaxCaa 

(COa) Oy Superconductag 
Material.   ■ 
The carbonate bases «Weh 
partially replace copper can 
be seen In light i 
(white). 

2. Development of Local Composition 
Analysis Techniques 

techniques will be promoted to investigate the| 
s of grain boundaries and interfaces • 

[Iqvanced materials with high sensitivity and. 
fusing an analytical electron microscope and« 

Jon mass spectroscope»with the highest! 
in the world. v~. 

'Advanced nano-s 
elemental analysis i 
conducted with i 
high sensitivity 
300kVfleld-emls«»<ype 
electron microscope and 
an ultra-small 
probe of 0.41 

3. Development of Advanced Techniques 
of Surface Analysis 

§^? ''tel.i 

ce analysis techniques wDI be developed to enable;,[ 
"*w" irate analysis of the atomic structure, lattice. ;j 

1 electron states of surfaces using ah ion j 
^.spectrometer and a high-resolution electron ^ 

> spectrometer (HF 

mms üH ._./ 
» k^s 

n'. The Atomic 
. :<Rot Vapor Phase Oowrj| 
";ga>lainondnminl»dPy? 
;: "JEEtS.'-f- :5-^-.*i 



Research Support System for the CEO Program 

•The NRM International Symposium on 
the Advanced Material will be held every 

•Thefirst symposium will be held in March 
1994 in Tsukuba City. 



Institute's Past Research Accomplishments 

lllpjüeceeäed In syntheslang translüceht,*£i 
"^polycrystalline cubic boron nitride without 

Sfpspjf sintering agent. ' 1 
«90: 
Fast in the world to succeed in synthesiz- 
ing diamond using inorganic compound 
catalysts, such as carbonates, sulphates, 
and hydroxides. 

i 

\    .^1981: 
||irst in the world to succeed in vapor 
phase deposition of diamond films. 

1991: 
First in the world to succeed in cubic BN 
nucleus formation. 

güB?s5?r- 

"ped an ultra-high voltage high. ■•',"*•% 
tition electron microscope with world!s:?p 

it resolution, n became possible to. jf?H" 
oxygenatomic columns. ^^ 

»555 
ÄK       äs        'S». 

Ä^^i^^^'flsjgl^S 

1993: 

Is 

Developed a field-emission-type analytical 
transmission electron micro-scope with 
Ihe highest sensitivity In the world. It can 
analyze the composition of one nano-meter 
«Ate grain boundary. __'C «^ 

1nm 

'' Grain boundary of S13N4 
1Q0nm 

Science and Technology Agency of Japan 

National Institute for Research in Inorganic Materials 
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SHOCK SYNTHESIS OF NON-EQUILIBRIUM MATERIALS 
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SHOCK SYNTHESIS OF NON-EQUILIBRIUM MATERIALS 

V.F.NESTERENKO* 

(INSTITUTE FOR MECHANICS AND MATERIALS, UCSD, LA JOLLA.CA) 

High dynamic pressures look like very promising tool for 
obtaining and treatment of metastable materials because involve 
local high temperatures and deformations during the short time 
with relatively low equlibrium temperature. Impulse loading is 
successfully used for such technological application like "explosive 
welding*, which has its own window in industrial composite material 
production. Despite of the activity of researchers in former Soviet 
Union, USA, JAPAN and others countries explosive treatment of 
powdered materials did not provide the appropriate place in 
industrial applications. There are only some successful examples, 
including metal-ceramic-metal tubes for electroisolation parts in 
electrical furnaces and for hanging system in nickel melting 
furnaces, as coating of inner surface of stainless steel tubes with BN- 
• Ni-Cr alloy mixture for gas-turbine engines and amorphous powder 
(ribbon) consolidation. The reason for these modest success, 
according to author opinion, is in the complexity and poor 
understanding of shock wave processes in such heterogeneous 
materials, like granular and powder materials. 

The main efforts were connected with Hugoniout 
mearsements, which do not represent processes on mesolevels(scale 
of grains diameters, or regions of localized plastic deformation on 
grains interfaces, etc.), But just these processes are responsible for 
the compact quality. That is why the michromecanics of granular 
material behavior at dynamic loading is very important.The kinetic 
of porous materials densification at dynamic loading on the base of 
experimental research and on "single cell" model approach wil' be 
considered   . 

♦On leave from Lavrentyev Institute of Hydrodynamics, Russian 
Academy of   Sciences, NOVOSIBIRSK, 630090, RUSSIA 



The MESOLEVEL phenomena ("cold " boundary layer on the 
powder-monolith interface .different regimes of particle 
deformations in shock waves in granular materials, component 
separation in mixtures , non-equilibrium thermodynamics .including 
the rapid solidification by pressure drop) and criteria for strong 
bonding for porous materials after dynamic loading, as ceramic 
fiber behavior at porous matrix at impulse action will be discussed. 
The physical phenomena on this structural levels determine also the 
conditions  for  chemical  reactions. 

The examples of metastable materials treatment will be 
presented for the powders and ribbons of the amorphous metallic 
alloys, rapidly solidified granules of chromium steel of ferrite- 
martensit type and intermetallic Ti-AL alloy, nanocrystalline 
submicronic zirconia (t-modification) and high- Te ceramics, as the 
properties of the joints of last one with metals. 
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Pur   S 8. npo&iLTO MaccoE»« cKopociH B nopowKo CTMüia n cro cioncioü MO- 

ne.Tii zjrin rasi'.MX 3Haqeimu LHö. ^ _ 
a, 6 - nopomoK crew», 1,-0 vx, 7-, =„15 K» «. * - CM; 6 - 1,45 + ^^'^ 

mrynaic iiaccoB-x CKODOCTCH U II cooTBeiciByromne HM AMME«! 
B roiioBe Kanmoro ininy^ca Harpy*™* B 3THX ««eiiax^HBWB 
HM B TaÖJi-  3.3.  B CKüüKax nniiBeaeHLi sHaneHHH aaBJieimii   COOT 
BeicTByiomHe yaapy naacTiiHH co CKOFCCTBIO U no 6jiH>Kannien no- 



Pigr 1. Examples of quasistatic (c - *250; d - «100) and dynamic 

deformation regimes (a - »250; b - *5O0), a, c - copper 

granules,  b, d - steel granules 
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Fig. 5. "Cold" boundary layer at D=3600 m/sec (a - *3.3; *> " x5°; 

c - *250) 
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Tig. 6. "Cold" boundary layer at D=2400 m/sec (a - »3.3; b - *50) 
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Pur.   2JÖ    Cxesia   H3MepeHHH 
napaMeTpon nepexo«a ffnajieKT- 

puK — MeTaJiJi. 

l — noporaon; 2 — iraMepuTenbioifl 
KOHTYP; 3 — cTeKjiHHHan njiacni- 
Ha-nperpana; 4 — MenHoe KOJIMK); 
L — 6a3a H3MepemiH cKopocTH CBO- 
oonHoii noBepxHocnr, cTpenKaMH no- 
Ka3aH0 HanpaBJieHne pacnpocTpane- 
HHH    (JipOHTH    ynapiIOM   BOJIHhT,    H — 

j arHiiTHoe  rone« 

riycTb  B  nepBOHaqa.iLHo  nenpoBo^Hmeii  cpe^e iiMeeTCH Henpe- 
PHBHHH   npO(pHJIL   MaCCOBOH   CKOpOCTIl    II    B    IieKOTOpOH     cfo      TOHKe 
cpejia npnoopeTacT MeTanrnwecKyio npoBo^iiMocTb. Torjja B namen 
cxeMe BO3HHKHGT .KieKTpimecKiiii cnriia:i. cBH3aiiiibin c noHBJieiraeM 
nepeMenHoro nojia, Bbi3BanHoro rTBH>KeHiieM npoBonnnjeH cpe^u. 
Axinniny^a DTOTO ciiniana 6V;IGT onpcjiG.iHTbCH MüCCOBOH cKopocTBio 
B TOHKG nepexo:ia nn^GKTpiiK — MGTann if B ee 6.iir,Kanineö onpecT- 
iiocTii. Il3MeiieiiH0 ciiniana 3a CHGT ;iBir,Kenii?i 3a.imix c.ioeB 6yfl6T 
nKpaiiiipoBaTbcn oojiacTbio BO.III.III :>TOII TO^KII C xapaKTcpiibiM pa3Me- 
poM x ~ yJD. r;ie >: ~ KorxpdminiGiTT Mannmioii ,Tii<p4>y3HH, D — 
cKopocTb ynapnoii BO.IUM. JJJIH MG.TU y. ä 10- CM-.'C. Sna^ieime CKO- 

pocTii D B iiamnx DKcncpiiMciiTax cocTaB.ia:io 3 MM/MKC. OTCiOfla 
x « 10-3 CM 10 MKM — ^TO oueiiKa ciimy ns-sa npe^noJiOKenHH, 
iTO  Meat  xapaKTcpii3yeTCH  CTaiiTapTiibiM  3iiaMGiniGM cBoen npoBO- 
flllMOCTH. 

Ha pnc. ) .i\ npüBCMeiiw ociuui.iorpaMMLi onwroB c Kpyimon 
ii MGJIKOH (ppaKHHeii. TeoMeTpiiH onuTou ou-ia onmiaKOBOH. Ha 3TOM 

pucviiKe tn COOTHCTCTBVGT MOMGIITV isxo.ia y.iapnoii BOJiiibi B nopo- 
nioK. tl — MOMGIITV npnxona ynapHoii BO.IIIF.I na CBOOOAIIVIO noBepx- 
HOCTb.     L  —   MOMGIITV     TOpMO>KG- 
Hiia nopoiiiKa  o   nperpany.   BCG 

ocooeimocTH   rnniajtoB    xopomo 
BOCnpOH3BO;-(,HTCH      II3     onblTB     K 
ontrry. CpaBiiGiuiGpiic. 1.11. an 6 
noKa3i>iBacT npauTiniGCKii IIOJIHOC 

coBnaaeHHG BPCMGIIHBIX napaMeT-~ 
poB n xapaKTcpnyio pa3Himy. 
npuMepHO B 2 pa3a, a.Mn.niT>M 
cnrHa.ioB B MOMGHT ?„. Ba>Kiio 
TaK>KG   BU,ie.iiiTb   pocT ciirHa.ia 

Puc. 1.11. ripiiMepi.t Tiiniiiiiax ocun;i- 
jiorpaMM, 

a — KpyiraaH    (fopaKiuia 0.1—n.5 MM; 0 — 
MejiKafl d)paKuim (1—20)-10—3 MM. HacTO- 

Ta cimycoiiRbi  1  Mfu. 

id 
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Separation of components in the vicinity  of tangential jump of 
partical velocity in porous mixture Cu-BN 
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Fig.  2. Behavior of oxide films at the boundaries of copper 

granules in dynamic compaction regime (><250). 
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Fig.  3. Initial temperature distribution in shock-compressed 

material (d - the width of contact zone heated up to T ; . m 
1  -  the   size  of  compacted  powder  particles,   T_   -   the 
temperature  of  particle  volume,   equal   to   initial   one) 
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10. Deformation localization under explosive loading of 

amorphous foils. 

Fig. 11. Localization band in laminated system of alternating 

layers of amorphous and copper foils. 

" »"'äSr 

Fig. 12. Deformation localization in copper at collapse of copper 

cylinder, scale 200 jlm. 
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Fig. 8. Localized shear deformation in mixture 71KNSR+40% copper. 

W    P,'/ 

Fig. 9. Dependence £ on the content of Ni (1) and copper (2) in 

mixture witn 2NSR under the same loading conditions. 
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Piic. 5.4. IlBMeHemie reoMeTpun 

Dncmnero KOHTypa o6pa3n;a npn 

HaJiH^nn   ;ioKa.in30BanHoii   fle- 

c^opManun cABHra. 

H y^ecTb, HTO .-t/iV < 1, e <C 2nR/N, TO MOJKHO nono/KHTB ^1 = 
= 2nR/N, & A1 = IziRJN. Tor^a CBH3I. Menwy paanycaam R u RT 

TaKOBa: 

^ = 7? l/'-U  -COS0C. (5.12) 

ynHTHBaa. HTO KOHennan HJIOTIIOCTB oopa3iia pK J.TH npaKTn^ecKH 
BaxKHHX peyKHMOB KOMnaKTnpoBaiuiH o.iH3Ka K TeopeTirqecKoii (p.v), 

HMeeM i?-A' = i?2i    (rae /' = o0 r ,r 4 — (1 - Po p3I), p n.iOT- 

HOCTL naMOTKn $o.iBrn) n c yqeTOM (3.12) nojiy^aen 

Po'Pu R2 (1 — tV PAI) = 1 — —^ • cos a- .TC • if 

Bupa3HB r *iepe3 Ha^ajibiiM*'.   P .Dunny C.IOH $0Jitr f (r 
4>opMyjiy (5.13) 3annmeM B Bn^e 

N-E 
t (2 — */i?) (1 — Po P:J) = '— cos a 

(5.13) 

R - t), 

(3.14) 

OynKnnH cjieBa B (5.14) B03pacTaeT OT nyjin npn t = 0 ao MaKcnaiy- 
Ma npn t = R, HTO corjiacyeTCH c [276], rae AJIH noponiKOB nona- 
3aH0, HTO Bejirnnrea s pacxer c yßeJin^einieM oTiiomeHHH t/R. 3TO ro- 
BopHT B noJib3y ejnraoro MexaiiH3Ma oopa30BaHHH n pa3BHTnn .lOKa- 
.TH30BanHoro c^Bnra npn flnnaMnnecKOM KOMnaKTnposanHn nopom- 
KOB II $ojn>r. 

Pac^eT TV • e no (|)opMyjie (5.14) (npn p0/p.v. = 0.50 n 0,75, t = 
= 0,5 CM, t/R = 0,5) aaeT 3Ha^eHHH B 1,1—1,3 pa3a oojiLme 3Kcne- 
pnneHTaJiBHHx B nccjie^yeMtix flnana3onax reoMeTpHnnpejKHMa Ha- 
rpyJKennfl. 3TO cBH3aHO e npnOJinHvenniiM xapaKTepon paccMOTpe- 
HHH D3MeHeHnn reoMeTpnn BHemHero Komypa, B lacTHocTH c Heyne- 
TOM ero BOJinoo6pa3HOCTii oöycjioBJiemiOH neycToiriHBocTbio ABH- 
EseHHH, a TaKiKe oTJnnmeM KonennoH HJIOTHOCTH KoiraaKTa pK OT Teo- 
penraecKOiL ECJIH BBecra 3aBncnMOCTB pK OT peaoota KonnaKTHpo- 
BaHHH, TO $OpMyJia  (5.14;  M03K6T  OHHCHBaTL HOBejjeHHe BejIH^HHH £ 
B aaBHCHMOCTH OT   napaMeTpoB Harpy^erma npn 3aMeHe pM Ha pK. 
OxMeTHM, ^TO a « 45°, no3TOMy MOTKHO cwraTb, ^rro cos a » 0,7. 
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"Shock Synthesis of Diamond and C-B-N Materials" 

M. YOSHIDA and S. FUJIWARA 
National Institute of Materials and Chemical Research 

Tsukuba, Ibaraki 305, JAPAN 

Recent studies of shock syntheses of diamond, cubic boron nitride and solid solutions of 
diamond and cubic boron nitride conducted at National Institute of Materials and Chemical 
Research have been summarized. 

Martensitic transformation from graphite to diamond: Pure graphite with approximately 90% 
of the crystal density was employed to study the mechanism of shock induced transformation 
from graphite to diamond. Measured pressure profiles in the graphite revealed that the employed 
graphite starts transformation at about 20 GPa. Sound velocity deduced from the catch-up time 
of the rarefaction wave increased with incident shock pressure from that of graphite at about 20 
GPa to that of diamond at 30 $35 GPa. Some pressure records clearly indicated double wave 
structure. The rise-up time of the second pressure jump, which corresponds to time duration 
of transformation process, was less than the resolution limit of the pressure gage; about 20 ns. 

Recovery experiments were also carried for the same pure graphite. Maximum pressure and 
temperature in the sample were controlled independently. Pressure and temperature ranged from 
20 to 100 GPa and 600 to 1800 K, respectively. Although many experiments were conducted 
above the mixture region, the yield of diamond was always less than 34%, indicating that almost 
whole diamond transformed back to graphite either under or after pressure unloading. Recovered 
graphite was analyzed by x-ray diffraction and it was observed that recovered graphite had the 
same microstructures as the starting material in spite of its transformation histories between 
graphite and diamond. 

These experimental results clearly indicate that the main mechanism of shock induced 
transformation from graphite to diamond is not diffusive but diffusionless. Graphite is considered 
to undergo martensitic transformation to hexagonal diamond under shock compression and, when 
pressure is unloaded, hexagonal diamond goes back to original graphite phase by the same 
martensitic mechanism. This explains why the recovered graphite had the same microstructures 
as the starting material. Recovered cubic diamond may be synthesized because of heterogeneous 
nature of shock compression. As the samples had 10% porosity, shock wave produces 
heterogeneous states at the shock front and creates hot spots, forming cubic diamond by diffusive 
mechanism. 

Shock synthesis with spherical copper powders: The yield of diamond is known to increase 
when graphite is mixed with copper powders. The increase of yield is more pronounced when 
spherical copper powders are employed. Graphite was mixed with 90 to 95 wt. ~ % spherical 
copper powder of lOO^m average diameter. Yield of diamond increased to more than 70%. 
This method was also effective in the syntheses of cubic boron nitride (cBN) from hexagonal BN 
(hBN) and solid solutions of cubic diamond and cubic boron nitride from hexagonal C-B-N 
compounds. 



The spherical copper powder has less specific surface area than other morphologies. As the 
energy of compression is considered to be deposited on the surface first and then heat conduction 
relaxes to temperature equilibrium, smaller specific surface area will generate larger initial 
temperature rise and larger temperature quench rate. This mechanism is considered to be the 
main reason of high yields of diamond and other materials. 

Microscopic observations of shock compression in powders: Temperature profiles in shocked 
copper powders were observed to estimate maximum temperature and temperature quench rate 
in spherical copper powders. As a preliminary experiments, pure copper powders were 
employed and nothing was mixed. The recording system employed a camera-lens and 
objective-lens combination (maximum approximately ten times of magnification), an electronic 
streak camera, and a liquid-nitrogen cooled CCD camera. The best spatial and temporal 
resolutions were 3 to 4 ns and 3 to 5/xm, respectively. The optical sensitivity of the system was 
calibrated using shocked argon plasmas of known spectral characteristics. It was observed that 
coarse spherical powders yield very high temperature and very rapid cooling rate. For a 
spherical copper powder with diameter of 100/xm, maximum brightness temperature and 
temperature cooling rate of $10000 K and $10 K/s, respectively, were observed. 

Conclusions: From all the above experiments we conclude that the kink observed in the 
Hugoniot of graphite is attributed to martensitic phase transformation to hexagonal diamond 
which under unloading transforms back to the original phase by the same mechanism. Shock 
syntheses of cubic diamond should employ some heterogeneous hot spot formation which 
promote conversion of graphite to cubic diamond, possibly through the liquid phase. The same 
mechanisms are considered to be dominant in the shock syntheses of cBN and cubic C-B-N 
materials. 

Better understanding of the mechanism and the kinetics of the transformations require not only 
better resolutions but also {it in situ} material identification by spectroscopic method, for 
example by Raman scattering spectroscopy. 
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STUDY OF SHOCK INDUCED SOLID STATE REACTIONS BY 
RECOVERY EXPERIMENTS AND MEASUREMENTS OF 
HUGONIOT AND SOUND VELOCITY 

M. YOSHIDA, National Chemical Laboratory for Industry, Tsukuba, Ibaraki 305. Japan and 
N. N. THADHANI. CETR, New Mexico Tech, Socorro, NM 87801. 

Shock induced phase transition of graphite to diamond and shock induced chemical reaction in powder 
mixtures of niobium and silicon have been studied through recovery experiments and measurements of Hugoniot 
and sound velocity. Manganin-gage records were analysed to obtain Hugoniot and sound velocity in mixed 
phase region of graphite and diamond. These results clearly showed that samples fully converted into diamond. 
Analysis of recovery experiments showed that yield of diamond was less than 3 %. indicating regraphitization 
after or during pressure unloading. In the case of Nb-Si mixture, light emission from shocked powders was 
recorded by a streak camera. Arrivals of shock and rarefaction waves at the interface between the sample 
powder and a glass window were clearly recorded. Mechanism of shock induced chemical reaction is discussed 
using these results together with SEM/EDX observations of recovered samples. 

1    INTRODUCTION 

After it was realized that phase transitions can be 

induced by shock waves within a time scale of a frac- 

tion of a microsecond or less [1], many research works 

have been directed toward understanding of material be- 

haviors, such as structural and chemical changes, under 

extreme dynamic conditions [2,3,4,5]. 

Experimental methods employed in these works can 

be divided into two classes; dynamic observations and 

post-shock analysis. Dynamic observations can directly 

observe phenomena that take place under dynamic load- 

ing. However, experimental capabilities are still limited 

to resolve phenomena with sufficiently high spatial and 

temporal resolutions, and in many cases, quantities to 

be measured do not allow dynamic observations with 

technologies currently available. On the contrary, post- 

shock analysis can incorporate numerous characteriza- 

tion methods. Thus many research works in shock in- 

duced chemistry have used this experimental method to 

understand the phenomenon. However, post-shock anal- 

ysis inherently possesses a shortcoming that measured 

quantities or observed phenomena are not necessarily at- 

tributed to shock compressions because recovered mate- 

rials have seen both shock and post-shock effects and 

distinction of these effects is often very difficult. 

Indeed, one of the issues in shock induced chemistry 

that has remained controversial is to what extent the 

material was synthesized under shock compression. In 

the case of pressure induced transitions, if the recovered 

high pressure phase is not a high temperature phase, 

then the material recovered is certainly synthesized un- 

der compression, but a part of the high pressure phase 

may then disappear by reverse transition to the original 

phase due to high residual temperature. Shock syntheses 

of compounds by chemical reactions in component ele- 

ments, have different situations as, in many cases, com- 

pounds have negative heat of formation. It is possible 

that reaction can proceed during shock compression or 

by residual temperature. Thus it is very difficult to know 

whether or not, and to what extent, the products were 

formed under compression alone. 

Hence, dynamic observations are required to distin- 

guish the effects occurring under compression and after 

unloading. Batsanov [6] observed a kink in his measured 

Hugoniot of powder mixture of tin and sulfur, and con- 

cluded that the kink is due to the heat generated by 

a reaction between the two elements. However a kink 

in the Hugoniot may sometimes be attributed to phase 

changes of one or more reactants and does not necessar- 
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ily indicate evidence of chemical reactions. Furthermore, 

detection of reaction by Hugoniot measurement requires 

that reactions take place at the shock front or its vicin- 

ity. If reactions take place considerably far away from the 

shock front it becomes impossible for reactions to impart 

their occurrence to the Hugoniot even if it actually took 

place when material is still under compression. 

Measurements of the sound velocity by observing the 

rarefaction catch-up at two or more gage locations re- 

flect the extent of reactions between these locations and 

can be used to detect occurrence of reactions behind 

the shock front. It should be noted that in applying 

this method to reacting powder mixtures, all the sound 

velocity data for both reactant elements and product 

compounds, as a function of pressure and temperature, 

should be known. Furthermore, this method requires 

that the sound velocity of reactants and that of prod- 

ucts be appreciably different. 

In this study, recovery experiments together with 

measurements of Hugoniot and sound velocity were per- 

formed for two cases; shock induced phase transition 

from graphite to diamond and shock induced chemical 

reactions in niobium/silicon powder mixtures. As will 

be described in the following sections, analyses for the 

former case were relatively simple because equations of 

state can be well defined and the difference of sound 

velocities between the reactant and the product is signif- 

icant. In the latter case, we do not have enough knowl- 

edge on equations of state of both reactant elements and 

products compounds. Still it will be shown that mea- 

sured Hugoniot and sound velocity can indicate events 

that cannot be resolved by recovery analyses. 

2    EXPERIMENTS   AND   RE- 
SULTS 

2.1     Phase Transition from Graphite 
to Diamond 

Many models have been proposed to describe shock 

induced phase transition of graphite to diamond. De- 

Carli [7] has concluded that diamond is mainly formed 

at "hot spots", whereas Morris [8] questions this hy- 

pothesis. Possible existence of regraphitization of dia 

mond due to high residual temperature makes it diffi- 

cult to conclusively infer degree of transition under shod 

compression from recovery experiments. Experiments ot 

diamond crystals [9] suggest that residual temperature 

where regraphitization becomes significant is %1800 K 

X-ray diffraction of shock loaded diamond powders [10] 

indicated that graphitization can occur even at residua 

temperature of about HOOK. 

In this study, pure and crystallized graphite made 

from coal pitch was employed as a starting material. Tht 

initial density was 2.05 g/cm3. 

2.1.1     Recovery Experiments 

Several recovery systems were employed to control 

pressure and temperature independently. The calculatec 

maximum pressure and maximum bulk temperature in 

the graphite sample are shown in Fig.l 

Recovered samples were ground to powder and wert 

oxidized in a plasma reactor to remove graphite.   Oxv- 
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FIGURE 1 

Maximum pressure and temperature in the graphite sam- 
ple. Phase transition was not taken into consideration. 
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FIGURE 2 

Recovered diamond yield plotted against maximum tem- 
perature in graphite. 

gen, with 0.5 to 0.7 Torr of pressure in a quartz cham- 

ber, excited by an rf generator of 13.56 MHz and 200 

W, effectively removed the graphite. Weight reduction 

of shock synthesized diamond under the condition men- 

tioned above was much less than 0.1 % per hour and 

for most cases oxidation of 10 to 20 hours removed the 

graphite completely. X-ray diffraction patterns of oxi- 

dized samples were identified to be those of cubic dia- 

mond. Hexagonal diamond was not detected by X-ray 

diffraction. 

Obtained yield of diamond did not show dependence 

on pressure but exhibited dependence on temperature. 

Yields plotted against the maximum temperature of the 

sample are shown in Fig.2. Shock compressions along the 

a- and c-axes did not show distinct differences in terms of 

diamond yield and they were not distinguished in Fig.2. 

2.1.2    Hugoniot and Sound Velocity 

Embedded manganin gages were used to measure 

Hugoniot and sound veocity of the shocked graphite. 

The thickness of the sample was nominally 2.5 mm. 

Manganin gages (Dynasen Inc.) of ~0.28 mm thick- 

ness were inserted between the driver/sample and sam- 

ple/sample interfaces. In all the experiments, graphite 

was compressed along the c-axis. The average pressure 

value and shock wave velocity derived from the differ- 

ence of shock arrival times generates one Hugoniot point. 

Sound velocity(C) was calculated by 

C = P°XL 

p At 
(1) 

where XL and At are the thickness of the graphite sample 

and the time difference of rarefaction wave arrival at two 

surfaces of a sample slab, respectively. At was evaluated 

from arrival times at gauge locations by correcting the 

transit time of the rarefaction wave through the gage 

insulator. 

Figure 3 shows the l's-up Hugoniot of the graphite. 

Calculated Hugonits of graphite and diamond both with 

initial density of 2.05 g/cm3 are also shown for compari- 

son. A kink is observed at a shock velocity of about 6.5 

km/s, and indicates the start of phase transition to the 

dense diamond phase. Pressure at the kink is about 25 

GPa. McQueen [11] observed kinks for various graphite 

samples at shock velocity of about 6.0 km/s. The dif- 

ference in the shock velocities may partly be due to flow 

perturbation by insertion of the gages in our case. Anal- 

ysis of a pressure waveform at the second gage location 

suggests that the transition pressure is 20 GPa. 

Figure 4 shows dependence of sound velocity on 

shock pressure. Calculated bulk sound velocities for 

graphite and diamond of the same initial loading density 

(2.05 g/cm3) are also shown. This figure indicates that 

graphite-to-diamond transition starts at about 20 GPa 

and is complete at about 30 to 35 GPa. If the begin- 

ning of the transition is at 20 GPa, then the end point, 

above which single wave structure can be observed, is 

calculated to be 33 GPa which agrees well with the ex- 

perimental results. 

2.1.3    Discussion   for   Graphite  to  Diamond 

Transition 

In the recovery experiments on graphite along the c- 

and a-axes with initial loading density of 2.05 g/cm3, 
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FIGURE 4 

Sound velocity obtained from rarefaction catch-up plot- 
ted against the shock pressure. 

only cubic diamond was recovered and the yield of di- 

amond was dependent on the temperature alone. The 

yield increased with increasing shock temperature and 

the observed highest yield was about 3 % at about 1800 

K. However, the Hugoniot and sound velocity measured 

for the same graphite under shock compression along the 

c-axis clearly indicated that this material starts a tran- 

sition to the dense diamond phase at about 20 GPa and 

the transition is complete at about 30 to 35 GPa. Thus 

it was shown that some of our recovery experiments in- 

volved complete transition to the diamond phase. One 

reason for the observed low yield data of diamond in re- 

covery experiments couid be the high temperature rise 

induced by large pv work done as a result of the phase 

transition to the dense phase. The maximum temper- 

ature calculated in Figs. 1 and 2 should be increased 

by several hundreds of K for complete transition to the 

diamond phase. 

Another possible reason is that the mechanism of the 

phase transition is martensitic rather than diffusive [12]. 

Graphite possibly transforms to hexagonal diamond very 

rapidly and hexagonal diamond, upon release of the pres- 

sure, transforms back to the original phase. The cubic 

diamond may have beer, formed by a diffusive mecha- 

nism at local hot spot;. The dependence of the yield 

of diamond on maximum temperature can then be ex- 

plained as a dependence of the yield on the initial shock 

pressure because temperature rise is most prominent at 

the initial shock rise and the initial shock will play the 

most important role in the formation of local hot spots. 

2.2     Shock Induced Reactions in Nb/ 
Powder Mixtures 

Recovery experiments were first conducted on Nb/Si 

powder mixtures and the recovered samples were ob- 

served by scanning electron microscope(SEM) with EDX 

elemental analysis. X-ray diffraction(XRD) analysis was 

also employed to identify bulk reaction products. Hugo- 

niot and sound velocity measurements were then con- 

ducted to clarify events taking place under shock com- 

pression. 

2.2.1     Recovery Experiments 

The mixture of niobium and silicon with 1:1 atomic 

ratio, was hand packed in a 304 stainless steel capsule. 

Packed samples had thickness of 2 mm and diameter of 

12 mm. Loading density was nominally 55 % of the solid 

mixture. The recovery assembly employed a plane wave 

generator, a high explosive, and momentum traps. A 100 

mm diameter plane wave generator [13,14] was employed 

% 
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FIGURE 5 

An SEM photo of a sample shocked to 40 GPa. 

in both direct contact and flyer plate impact experi- 

ments. Recovered sample capsules were axially cut into 

two pieces to reveal the cross-section for microstructual 

characterization. 

Although several shots have been done at different 

pressure levels, only one recovery result will be presented 

in this report and other results will be summerized else- 

where [15]. 

An SEM photograph of a sample shocked to a peak 

pressure of approximately 40 GPa is shown in Fig.5, 

which was taken at a point one third radius off the center. 

a 

10        12 14 16        18 20 22 

2 0 (Mo KQ, deg.) 

24 28 30 

FIGURE 6 

X-ray diffraction patterns. *-NbSi2, «-NbsSis, o-Nb. 

EDX analyses in this area revealed that the light part 

contained only niobium and the dark part only silicon. 

No particle boundaries were found in the silicon region, 

which clearly indicates that silicon was once molten. Ele- 

mental compositions observed at the light gray and dark 

gray parts corresponded approximately to Nb5Si3 and 

NbSi2 respectively. X-ray diffraction analysis was made 

using Mo Ka radiation and a collimator of RS 0.3 mm 

effective diameter. An XRD pattern taken at an area 

of Fig.5 is shown in Fig.6. All the peaks were assigned, 

as indicated in the figure, to those of either cubic nio- 

bium, hexagonal NbSi2, or tetragonal Nb5Si3, indicating 

partial reactions. 

copper flyer plate 

V 

0 

— copper driver plate 

Nb/Si powder mixture 

-J \ 
T 

to streak camera 

"> 

glass 

Ar flash gap 

copper standard 

FIGURE 7 

An experimental arrangement for recording light emis- 
sion from the sample powder. 

FIGURE 8 

A streak record of light emitted from the sample.   For 
explanations, see text. 
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2.2.2    Hugoniot and Sound Velocity 

An experimental assembly used for Hugoniot and 

sound velocity measurements of Nb/Si powder mixtures 

is shown schematically in Fig.7. Copper was employed as 

both flyer and driver plates. Sample discs of dimension 

20 mm diameter and 1 to 3 mm thickness were placed 

in contact with the driver plate and a transparent (fused 

quartz or pyrexj window. 

A typical streak camera record of light emitted from 

the sample is shown in Fig.8. When a shock wave hits 

the interface of the sample powder and the window, very 

intense light, due to void collapse which generates high 

temperature, is observed (ti). This intense light serves 

as an arrival time indicater of the shock at the pow- 

der/window interface. Shock velocity can then be ob- 

tained using this arrival time and the arrival time at the 

surface of the driver plate. Arrival time data at a surface 

of a standard material, copper, can be used to deduce 

compression data for the sample by the impedance mis- 

match method. The duration of the intense light is very 

short and constant light emission follows after this in- 

tense light until it starts to gradually attenuate the light 

intensity (t2) due to the catch-up of the rarefaction wave 

which decreases the temperature of the sample. Again 

this arrival time of the rarefaction catch-up for a couple 

of sample thicknesses allows calculation of the rarefaction 

velocity in Lagrange co-ordinate, and the sound velocity 

behind the shock front can be obtained from Eq. (1). 

Our experimental method is essentially the same as 

the one employed by McQueen et al.[16], except for the 

difference that, in the present case, the temperature 

of the shock compressed powder is extremely high and 

self luminous light of the sample material itself can be 

recorded directly instead of observing light emitted from 

an optical analyzer. 

Measured Hugoniots and calculated powder Hugoniot 

of the 55 % dense Nb/Si mixture are presented in Fig.9. 

Our calculation assumed p—T equilibrium and constant 

p-f, and employed Hugoniot data for Nb [17] and hydro- 

static compression data for Si [18]. 

The measured Hugoniot of Nb/Si mixture showed two 

branches 'A' and 'B'. The branching is not due to exper- 

imental errors but rather actual shock behavior. Often 

in different samples in the same shot, one sample da- 

tum fell on the lower branch and another on the higher. 

Sample thickness did not correlate to the branching ef- 

fect. Branching may be due to small differences in ex- 

perimental conditions, such as bulk density or inhomo- 

geneity. Branch B exhibits higher compressibility than 

the calculated Hugoniot and seems to represent phase 

transformation(s) to dense phase(s). The phase diagram 

of silicon [19] has negative dp/dT between the solid and 

dense liquid phases. Additionally, the calculated Hugo- 

niot for 55% initial density powder crosses the phase 

boundary at about 5 GPa. This point is indicated in 

Fig.9 and it looks like the deviation of branch B from 

the solid powder Hugoniot starts from this point. Thus 

it is believed that shock induced melting of silicon is 

the cause of the higher compressibility along branch B. 

Branch A with higher shock velocity possibly represents 

a Hugoniot without melting. Slightly higher U„ than the 

calculated Hugoniot suggests the existence of solid state 

reactions taking place within the rise time of the shock 

front. 

The distance-time diagram for shock propagation and 

rarefaction catch-up is shown in Fig. 10. Shock pressure 

Particle velocity (km/s) 

FIGURE 9 

Hugoniots of Nb/Si powder mixture. Branches A and 
B are experimental. Calculated Hugoniot crosses the 
solid/liquid phase boundary of Si at a point indicated 
by an arrow. 
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FIGURE 10 

X-t   diagram   for   shock   and   rarefaction   trajectories. 
Shock pressure is approximately 20 GPa. 

branching into two U. 

was attributed to the phase transition of Si into the dense 

liquid phase. The higher Us branch was very close to the 

calculated powder Hugoniot of the solid phase. A re- 

sult of sound velocity measurement done in the higher 

Us branch indicates the existence of solid state reactions 

possiblly occurring within the rise time of the shock 

front. However, even though materials reacted in the 

solid phase, the work done to the sample and the heat of 

reaction will eventually melt, at least a part of, the sam- 

ple and will smear out any evidence of what took place 

under compression. Recovery experiments with higher 

initial loading density or with much lower initial tem- 

perature should be helpful in checking the possibility of 

solid state reactions for this powder mixture. 

Measurements of EOS data for reactant and product 

materials are also necessary for interpreting results of 

Hugoniot and sound velocity measurements. 

3    CONCLUDING REMARKS 

in the Nb/Si powder was «20 GPa. Trajectories in 

copper plates are calculated with a one-dimensional hy- 

drodynamic code using published data for copper [20]. 

Elastic-plastic effects were neglected and copper was as- 

sumed to be perfectly plastic. Sound velocity deduced 

from the experimentally obtained rarefaction trajectory 

in the Nb/Si mixture was 8.3 km/s. As the calculated 

arrival point of the rarefaction wave at the interface be- 

tween the copper and the Nb/Si mixture lies on an ex- 

traporated rarefaction trajectory, the measured velocity 

will correspond to bulk sound velocity. Calculated bulk 

sound velocity of 55 % dense Nb/Si mixture under shock 

pressure of 20GPa is 5.6 km/s. Measured sound velocity 

is about 50 % higher than the theoretical value. This 

experimental result is in favor of the existence of solid 

state reactions because intermetallic compounds gener- 

ally have higher sound velocities. 

2.2.3    Discussion for Nb/Si 

Recovery experiments indicated clear evidence of 

bulk melting of silicon. Hugoniot measurements showed 

In the study of shock induced transition from graphite 

to diamond, it is clearly demonstrated that measure- 

ments -of Hugoniot and sound velocity play an impor- 

tant role in interpreting the results of recovery experi- 

ments. Hugoniot and sound velocity revealed that, for 

the graphite employed in this study, phase transition 

starts from «20GPa and completes between 30 to 35 

GPa. The yield of diamond is dependent on temper- 

ature only and the highest yield of the cubic diamond 

phase is less than 3% even for the cases where graphite 

transformed completely to diamond. It was suggested 

that the main mechanism of the pressure induced tran- 

sition is martensitic. Obtained cubic diamond may be 

formed by a diffusive mechanism at local hot spots. 

In the case of shock induced reactions of Nb/Si pow- 

der mixture, the Hugoniot exhibited two branches. The 

higher Us branch was attributed to solid state reactions 

and the lower U, branch to phase transition of Si into 

a dense liquid phase. The reason of branching is not 

clear but is possibly due to small differences in the ex- 

periments. It is obvious that more detailed EOS data are 
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needed for silicon, niobium and each product to get clear 

conclusions from measurements of Hugoniot and sound 

velocity. More detailed dynamic observations with dif- 

ferent initial conditions will be useful for understanding 

complicated phenomena. 
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Abstract 
Spherical copper powders of different, sizes were shock compressed and their shock-wave fronts 
were microscopically observed. The recording system employed an electronic streak camera and 
a liquid-nitrogen cooled CCD camera. Standardised shocked argon light source was first recorded 
to calibrate the optical sensitivity of the recording system and the brightness temperature 
profile of the event was deduced. It was observed that coarse spherical powders yield very 
high temperature and very rapid cooling rate at the shock front. For spherical copper powders 
with diameter of 500 //m. maximum brightness temperature and temperature cooling rate of 
approximately 2.0 x 104 K and 1012 K/s, respectively, were observed at 43 GPa bulk shock 
pressure. 

1. Introduction 
Shock compression is inherently accompanied by heterogeneous energy deposition, resulting in 
non-equilibrium state at the shock front followed by relaxation processes during, and in some 
cases even after, compression. The existance of heterogeneity in shock compression has long 
and widely been recognized through many studies such as detonation initiation of explosives [1° 
recovery analyses of powder materials [2. 3], shock induced chemical reactions in organic sub- 
stances [4. 5], molecular dynamic simulations [6], and so on. 

In shock syntheses of diamond, this heterogeneous nature of shock compression has been 
fully utilized to increase the yield of diamond [7]. Graphite or graphite-like carbon was mixed 
with spherical copper powders and was shock compressed to 30 to 40 GPa. The yield of diamond 
exceeded 70 %. The same method has been extended successfully to shock syntheses of cubic 
boron nitride [S] and cubic BN-C solid solutions [9]. 

These shock synthesis studies have promoted a microscopic investigation of heterogeneous 
processes in shock compression of powders. Here we report our first preliminary experimental 
results on copper powders. Graphite or any other material was not mixed and pure copper 
powders were shock compressed and their shock wave fronts were observed by a streak camera. 

2. Experimental 
Spherical copper powders with purity of 99.9% were hand-tapped into a cylinder of 20 mm in 
diameter and formed a disk of 2 ~ 3 mm in thickness. Irregular shape copper powder was also 
used for comparison purpose. Table 1 lists copper powders employed in this stud}-. The initial 
loading density geometrically measured was approximately 65 % of the solid. 

An explosive plane-wave generator with effective planar area of 100 mm in diameter initiated 
-a liquid explosive, nitromethane, to accelerate a 2 mm thick aluminum-alloy (6061) flyer plate. 
Target plate was the same 2 mm thick 6061 Al plate on which a sample disk of copper powder 
was attached. The flyer plate velocity was 3.7 km/s. This shock system was mainitained the 
same in all the powder compression experiments reported here. 

Impact of the flyer plate generates 40 GPa shock pressure in a target plate. The shock- 
pressure in the sample is estimated to be 43 GPa from impedance mismatch between 6061 Al 
and copper powder. When the shock wave reaches the interface between copper powder and 
the fusecl-quartz window, very strong light pulse can be observed followed by relatively weak 
light. The strong light is attributed to heterogeneous structure of the shock front in powders. 
The weak light is from equilibrated compressed state of the shocked powder and it endures until 
the rarefaction wave from the back surface of the flyer plate decreases the pressure and the 
temperature at the interface. The brightness of the weak light is usually two to three orders 
of magnitude smaller than the first strong light pulse and it is difficult "to record both lights 
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simultaneously with sufficient accuracy.   As the interest is in the heterogeneity at the shock 
front, only the strong light pulse is recorded by a recording system described in the followings. 

An image converter camera (Imacon 700. Hadland Photonics Ltd.) with streak rate of 
•50 ns/mm resolved the events temporary. The streak image on the phospher screen of the 
streak camera was recorded by a liquid-nitrogen cooled CCD camera (Model 3200, Astromed 
Ltd.) with 1152 x 770 pixels and 16 bits resolution of photo-electrons in each pixel. Time 
resolution was typically 3 ~ 5 ns. 

Two lens systems were employed. For a low magnification case a lens of 600 mm focal length 
formed an image on a photocathode of the image converter camera with magnification ratio of 
approximately 0.22. For a high magnification case, an objective - camera, lens combination 
with maximum 12 times magnification ratio formed an microscopic image of powders. Spatial 
resolution as good as 3 to 4 //m was attained in this case. 

The evaluation of spatial and temporal profiles of brightness of the events requires a standard 
light source to calibrate the optical sensitivity of the recording system. As the sensitivity 
depends on the streak rate, the standard light source is to be recorded with the same streak 
rate as the experiments. This disables the usage of a black-bod}' furnace or a standard lamp 
because their brihghtness is usually a couple of orders of magnitudes weaker than the events. 
We employed an argon plasma generated by shock compression as a standard light source. The 
argon plasma is considered to be a black-body light source. Calibration of spectral brightness of 
shocked argon has been described previously [10] and will not be detailed here. The temperature 
can be controlled accurately in a range between 12,000 and more than 20,000 K and with 
accuracy of ±500 K by changing the shock wave velocity. 

Before each shock compression observation, light emission of shock compressed argon plasma 
was recorded with a bandpass filter (420 ± 5 nm) and the same optical components. For the 
components to he replaced in each experiment, such as PMMA blast-proof window, mirrow and 
fused-quartz. materials from the same lot are employed. 

3. Results and Discussion 
A typical record at 420 ± 5 nm wavelength for low magnification case is shown in Fig. 1. Two 
samples were shock loaded simultaneously. Peak intensity at each spatial point was deduced 
to temperature by assuming black-body radiation and comparing the photo-electron counts to 
the counts obtained for the standard argon plasma light source with known brightness. Table 
2 summerizes the results for low magnification observations. A 25 //m camera slit limits the 
spatial resolution to approximately 110 /mi at. powder/fused-quartz interface. This resolution 
did not allow us to resolve events microscopically for powders of 100 /mi© or less. Obtained 
brightness temperatures for powders A and B are averaged over hot and cold areas as well. For 
the powder D. the spatial resolution is an order of magnitude smaller than the particle size. 1 
mm<p, and reflects well-resolved temperature profile of the event. The observed temperature. 
(1.7 ± 0.1) x 104 K is approximately four times of the calculated temperature. 

To obtain better spatial resolution, an objective-lens and a camera-lens combination was 
emploj'ed. The focal lengths of the objective and the camera lenses were 50 and 600 mm. 
respectively. This lens system magnified the image to maximum 12 times. Spatial resolution 
was 3 to 4 nm and a little worse than the theoretically calculated value due possibly to optical 
qualities of a blast-proof PMMA window and other optical components. Figure 2 shows an 
observed streak camera image for a 500 /.imo copper powder. The slit lies on a center of one 
copper powder. The maximum temperature was attained at the center of the powder and 
was (2.0 ± 0.2) x 10"5 K. Maximum quench rate was also at the center of the powder and was 
approximately 1012 K/s. 

Although more experiments are required to extract a quantitative model for shock compres- 
sion process in powders, there are two notable observations. 

One is the rise time of the shock front. In many theoretical analyses [11, 12. 13, 14] of shock 
compression in powders, it is often assumed that the shock rise-up is rather smooth and the 
order of rise-up time is the shock transit time over the diameter length. The irregularity of 
the shock wave front roughly corresponds to the shock transit time over the diameter length. 
(Calculated transit time for 500 /fm is 120 ns.) Fig. 2 exhibits that rise-up is approximately one 
third of the calculated value; light intensity reaches to the maximum in about a couple of tens 
of nanoseconds and then falls within time duration a little longer than the rise-up. 
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The other is the dependence of the maximum temperature value on powder diameter. As 
the specific internal and kinetic energies are independent to powder sizes and morphologies, the 
same amount of energy is to be deposited regardless to the size of the powder. If we assume that 
the energy deposition occurs mainly on the surface of the powders and the thickness of the layer 
of energv deposition does not depend on the size of the powder, the peak temperature should 
increase in proportion to the diameter of the powder because the specific surface area is inversely 
proportional to the diameter of the powder. However, this is inconsistent with observations. 
The observed maximum temperatures for 1 mmcp and 500 //mo spherical copper powders are 
essentially the same within the experimental error. If we take the result of 100 /im$ powder 
as a maximum temperature and compare that with the result of 1 mm</> powder, the ratio of 
specific surface area of 10 produced only 1.7 times difference in temperature. The temperature 
difference will even be smaller as the result for 100 /mi is averaged over hot and cold areas. 

4. Conclusions 
Shock compression in spherical copper powders is microscopically observed. The best spatial 
and temporal resolutions were 3 to 4 /im and 3 to 5 ns. respectively. Time resolved brightness 
temperature profiles were measured using standardized argon plasma light source at 420 nm. 
Maximum temperature between 1.2 and 2.0 xlO4 K were obtained for 100 /*m to 1 mm diameter 
copper powders. The experiments are still to be evolved to various powders to obtain detailed 
understandings of heterogeneous nature of shock compression in powders. 
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Table 1 
Copper powders 

Powder    Diameter    Remarks 

A < 100/im irregular 
B 100/tm spherical 
C 500/im spherical 
D 1 mm spherical 

Table 2 
Results of peak temperature measurements 

(at 420 ± 5 nm) 

Powder Temperature 
(103 K) 

A    (< 10G /im, irregular) 7 ± 0.5 
B    (100 /;m^ spherical) 12 ± 0.3 
D     (1 mms. spherical) 17 ± 1 

(Calculated) 4.0 

Kirn 

Fig. 1   A typical streak record of the shock wave front in 100 ßmcf) (left) and 1 mm</> (right) 
powders. 

urn 

Fig. 2   A streak record of the shock front structure for a maginified 500 (im6 copper spherical 
particle. 
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SHOCK-INDUCED TRANSFORMATIONS IN OXIDES 

Yasuhlko Syono 
Institute for Materials Research, Tohoku University, 

Katahira, Aoba-ku, Sendai 980-77, Japan 

Phase transformations observed in shocked solids [l] have attracted in- 
terest of shock scientists from the first discovery a-e  transition of iron 
[2] and shock synthesis of diamond.[3] If they are considered to be used for 
material synthesis in shock process, understanding of their mechanism is in- 
dispensable. The phase transformations inducible under shock compression 
should be due to fast reaction kinetics, since the shock duration is limited 
within a microsecond time scale in laboratory experiments. [4-6] The high 
pressure phases are generally back-transformed in the pressure release process 
and unquenchable. However, some irreversible phase transformations provide 
important information for the mechanism in the shock process. 

One of the most thoroughly studied cases is the rutile-fluorite-a-PbOo 
transition in the shock process. Hugoniot measurements of TiOo with the 
rutile form revealed a phase transformation with about 15 % volume decrease 
suggesting a fluorite structure as a possible high pressure phase.[7] Strong 
anisotropy in the transition pressures was also noted, i. e. lower transition 
pressures in the shock-loading perpendicular to the c-axis than that parallel 
to tne c-axis. However, the recovered phase with the a-PbOo structure had a 
density only 2 % denser than rutile, indicating that it was not the high pres- 
sure phase and metastably formed In the shock release process.[8] Proposed 
displacive mechanism based on the topological relationship among the crystal 
structures of rutile. fluorite and a-Pb02 successfully explained the observed 
anisotropy in the transition pressures. Direct evidence to support the 
proposed mechanism was obtained by TEM observation of lamellae consisting of 
rutile and a-Pb02 in the shock-recovered products; Orientation relationship 
between coexisting rutile and a-Pb02 was found to be exactly as expected from 
the proposed mechanism. Computer simulation of rutile-fluorite transition 
also revealed that the transition could occur within a picosecond time scale 
much shorter than the typical rise time of the shock front, and only with the 
uniaxial compression perpendicular to the c-axis. [9] Later static high pres- 
JTÜÜ S<1   y.conflrned that the high pressure phase has a tetragonally distorted 
fluorite structure, corroborating the above model.[10] 

Recently similar shock-induced phase transformations were found to occur 
in the rare earth sesquioxides with the A, B and C type structures in the 
decreasing order of density.[11,12] Direct transition from C-type to A-type 
was observed under both shock and static pressures with about 10 % volume 
decrease.  However, shock recovered phase was found to be with the B-type 
structure, which was presumably formed during the pressure release process. 
«Ü l< I m?ne tue CPtal structu"s of the A, B and C type was pointed 
out, which makes the phase transformation due to displacive mechanism during 
shock process possible. Sequential phase transformations of C-A-B type rare 
5^n^eSq n°KnideS in the Sh0ck process is <*ulte analogous to those of rutile- fluorite- a-Pb02 as mentioned above. 

Complete retention of high pressure phases induced via displacive 
mechanism by shock loading seems to be rather difficult, since they are in 
general easily back-transformed during shock release process. Some blocking 
lÜSSJi1 would ^needed to stabilize the induced high pressure phase. The 
liTnli  !e y?eo?«Si?4 7as success*ully recovered from the shock loading of the 
S IJLty?e4?

rSi04-tJ3] It has been noted that zircon to scheelite transition 
is very similar to the rutile-fluorite transition, as far as the cation ar- 
rangements are concerned.[14] Only difference is the coherent rotation of 
ni2$.»J "? ?a durin<? the zircon-scheelite transition, which may play an im- 



to the zircon phase during pressure release. A phase transformation due to 
similar block movement of atomic cluster was suggested in the case of shock 
formation of Cr3Si (A15) type Nb3Si from the Ti3P type structure, although 
shock-yield of the high pressure phase was rather low.[15] The shock-induced 
A15 type Nb3Si was found to have superconducting critical temperature of 18 K, 
instead of non-superconducting Ti3P type Nb3Si.[16] In this regard worthy 
mentioning is that wBN can be synthesized from hBX,[17] while hexagonal form 
of diamond formed by shock loading of graphite is unquenchable.[18,19] This 
marked contrast suggests importance of bonding between different elements of B 
and N in preventing back-transformation from shock-induced wBN. 

There have been long arguments whether the olivine-spinel transformation 
is due to diffusion-controlled nucleation-growth mechanism or martensitic 
mechanism. From the viewpoint of shock compression experiments, no marten- 
sitic mechanism seems to work in the shock process, since no anomaly around 
the phase transition pressures determined by static high pressure-temperature 
studies was ever noticed in the Hugoniot measurements of forsterite.[20-22] 
This strongly suggests that the phase transformations of the reconstructive 
nature is hardly achieved during a short time interval of the shock process. 
Even an order-disorder phase transformation with cation rearrangements seems 
to be unfavorable under shock compression; The disordered rutile type FeTa04 
was found to transform to the disordered a-Pb02 type, instead of the ordered 
NiW04 type structure obtainable by static high pressure experiments.[23] 

The work was carried out in cooperation with M. Kikuchi, K. Kusaba, T. 
Atou and K. Fukuoka. 
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SHOCK-INDUCED PHASE TRANSITIONS IN SOLIDS: THEIR UNDERSTANDING AT ATOMISTIC LEVEL 

Yasuhiko SYONO 

Institute for Materials Research, Tohoku University, Katahira, Sendai 980, Japan 

Investigations of shock-induced phase transitions in several oxides were made from a microscopic 
viewpoint to disclose their mechanism. Needs for both the in-situ measurements of shock-compress- 
ed states and residual effects examination of shock-recovered materials are pointed out. Two ex- 
amples of phase transitions of Fe203 and LiNb03 as well as LiTa03 due to electronic origin are de- 
scribed in detail, by combining comparative studies at static high pressures using a diamond anvil 
cell. Displacive mechanism for a sequential rutile-fluorite-a-Pb02 transition in Ti02 under shock 
loading and unloading is discussed on the basis of both Hugoniot measurements and recovery experi- 
ments. Electron microscopy is shown to be most useful to obtain microscopic information of phase 
transitions under shock process, and two examples for Ti02 and Nb205 are demonstrated. 

1. INTRODUCTION 

Shock-induced phase transitions in solids 

have been one of the central issues from the 
1-5 

very beginning of the shock wave research. 

The 13 GPa phase transition of iron was first 

observed under shock loading in precise measure- 

ments of pressure volume relation by electrical 

pin contactor method as early as in 1955, and 

the structure of the high pressure phase was 

determined to be hexagonally close packed one, 

only when the x-ray diffraction study became 

possible under static high pressures in 1964. 

Following the first artificial synthesis of dia- 

mond by catalytic reaction of metal at static 

high pressures using the belt-type apparatus, 

polycrystalline diamond powders were also syn- 
g 

thesized by shock compression technique. 

Since these early demonstrable examples, a 

number of phase transformations have been ob- 

served either by in-situ measurements of shock 

compression curve or by shock synthesis experi- 

ments using recovery system. However, most of 

the research work has been done from the macro- 

scopic viewpoint for the continuous body, al- 

though the measured data are becoming more and 

more precise and time-dependent analysis possi- 

ble. Therefore, our knowledge of the mechanism 

of shock-induced phase transitions is stll lim- 

ited, and a more microscopic approach based on 

the crystal and electronic structures of sub- 

stances is indispensable for real understand- 

ing of the mechanism of phase transition under 

shock process at atomistic level. 

In this article, several examples of shock- 

induced phase transitions studied in the au- 

thor's laboratory for these ten years will be 

presented. The experimental approach for the 

microscopic study on the shock-induced phase 

transitions will be largely influenced by whe- 

ther the shock-induced phases are quenchable at 

ambient conditions after shock release. If 

they are unquenchable as in the case of elec- 

tronic and most of displacive transitions, the 

only information obtainable from shock experi- 

ments is by in-situ measurements, pressure- 

volume relation, for example. In these rever- 

sible phase transitions, direct comparison with 

static high pressure experiments using a dia- 

mond anvil cell is most effective, since these 

transitions are generally induced at static 

condition. Such examples are shown here for 

the case of pressure-induced phase transition 

in Fe203 and LiNb03 as well as LiTa03. 

If the shock-induced phases can be retained 

after the passage of shock waves, rich informa- 

tion on the phase transition mechanism will be 
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FIGURE 2 
Pressure variation of Mössbauer spectra of Fe203. 
The spectrum at 60 GPa was interpreted by super- 
position of sextet (A) and a doublet (B).15 

plete conversion was attained above about 55 GPa. 

The spectrum of the high pressure phase measured 

at 60 GPa was analyzed to consist of a sextet 

and a doublet, indicating at least two kinds of 

iron ions with different electronic states. The 

paramagnetic doublet spectrum was explained by 

low spin state iron ions, accompanied by prob- 

able reduction in valence. Later Nasu et al. 

reported that the remaining sextet at 60 GPa. 

gradually vanished with increasing pressure, 

suggesting the perfect low spin state above 80 

GPa. 
16 

2.2. LiNb03 and LiTa03 

A phase transition in ferroelectric LiNb03 

under shock loading was first suggested by Stan- 

ton and Graham.   However, unusually high 

Hugoniot elastic limit apparently disturbed cor- 

rect interpretation of the measured Hugoniot 

data. Thorough investigation on the high pres- 

FIGURE 3        _   18 

Shock compression curve of LiNb03 and LiTa03. 
T9 Broken line indicates the isotherm of LiNb03 
derived from Birch-Murnaghan fit. HEL: Hugoniot 
elastic limit, LPP: Low pressure phase, PT: 
Phase transition, MP: Mixed phase, HPP: High 
pressure phase 

sure behavior of LiNb03 as well as LiTa03 at 

both dynamic and static condition was carried 

out. Figure 3 reproduces the shock compression 
in ig 

curve of LiNb03  and LiTa03 . In both sub- 

stances, discontinuous decrease in volume was 

clearly observed at 32.6 and 40 GPa respective- 

ly, indicating onset of the phase transition. 

The volume change accompanied by the phase tran- 

sition was estimated to be 20.5 and 20 %  for 
18 19 

LiNb03 and LiTa03 respectively. ' 

Hiqh pressure x-ray diffraction studies were 
?n ?i       21 

carried out for LiNb03 '  and LiTa03 , using 

a diamond anvil cell. Results for pressure 

variation of d-spacings of the observed reflec- 
21 

tions are shown in Fig. 4.  Abrupt change in 

x-ray diffraction patterns was observed at about 

32 and 40 GPa for LiNb03 and LiTa03, in good 

agreement with the observed phase transition 

pressure by shock compression technique. 
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FIGURE 5 
Hugoniot data in the shock velocity versus par«, 
tide velocity plane of rutile single crystal. 

adiabat measurements, as shown in Fig. 6, which 

revealed that HPP II is denser by about 30 % 

than rutile, again suggesting some change in the 

nature of chemical bond under such high compres- 

sion. 

The volume difference of 15 % between rutile 

and HPP I at zero pressure suggested that HPP I 

has a fluorite or its related structure 28 

However, shock recovery experiments revealed ' 

that only a-Pb02 type phase, which is denser by 

only 2 % than rutile, was formed and its yield 

was strongly dependent on the shock propagation 

direction, i. e. much larger yield along [100] 

than [001].   The onset pressure where the a- 

Pb02 type phase appeared was also found to coin- 

rirlp   with   tho   nhacp   trancitinn   nroccnroc   nhcorvprl 

0.8      0.9 
V/Vo 

FIGURE 6 
Shock compression curve of rutile single crystal. 

by Hugoniot measurements.   These experimental 

results strongly suggest that the a-Pb02 type 

phase is metastably formed from the unquenchable 

fluorite-like phase in the shock release process. 

Possibility of such sequential phase transforma- 

tion of rutile-fluorite-a-Pb02 series in MX2 

type compounds has already been proposed by 

Hyde et al 
30 

More specific scenario for the 

phase transition in the shock process was pre- 
27 

sented by Kusaba et al. very recently. 

Figure 7 schematically illustrates how the 

[100] shock loading of rutile leads to a fluo- 

rite-like arrangement without involvement of ex- 

tensive atomic diffusion, where the original 

rmnl and mm! dirprtinn«; nf rutilp should con- 
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FIGURE 9 
Crystal structure (a) and high resolution image 
(b) of H-ND2O5 viewed along the monoclinic b 
axis parallel to the columnar block axis. 

FIGURE 10 
High resolution electron micrograph of the shock 
induced disordered phase taken with the incident 
beam parallel to the columnar axis.47 

quench mechanism may be excluded, because melt- 

ing temperature of ^05 is well below the Hugo- 

niot temperature. Noteworthy is that such form- 

ation mechanism of highly disordered structure 

might be closely related to that of diaplectic 
38 

glass of feldspar and other tectosilicates. 

4. CONCLUDING REMARKS 

The work presented" here clearly demonstrates 

that microscopic approach for the study of shock 

effects in solids is promising and particularly 

electron microscopy is very useful for the under- 

standing of shock phenomena at atomistic level. 

Although the scope of the present article is 

limited to rather simple pressure effects of 

shock waves, similar approach will also be appli- 

ed to more complex aspect of shock chemistry. 
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I Phase changes in solids during shock loading and 
unloading 

Y. Syono, K. Kusaba, T. Atou and K. Fukuoka 
Institute for Materials Research, Tohoku University, Katahira, Aoba-ku, Sendai 980, JAPAN 

Abstract. Polymorphic phase transformations have been found in many substances by shock 

compression. The transition pressures observed by dynamic and static compression are generally 
in good agreement, provided that the kinetics of phase changes, such as those which are displacive 
or electronic in origin, is sufficiently fast to be completed within the short time interval of a 

shock process. Molecular dynamical calculations of rutile under uniaxial stress showed that the 
phase transition to high pressure fiuorite phase could be completed within a few picoseconds, 

much shorter than the shock rise time within the shock front. The fact that the phase transition 

pressures of rutile single crystals depends on the shock loading directions can also be explained, 

given the uniaxial nature of the plane shock loading within the shock front. On the other hand, 
there are also many examples in which the recovered materials cannot be considered as due to the 

shock-induced high pressure phase itself, but metastably formed during the unloading process. 

To apply the shock wave technique for materials synthesis, the importance of the knowledge on 
the shock-induced phase transformations as well as pressure-temperature history of shock process 
is mentioned. 

Key words:    Shock in condensed matter, Phase change 

1. Introduction 

Shock wave research on solid materials now celebrates its own history of almost half a century 
(Rice et al. 1958, Duvall and Fowles 1963) and has now established a unique world, compatible 
with that of the static high pressure experiments. The shock compression technique has been 

widely used for precise determination of the pressure-volume relation of various solids, and ap- 
plied for the equation-of-state study at ultrahigh pressures. In the analysis of shock compression 
experiments in solids, the hydrodynamic approximation is adopted, since the shear stress in the 
compressed solids can be neglected when the shock strength exceeds the maximum shear strength. 
Agreement between the compression data obtained by dynamic and static means is sufficiently 
good, and provides the basis for using the shock compression data as a pressure standard for 
static high pressure measurements. 

However, shock response of solids shows significant discrepancy with that of fluid. Firstly, a low 
diffusion rate limits the equilibrium to be attained within the very short time interval of the shock 

process. Furthermore lower compressibility, hence higher shock impedance, of condensed matter 
than that of gas induces a smaller increase in temperature by shock compression. Secondly, solids 
show a finite shear strength, which is particularly enhanced at low stress level, as exemplified 
in the Hugoniot elastic limit. The finite shear strength also causes the formation of shear bands 

upon shock loading, and heterogeneous yielding in brittle solids (Grady 1977). Although this is an 

important aspect in the discussion of shock effects in solids, here, only the case where hydrostatic 
and uniform pressures are approximately realized in shock compressed solids, will be dealt with. 

2. Shock-induced phase transformations in solids 

Phase transformations induced by shock waves have been known in many substances and are 
a central issue of shock wave research in solids (Duvall and Graham 1977; Syono 1986, 1988). 
For example, the 13 GPa transition in iron was first discovered in an elaborate shock loading 
experiment with a pin-contactor method by Bancroft et al. (1956) as early as in 1955, and later 
confirmed by static high pressure experiments using X-ray diffraction (Takahashi and Bassett 
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1964). Soon after the first synthesis of diamond using a belt-type apparatus (Bundy et al. 1955), 

polycrystalline diamond powders were synthesized by shock processing (DeCarli and Jamieson 

1961). More recently significant development in the diamond anvil technique has extended the 

range of static high pressures up to Megabars and allowed such comparisons at much higher stress 

level. Simultaneous detections of the B1-B2 transition in CaO at about 70 GPa(Jeanloz et al. 

1979) and also"the spin-pairing transition in Fe203 (Goto et al. 1982; Syono et al. 1984) in both 

dynamic an static experiments were typical examples. 
In the phase transitions to be induced in a short time interval of shock loading, reaction 

kinetics should be most important (Horie and Duvall 1968; Hayes 1974). If the phase change is of 
a reconstructive nature governed by atomic diffusion, it may hardly be achieved by shock loading 
(Syono et al. 1981). The phase transition which can be realized in the shock process should be due 
to electron or displacive mechanisms. However, agreement between the phase transition pressures 

by dynamic and static pressures gives an impression that phase transitions proceed during the 

hydrostatic regime of the shock process. 
The shock itself rises to full amplitude within a few nanoseconds, bringing the compressed 

substance into a thermodynamic state which subsists for about a microsecond in laboratory 

experiments (Fig. 1). Since the kinetics of most of these phase transitions is much faster than 
imagined, the reaction within a shock rising process may become important. If this is the case, 

structural rearrangements in the phase changes are considered to occur mostly within a shock 
front and some non-equilibrium effects such as anisotropy in tne phase transition pressures could 

be explained. 
Another important aspect of such fast transitions is easy reversion during the shock release 

process. Such fast transitions can be easily back-transformed to the ambient phase, or metastable 
phase on the rarefaction process. In that sense, reaction mechanisms occurring during both shock 
rise and release processes are most important for the understanding of the shock-induced phase 

transition. In the present article, phase changes under the shock process will be discussed in terms 
of mechanisms at the atomic level, putting focus on the phenomena within a shock front of steep 

rise time and also the rarefaction stage of the shock process. 

3. Phase transitions during shock rise time within a shock front 

Polymorphic phase transformations have been found in many substances by shock compression 
(Duvall and Graham 1977). The transition pressures observed by dynamic and static compression 
are also in good agreement (Jones and Graham 1971; Syono 1986), provided that the kinetics of 

the phase transformations is sufficiently fast to be completed within a short time interval of 
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Fig. 2. Shock compression curve of rutile (TiÜ2) 
single crystal (Syono et al. 1987). HEL, PT, 
LPP and HPP are Hugoniot elastic limit, phase 
transition, low pressure phase and high pres- 
sure phase respectively 

the shock process, such as in phase transitions due to displacive or electronic origin. These fast 
phase transformations are generally induced by static high pressures and at room temperature, 

suggesting that a thermal activation process is not involved. However, phase transition pressures 
were reported to show remarkable dependence on the shock loading direction with respect to the 
crystallographic orientations (Fritz et al. 1971, Syono et al. 1987. Earskin and Nellis 1991). Such 
anisotropy in the phase transition pressure could be explained by considering the uniaxial nature 
of plane shock loading within the shock front. As a typical example, anisotropic phase transition 
in shocked rutile (TiC^) single crystals will be elucidated here in detail. 

Figure 2 shows the shock compression curve of rutile single crystals for various shock loading 
directions (Syono et al. 1987). The phase transition pressure was conspicuously lower for shock 

loading perpendicular to the tetragonal c axis, i.e. [100] and [110]. than parallel to the c axis, [001]. 
From the estimated volume change of about 15 percent at zero pressure, the shock-induced high 

pressure phase was considered to have a fluorite-related structure, which was recently confirmed 
by static high pressure experiments (Sato et al. 1991). The anisotropic yield observed in the 
shock recovery experiments (Fig.3) was quite consistent with shock compression measurements, 
although the recovered phase had an a-PbC>2 type structure which was presumably formed during 
shock unloading, as will be discussed in the next section (Kusaba et al. 1988). 

A displacive mechanism which was compatible with that by Hyde et al. (1972) was proposed to 
explain the rutile-fluorite transition in the shock loading process, as illustrated in Fig.4 (Kusaba et 
al. 1988), and simulated by molecular dynamical calculations (Kusaba et al. 1990). Figure 5 shows 

how the rutile structure converts to the fluorite structure by the [100] uniaxial compression. As 
the pressure increased to about 280 GPa within a picosecond, unit cell dimensions of both a and c 
axis of the rutile structure linearly decreased. In the next stage between 1-3 picoseconds, complete 

conversion to the fluorite structure was demonstrated. One of the a axis of the rutile structure 

continuously decreased, while the other a axis and c axis increased. Cubic fluorite structure was 

completely stabilized after 3 picoseconds. Contrary to the [100] compression, [001] compression 
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°U       Fig. 3. Recovery yield of a-Pb02 phase of TiC>2 
versus shock pressure (Kusaba et al. 1988) 

Fig.4. Topological relationship between rutile (a), fluorite (b) and o-Pb02 (c) structures. Large open circles and 
small solid circles are anion (O) and cation (Ti) ions respectively. Note the correspondence between uniaxially 
compressed rutile along the [100] direction and fluorite 

did not lead to the formation of the fluorite structure, but to CaCl2 type structure which was 

expected to have similar density of the rutile or a-Pb02 type structure. The calculation clearly 

indicated that the phase transformation was completed within a few picoseconds which is far 

shorter than the rise time of the shock loading process, and the observed anisotropy was closely 

related to the crystal structure. 

4. Formation of metastable phase in shock unloading 

On the other hand, there are many examples in which the recovered materials could not be 
considered as the shock-induced high-pressure phase itself, but metastably formed during the 
unloading process. These metastable phases do not show high density as expected from Hugoniot 
measurements but show some structural relevance to the shock-induced high pressure phase. 

Formation of a-Pb02 phase in Ti02 and Sn02 (Kusaba et al. 1988 1991) and the B-type rare 
earth oxide phase in T203 and Gd203(Atou et al. 1990) are typical examples. 
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As has been discussed in the previous section, the a-Pb02 phase of TiOj was metastably 
formed during the shock unloading process, since the a-PbC>2 phase was only denser by 2 % than 

rutile and could not be assigned as the observed high pressure phase which was at least 15 % 

denser than rutile (Syono et al. 1987). The instantaneous nature of fluorite-a-Pb02 type phase 
transition was suggested by Seifert (1968) and also simulated by molecular dynamical calculations 
(Matsui and Kawamura 1987) Since the rutile-fiuorite and fluorite-a-Pb02 type phase transitions 
were shown to occur during shock loading and unloading process respectively in quite an orderly 
fashion within a very short time interval, a certain relation between relative orientations of each 
structure is expected. This was actually confirmed by electron microscopic observation of lamellae 

consisting of rutile and a-PbÜ2 type phases which was found in the products recovered from the 
mixed phase region. 

It is interesting to note that the shock-induced high pressure phase of ZrSiC^ with the scheel- 
ite structure was retained after the shock pressure was released (Kusaba et al. 1985). Since the 
cationic arrangements in zircon and scheelite are considered to correspond to rutile and fluo- 
rite respectively, the combination of different cations with different coordination would play a 
role for the blocking mechanism which prevents the back transition. The fact that the zircon- 
scheelite transition was induced only at high temperatures and not at room temperature suggests 

involvement of a thermal activation process, in contrast to the rutile-fiuorite transition which was 
induced at room temperature under static high pressure (Sato et al. 1991). 

Shock-induced phase change analogous to the rutile-fiuorite- a-Pb02 type transition was re- 
cently found in the C-A-B phase transition in Y203 and Gd203 (Atou et al. 1990). The shock- 
induced phase was shown to have the B-type structure of rare earth oxides and the pressure 
dependence of its yield is shown in Fig.6. However, the onset pressure of the B-type phase was 
found to be close to the stabilization pressure of the A-type phase of rare earth oxides rather than 
the B-type phase, as shown in a systematics between the transition pressure versus cationic radii 
in Fig. 7. Considering the close similarity between the A-type and B-type structures, it is natural 
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to conclude that the recovered B-type phase was metastably formed during shock unloading from 

the shock-induced high pressure phase with the A-type structure. 
The anomalous feature of shock yield for the B-type phase of Gd203 also provides important 

information about the effects of residual temperature. Decrease in the yield for 8 - 10 GPa was 
interpreted due to enhancement of back transition to the C-type phase by the increase in residual 
temperature with shock pressure. The reappearance of the B-type phase above 11 GPa could be 

explained by a residual temperature above about 1200 C which was sufficiently high to anneal 

out the induced A-type phase and to stabilize the B-type structure at ambient pressure. 

Formation of metastable phases during the shock unloading process is not necessarily of crys- 
talline phases but amorphous ones. Many tectosilicate minerals such as quartz or feldspar are 

known to transform to so-called diaplectic glass, which is denser than the corresponding fused 
glass and shows microcrystalline nature, indicating glass formation due to solid- solid transition 

(Arndt 1984, Okuno et al. 1985). 
Completely different kinds of phase change inducible in the shock unloading process occurs 

in the decomposition reaction accompanied by degassing. Evidence for decomposition reactions 
during shock unloading was suggested by compressing vanadium hydride above 100 GPa (Syono 
et al. 1984). Similar decomposition reactions such as dehydration or devolatilization by shock 

loading have been reported, although their mechanism has not been clarified yet (Boslough et al. 

1982, Lange et al. 1985). 

5. Concluding remarks 

Phase transformations under shock loading have been utilized for synthesis of new materials 

with high pressure phases. Several successful cases including graphite-diamond conversion by 
shock processing have been reported so far. However, yield of the high pressure phases critically 

depends on the kinetics of the phase changes and the stability of the induced phases. Furthermore, 

compared with static high pressure synthesis, synthesis via shock processing suffers from the 
serious drawback of residual temperature; Shock temperature is not subdued to the starting 
value after the release of shock pressure and the residual temperature exponentially increases 

in accordance with the increase of the shock pressure and porosity of the starting materials. 
Therefore high pressure phases once formed by shock loading are susceptible to be annealed out 
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to the starting low pressure phase in the post-shock process. In that sense information on the 

phase change mechanism under shock processing as well as knowledge of the pressure-temperature 
history of the shock process is needed to apply thev shock wave technique for materials synthesis 
or processing, and promote the efficiency of the synthesis yield. 
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MATERIALS SYNTHESIS BY SHOCK-INDUCED AND SHOCK-ASSISTED 
SOLID-STATE CHEMICAL REACTIONS 

N.N. Thadhani 

School of Materials Science and Engineering 
Georgia Institute of Technology, Atlanta, GA 30332-0245 

We are investigating the synthesis of materials by shock-compression of powder mixtures which 
lead to chemical reactions resulting in the formation of equilibrium and non-equilibrium phases, 
as well as compounds with radically modified microstructures. The reactions occur as 
manifestations of enhanced solid-state chemical reactivity of powders, caused by configurational 
changes and defect states introduced during shock-compression. Two types of reactions are 
possible: shock-induced chemical reactions occuring during the shock-compression state, in time 
scales of pressure equilibrium, and shock-assisted reactions occuring after unloading to ambient 
pressure, in time scales of temperature equilibrium. 

Strong evidence exists, based on real-time measurement studies of various investigators, to 
believe that the occurrence of shock-induced chemical reaction in the microsecond duration is 
indeed possible. Post-shock microstructural analysis of recovered products also reveals 
characteristics which can be distinguished on the basis of whether the reactions have occurred 
by the "shock-induced" or "shock-assisted" mode. 

Shock-assisted chemical reactions are initiated due to bulk shock temperature increases (in time 
scales of thermal equilibration) by processes involving defect-enhanced solid-state diffusion in 
an essentially shock-modified material. The rapid dissipation of the heat of the diffusion 
reaction, limits product formation only at localized regions. The microstructures produced are, 
thus, typical of those observed during solid-state diffusion couple experiments. Shock-induced 
reactions on the other hand, show products forming in bulk regions, with microstructural 
characteristics typical of self-sustained exothermic reactions, in which the reaction time is shorter 
than the time required for the dissipation of the heat of reaction. Shock-induced reactions, 
therefore, require mechanisms different from those involving conventional solid-state nucleation 
and growth processes from either the liquid or the solid phase. The complex nature of rate- 
dependent processes occurring during shock-compression of powders, evident from investigations 
of recovery and instrumented experiments and numerical modeling studies, have precluded the 
development of theories of actual reaction mechanisms. 

In this presentation, mechanistic aspects that distinguish between shock-induced and shock- 
assisted chemical reactions will be described. Results of time-resolved pressure measurements 
performed on Ti-Si powder mixtures, coupled with recovery experiments on the same powder 
mixtures will be presented. The effects of configurational changes introduced as powder 
particles are deformed or fractured during shock compression, and the influence of material 



properties (flow and fracture characteristics) and shock-loading conditions on such effects, will 
be analyzed to provide pointers for mechanisms of processes leading to chemical reaction initia- 
tion and compound formation. The utilization of both types of reaction processes for synthesis 
of intermetallic compounds and ceramics, containing refined microstructures, will also be 
discussed. 

The work presented here has been performed in collaboration with R. A. Graham and his 
coworkers at Sandia National Laboratories, and graduate students E. Dunbar (NMT), H.A. 
Grebe (NMT), V. Joshi (NMT), J.H. Lee (GT) and T. Royal (GT). The research funding has 
been provided in part by ARO Grant No. DAAH04-93-G-0062, NSF Grant No. DMR-9396132 
and Sandia National Laboratories Contract No. 42-5737. 

REFERENCES 

R.A. Graham, "Solids Under High Pressure Shock Compression: Mechanics, Physics, and 
Chemistry," Springer Verlag, 1993. 

A.N. Dremin and O.N. Breusov, "Processes Occurring in Solids Under the Action of Powerful 
Shock Waves," Russian Chemical Reviews. 37 (5) (1968) 392. 

R.A. Graham, B. Morosin, E.L. Venturini and M.J. Carr, "Materials Modification and 
Synthesis Under High Pressure Shock Compression," Ann. Rev. Mat. Sei.. 16(1986)315. 

N.N. Thadhani, "Shock-induced Chemical Reactions and Synthesis of Materials," Progress in 
Materials Science. Vol. 37, No. 2, (1993) pp. 117-226 

N.N. Thadhani, "Shock-induced and Shock-assisted Solid-State Chemical Reactions," J. Appl. 
Phys., to be published in August 1994 (in press). 

S.S. Batsanov, G.S. Doronin, S.V. Klochkov and A.I. Teut, "Synthesis Reactions Behind Shock 
Fronts," Combustion, Explosion, and Shock Waves, 22 (6), p. 134, 1986. 

E. Dunbar, R. A. Graham, G.T. Holman, M.U. Anderson, and N.N. Thadhani, "Time-resolved 
Pressure Measurements in Chemically Reacting Powder Mixtures"; N.N. Thadhani, E. Dunbar, 
and R.A. Graham, "Characteristics of Shock Compressed Configuration of Ti and Si Powder 
Mixtures"; and G.T. Holman, R.A. Graham, and M.U. Anderson, "Shock Response of Porous 
2A1+Fe203 Mixtures," in Proc. of AIRAPT/APS High Pressure Science and Technology 
Conference. 28 June to 2 July, 1993, Colorado Springs, ed., S.C.  Schmidt, in press. 

I. Song and N.N. Thadhani, "Synthesis of Nickel-Aluminum Intermetallic Compounds by Shock- 
induced Chemical Reactions", J. Mater. Synthesis and Processing, Vol. 1, No. 5, 1993, p. 347. 



MATERIALS SYNTHESIS BY SHOCK-INDUCED AND 
SHOCK-ASSISTED CHEMICAL REACTIONS 

Naresh N. Thadhani 

School of Material Science and Engineering 
Georgia Institute of Technology, Atlanta, GA. 

May 24-26, 1994 

ARO Sponsored Workshop on Shock 
Synthesis of Materials 



OUTLINE 

0 General Objectives and Approach 

O Shock-Compression Characteristics (Powders) 

O Shock-Induced and Shock-Assisted Reactions 
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O Shock-Induced Chemical Reactions 
(evidence, mechanisms, characteristics) 
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MATERIALS SYNTHESIS BY SHOCK CHEMISTRY 

(OBJECTIVES) 

To understand reaction mechanisms for control of microstrucutre 
and properties of synthesized materials. 

MfidlSIÜSin    Q Solid-State (diffusional or diffusionless) 

Q Liquid-State (disolution / reprecipitation) 

a Exothermicity Effects 

Xu&te.     = During Shock State [Shock-Induced] 
(pressure equilibrium, 1-2 jis) 

Q After Unloading [Shock-Assisted] 
(temperature equilibrium, tens of |is) 

a No Reaction [Shock-Modified] 
(equilibrium with ambient) 
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SHOCK-ASSISTED CHEMICAL REACTIONS 

* Mechanism involves defect-enhanced solid-state diffusion due 
to bulk temperature increases in time scales of temperature 
equilibration. 

* Reactions occur in localized interparticle regions (few ftm) 

* Microstructure characterized by clean grains with no evidence 
of melting and solidification 

* "Shock-assisted" reactions used as a post-shock process in 
which reactant-mixture compacts are subsequently reaction 
sintered produce very fine grain sizes (< few /mi) 



SOLTD-STATE DIFFUSION KEACTIONS 

(1-D diffusion couple) 

A(s) + B(s) "* **(*) 

p2 P2 | 
time = !£?-*—  =  " 

64D^   64Q exp (-G / RT) ■ 

(Defect-enhanced diffusion, Whittenberger, 1990) 

ReplaceD^byl^  = fLE^+ f, D^ -D^-h 0.005DC 

p2 P 
t 

2 

64DV ~ 64 [Doexp (-G/RT) + 0.005 {DQexp (-G/RT)}] 

p = particle diameter = diffusion distance 
D^ = temperature dependent bulk diffusivity 
D0 = diffusion constant (10" m /s) 
Q = activation energy (=151 T/Tm kj/mol) 
R = gas constant, and T = Temperature 
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SHOCK-INDUCED CHEMICAL REACTIONS 

(Titanium-Silicon System) 

Ti-Si SYSTEM 
O highly exothermic (AH = -72.5 J/g.atom 

Q combustion reaction mechanism dependent on 
powder morphology and heating rate 

O Mechanical alloying forms amorphous state 

PRESENT WORK 
Q Ti-Si powders of three different sizes 

O time-resolved (PVDF gage) experiments 

O shock-recovery experiments 

ft determine reaction threshold 

ft characterize unreacted configuration 
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SHOCK-COMPRESSION EXPERIMENTS 

Morphology Shock fixture/Conditions Packing Density Porosity 

Medium MB-B(7.5 + 2.5GPa) 

PB-B (5.0 + 1 GPa) 

64% 
53% 

59% 
53% 
45% 

36% 
47%^ 

41% 
47% 
55%y 

Coarse MB-B(7.5 + 2.5GPa) 53% 47% 

PB-B (5.0 + 1 GPa) 45% 55% 

Jrine MB-B(7.5 + 2.5GPa) 53% 470/ /o 

PB-B (5.0 + 1 GPa) 45% 55% 

MELT     TzMPeX. frTU&F       Of1    St. 



REACTION MAP FOR 5Ti + 3Si 
(Pressure versus Porosity) 
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SUMMARY   AND REMARKS 

* Enhanced solid-state chemical reactivity caused by configura- 
tional changes in powder mixtures during shock-compression, 
lead to shock-assisted and shock-induced chemical reactions» 

* "Shock-assisted" reactions occur at localized interparticle 
regions, via defect-enhanced solid-state diffusion, after 
unloading to ambient conditions and in time scales of temper- 
ature equilibration. 

* "Shock-assisted" reactions can be used as a post-shock 
process in which bulk density reactant-mixture compacts are 
subsequently reaction sintered to produce materials with 
refined microstructures. 

* "Shock-induced" reactions occur during shock-compression 
in time scales of pressure (mechanical) equilibration. 

* PVDF gage stress-wave measurements on 5Ti+3Si powder 
mixtures up to 5 GPa, show (i) crush-up behavior dominated 
by powder morphology effects and (ii) wave velocity increas- 
es for medium morphology powders, indicating evidence of 
"shock-induced" chemical reactions. 

* Simultaneous deformation, flow, and mixing, of reactants is 
a necessary condition for "shock-induced" chemical reactions. 

* "Shock-induced" reactions can be used for possible synthesis 
of non-stoichiometric compounds or high-pressure phases. 



"SHOCK-INDUCED"  AND  "SHOCK-ASSISTED"  SOLID-STATE 
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ABSTRACT 

Shock-compression of powder mixtures can lead to chemical reactions, resulting in the 

formation of equilibrium as well as non-equilibrium compounds, and rapid increases in 

temperature. The reactions occur as manifestations of enhanced solid-state chemical reactivity 

of powders, caused by configurational changes and defect states introduced during shock- 

compression. Two types of reactions are possible and can be distinguished on the basis of their 

respective process mechanisms and kinetics. Shock-induced chemical reactions occur during the 

shock-compression state, before unloading to ambient pressure, and in time scales of mechanical 

equilibrium. In contrast, shock-assisted reactions occur after unloading to ambient pressure, in 

an essentially shock-modified material, in time scales of temperature equilibration. The 

mechanisms of shock-assisted reactions include solid-state defect-enhanced diffusional processes. 

Shock-induced reactions on the other hand, require mechanisms different from conventional 

solid-state nucleation and growth processes. The complex nature of deformation of powders has 

precluded a detailed understanding of the reaction mechanisms of such high-rate reaction 

processes. Results of controlled experiments, however, suggest that shock-induced chemical 

reactions involve non-diffusional processes giving rise to mechanochemical effects and solid-state 

structural rearrangements. In this paper, mechanistic concepts that distinguish between shock- 

induced and shock-assisted chemical reactions are described. The effects of configurational 

changes introduced during shock compression, and the influence of material properties and 

shock-loading characteristics on such effects, are analyzed to identify the mechanisms of 

complex processes leading to chemical reaction initiation and compound formation. 

(To be published in Journal of Applied Physics) 



L. TNTRODUCTION 

The combination of defect states and packing characteristics produced in powders due to 

dynamic void compression, plastic deformation, flow, and mixing, is possible singularly by 

shock-compression [1-5]. The enhancement in chemical reactivity resulting under such condi- 

tions, can cause powder mixtures to undergo chemical reactions during the microsecond 

duration shock state. Conclusive evidence exists, based on real-time measurement studies, to 

believe that the occurrence of chemical reaction in the microsecond duration is indeed possible 

during shock compression [6,7]. 

Highly activated states are also produced in shock compressed materials which can lead 

to accelerated mass transport during post-shock thermal treatments [8-10]. Consequently, 

chemical reactions can occur in "shock-modified" powder mixtures at temperatures substantially 

lower than, and at rates significantly faster than, similar self-sustaining combustion-type 

reactions [11-12]. Post-shock chemical reactions occurring as a result of shock compression 

simply assisting (activating or modifying) the powder mixture for subsequent thermal-initiation, 

can be classified as "shock-assisted" reactions. On the other hand, reactions initiated by shock- 

compression and occurring within the pressure equilibrium (microsecond duration) time scale, 

can be classified as "shock-induced" chemical reactions. In some cases, it may be difficult to 

infer if the so-called shock-induced chemical reactions in powder mixtures occurred during the 

high-pressure shock state before unloading, or if they occurred subsequent to loading and unload- 

ing to ambient conditions. It is possible that the bulk (residual) temperatures generated in the 

shock-compressed powders in time scales of thermal equilibrium (millisecond duration), can 

subsequently initiate reactions in the highly reactive configuration produced as a result of shock- 

modification effects. Such reactions occurring subsequent to unloading would again, in 

principle, be classed as shock-assisted and not shock-induced chemical reactions. 

Mechanisms of shock-assisted chemical reactions, initiated by bulk shock temperatures 

in time scales of thermal equilibration, or by post-shock thermal treatments, can be understood 

on the basis of defect-enhanced solid-state diffusion processes in shock-modified materials. In 

contrast, shock-induced chemical reactions involve mechanisms that are different from those 

involving usual processes of nucleation and growth from either the molten liquid or by diffusion 



in the solid-state. Manifestations of enhanced solid-state chemical reactivity leading to shock- 

assisted and shock-induced chemical reactions have brought forward a new class of energetic 

materials that are unique in their response to shock-compression. As a consequence, synthesis 

of compounds containing equilibrium and non-equilibrium phases, or radically modified 

microstructures is possible via these chemical reaction processes [5]. 

The objective of this paper is to describe mechanistic concepts that distinguish between 

"shock-induced" and "shock-assisted" chemical reactions occurring in shock-compressed powder 

mixtures. The two classes of reactions will be discussed on the basis of comparisons with other 

solid-state reaction processes. Analysis of configuration changes introduced during shock 

compression, and effects of materials characteristics on such configurational changes, deduced 

from a large number of experimental observations, will also be presented. 

2.  SHOCK-RESPONSE OF POWDERS 

The response of powders to shock-compression effects is significantly different from that 

of solid-density materials. A large amount of energy is dissipated in plastic deformation and 

crushing of the powders in the process of void annihilation. Various void collapse models have 

been developed [13], based on rate-independent and rate-dependent, as well as perfectly-plastic 

and elastic-viscoplastic material considerations. Stress-wave measurements have also been 

performed [7], which reveal that crush-up of powders to solid density produces complex wave 

loading characteristics. The measured shock-wave rise times are observed to vary from a few 

tens to several hundreds of nanoseconds [7], depending on the magnitude of the shock. While, 

rapid-loading rates at high pressures make it necessary to incorporate rate-dependent 

considerations, long rise times at low pressures alter the otherwise prompt thermal effects and 

hydrodynamic considerations assumed in theoretical treatment of the shock state. A realistic 

analysis of shock-compression effects, therefore, becomes extremely complex. 

Experimental measurements also show that the crush strength of powders is a function 

of their initial packing density and powder particle morphology [7]. Furthermore, in the case 

of mixtures of powders, e.g., Al+FeA [14], it has been shown that the crush-up behavior is 



dominated, alternately, by the compression characteristics of the respective components [14]. 

Thus, the crush-up of the mixture is influenced initially by the compressibility of Al (at low 

pressures) and later by the compressibility of FeA (at higher pressures). Such characteristics 

of the deformation response of powders make it very difficult to formulate simple models that 

can explain the process mechanisms of phenomena occurring during shock compression in a 

wide range of temporal, spacial, and pressure scales. 

Shock compression of powders and powder mixtures also results in various types of 

mechanical, physical, and chemical effects. A large number of defects are introduced in the 

powders due to the kinetic energy of the shock pulse. Extensive plastic deformation, fluid-like 

turbulent flow, heating, particle comminution, and mixing of constituents with fresh and cleansed 

surfaces is possible. These effects significantly alter the mechanical, physical, and chemical 

characteristics of powders, thereby influencing their solid-state reactivity. 

The various processes occurring in powders during shock compression are best 

characterized in a mechanistic concept developed by Graham [15]. The overall concept is 

described as occurring in three stages: an initial configuration, transition zone, and final 

compressed configuration. The initial configuration strongly influences the overall process 

because of its control on energy localization, fluid-like flow, and mass mixing. The transition 

region lasting for a few to hundreds of nanoseconds corresponds to peak rise in pressure. 

Finally, the release zone accommodates the reduction in pressure, with release occurring along 

the solid shock-modified state. The transition zone is the most critical event, and forms the basis 

of a model defined by CONMAH (Configuration change, Mixing, Activation, and Heating) 

[15], which addresses processes occurring during shock-compression of powders and ultimately 

leading to either "shock-induced" or "shock-assisted" chemical reactions, or simply unreacted 

"shock-modified" state. 

During shock compression, irreversible changes are caused in the starting configuration. 

The individual powder particles are substantially deformed to fill the voids, thereby producing 

a significantly altered final configuration. The degree of deformation of particles, and hence, 

the total configurational change, is influenced by differences in properties of constituent 

materials, volumetric distribution of constituents, powder morphology, starting porosity (or void 



volume), and shape of voids. The defect substructure within the solid particulates is also 

substantially changed at the atomic and microscopic levels. Mass mixing during the transition 

zone occurs due to the turbulent flow of particles in and around the void space during the 

process of pore collapse. Shock activation occurs due to the extensive plastic deformation of 

individual particles and their relative flow past each other which results in generation of large 

defect densities, cleansing of particle surfaces as well as opening of fresh surfaces. Finally, 

localized and bulk heating provides a thermal environment, which can either facilitate reaction 

processes, or even anneal out defects and produce recrystallized microstructures. The various 

attributes of processes occurring during shock-compression, as described by CONMAH [15], 

can be summarized schematically in Figure 1. Thus, the overall scenario leading to shock- 

induced chemical reactions in times scales of mechanical equilibrium, or shock-assisted 

reactions in time scales of thermal equilibrium, or simply unreacted shock-modified states 

attained upon equilibration with the ambient, can be generalized in a phenomenological 

concept. The mechanisms of shock-assisted and shock-induced chemical reactions will be 

discussed in more detail next. 

3.   SHOCK-ASSISTED REACTIONS IN POWDER MIXTURES 

It is well established that the defects generated due to shock-compression can significantly 

modify and enhance the solid-state reactivity of powders [1-5,8]. Brittle ceramics and even 

metals, such as silicon, undergo significant grain size reduction due to shock compression, via 

grain fracturing or by generation of sub-grain structures [16]. Increased mass transport rates 

are possible in shock-compressed materials due to introduction of defects and creation of new 

paths for motion of point defects along grain boundaries [17]. Such characteristics play a vital 

role in enhancing the solid-state chemical reactivity of powders and their mixtures, essentially 

by creating a shock modified material. Various attempts have been made to advantageously 

utilize the enhancement in reactivity of shock-modified materials by post-shock controlled-rate 

thermal treatments. Successful examples of these include sintering of difficult-to-consolidate 

oxide and non-oxide ceramics [16,17], improving catalytic activity of materials [8,18], and 

enhancing the kinetics of nucleation of precipitation-strengthening phases [19] or other types of 

metastable high-pressure phases [8]. 



Enhanced reactivity also leads to altered solid-state chemical reaction behavior of shock- 

modified powder mixtures. A brief description and typical examples of enhanced chemical 

reactivity evidenced by differential thermal analysis of shock-compressed intermetallic-forming 

powder mixtures will be presented next, followed by calculations of solid-state diffusion, to 

explain the mechanisms of shock-assisted chemical reactions. 

3.1      Thermal Analysis of Shock-Modified Powder Mixtures 

The post-shock thermally-initiated chemical reaction behavior of shock-compressed 

powders was first studied by Hammetter et al [9] on Ni-Al mixtures. They used differential 

thermal analysis (DTA) and observed that mechanical mixtures of Ni-Al powders in unshocked 

condition showed a reaction exotherm at 650°C, corresponding to the occurrence of a self- 

sustaining reaction initiating with the melting (eutectic) of Al. The shocked mechanical mixtures 

revealed two reaction exotherms, the main exotherm at 650°C and another "pre-initiation" 

exotherm at » 550°C corresponding to a solid-state reaction. 

In a similar but more detailed study, Dunbar et al [10] investigated Ni and Al powders 

of three different particle morphologies, all mixed in a volumetric distribution corresponding to 

the stoichiometric Ni3Al compound and packed at the same density. Figure 2 shows the DTA 

traces of shock-compressed flaky, fine, and coarse/rounded morphology Ni-Al powder mixtures, 

all shocked under identical conditions. Mixtures of powders of all three morphologies exhibit 

the "pre-initiation" solid-state reaction exotherm at «550°C prior to the main liquid-state 

reaction exotherm at 650°C, similar to Hammetter et al's [9] observations. However, the 

relative magnitudes of the liquid-state and solid-state exotherms are strongly dependent on effects 

of powder morphology on shock-modification. Considering the magnitude of the exotherms to 

correspond to the extent of the reaction, it can be deduced that coarse/rounded morphology 

mixtures exhibit mostly a liquid-state reaction and a small amount of reaction in the solid-state. 

Fine morphology mixtures exhibit a significantly larger solid-state reaction and only limited 

liquid-state reaction. Flaky powder mixtures react completely in the solid-state at temperatures 

significantly below the melting of Al. 



Microstructural analysis of the shock-compressed configuration of the three types of Ni- 

Al powder mixtures explains the effect of powder morphology on their chemical reaction 

behavior. The optical micrographs shown in Figure 3, reveal different levels of deformation and 

mixing of Ni and Al particles in the respective powder mixtures [10]. Flaky powder 

morphology mixtures show extensive deformation and flow of both components, resulting in 

more intimate mixing, and a greater surface area contact. Fine powders show particle agglom- 

eration and lesser overall deformation, but greater surface area contacts. In the shock- 

compressed configurations resulting with flaky and fine powder morphologies (with particles 

compressed to < 25 jwm), solid-state diffusion reactions are easily favored over distances of 

particle dimensions at temperatures much below the melting of Al and within the time frames 

of heating in the DTA. Thus, there remains little or no unreacted material available for 

subsequent liquid-state reaction. In contrast, coarse/rounded morphology powder mixtures 

(particle size > 50 /zm) show plastic deformation only at Ni-Ni contacts and mixing only in 

areas of Al trapped in voids between Ni particles. The shock-modified coarse-morphology 

mixture, therefore, shows only limited reaction by solid-state diffusion, and bulk of the reaction 

occurs subsequently upon melting of Al. Similar results of enhanced solid-state chemical 

reaction behavior due to shock-compression effects have also been observed in other aluminide 

and silicide forming powder mixtures [20]. 

A shift in reaction mechanism from a liquid-state process (occurring with melting of one 

constituent) to a solid-state diffusion process at temperatures much below the melting of either 

constituent, has been reported in various thermal analysis studies of powder mixtures [21-23]. 

In general, it is observed that the liquid-state reaction is favored in mixtures packed at lower 

densities and at faster heating rates in the DTA, with enough time not being available for solid- 

state diffusion processes. Liquid state reactions are, however, inhibited and solid-state reactions 

favored, if solid-solid diffusivities of the powder mixture components are accelerated due to 

presence of defects, shorter diffusion distances, more intimate contacts at higher packing 

densities, and with the formation of fresh/cleansed contacts between surfaces of intimately mixed 

powder components, such as those created in mechanically modified powder mixtures during 

shock-compression [8-10] or ball milling [22,23]. 



3.2      Analytical Treatment of Solid-state Diffusion Reactions 

Solid-state diffusion-controlled chemical reactions can be approximated by a one- 

dimensional infinite solid diffusion couple geometry with a concentration independent diffusion 

coefficient. The time (t) required for compound formation by solid-state diffusion can be 

expressed as: 

p2         pj  

"   "^ "   64 J>„ «*<--£) (1> 

where, p is diameter of the powder particles (assuming spherical geometry) and also corresponds 

to the total diffusion distance, and Dv is temperature dependent rate of volume diffusion. For 

Ni-Al intermetallic forming mixtures, diffusion constant D0 is considered approximately equal 

to 10"5 m2/s [24], activation energy Q is estimated from the melt temperature (« 151 Tm kJ/mol 

[24]), R is universal gas constant, and T is absolute temperature. Thus, the total time for 

compound formation by solid-state diffusion in a Ni-Al powder mixture is calculated to be 

«2800 hours for spherical particles of 1 /tm diameter, or «106 hours for 25 fim diameter 

particles, at one-half the melt temperature of Al. 

On the other hand, if defect-enhanced solid-state diffusion processes are considered, then 

a treatment similar to that adopted by Whittenberger [25] for formation of intermetallic 

compounds by ball milling, can be used. Equation (1) is then modified to replace the bulk 

diffusivity, Dv, by an enhanced-diffusion coefficient, D', based on Hart's approximation [26]. 

Thus, 

D' = fLDv + fcDc (2) 

where, fL and fc are the fractions of atoms associated with the lattice and dislocation core, 

respectively, (the sum of which is 1), and Dc is the diffusion coefficient along the dislocation 

core. Using Shewmon's [24] analysis and approximations for number of atoms per unit length 

in dislocation core (n = 5), dislocation density (~ 1016 lines/m2), and number of atoms per unit 

area per unit length of dislocation (1 x 1019 atoms/m2 per unit length), D' is obtained as [25]: 



D ' * Dv + 0.005 Dc (3) 

For T > 1/2 Tm, diffusion along a dislocation can be assumed similar to atomic mobility in 

grain boundaries. Considering pre-exponentials for volume and grain boundary diffusion to be 

same and activation energy for grain boundary diffusion to be about half of that for volume 

diffusion [25], the total time for compound formation by defect-enhanced diffusion processes is: 

r>2 P'  &      a     — ~z  ( A\ 
Dv       64   [D0exp  (- -£L)   +0.005   (£>0 exp(-^L))] 

Using Eq. (4), the time for compound formation in Ni-Al powder mixtures of «25 ^m 

average particle diameter (from Fig. 3) shock-modified at 22 GPa, is calculated to be «4.5 

hours at temperatures of one-half the melt temperature of Al. Considering the reaction onset 

temperature of 500°C deduced from DTA traces in Fig. 2, the defect-enhanced solid-state 

diffusion time is calculated to be «31 seconds for reactions observed to occur in the DTA. 

Unshocked powder mixtures would still require « 8 hours for complete diffusion, at the same 

500°C reaction temperature. The considerably short reaction time in the case of shock-modified 

mixtures is consistent with the heating schedule achieved in the DTA at heating rates of 

10°C/minute (Fig. 2). 

The analytical treatment for defect-enhanced solid-state diffusion can in fact be extended 

to shock-assisted chemical reactions occurring in powder mixtures subsequent to unloading from 

the shock pressure to the ambient state. Such reactions occur due to bulk temperature increases 

in time scales of thermal equilibration. Thus, if one considers Ni-Al powders of 25 /xm diameter 

(from Fig. 3) and bulk shock temperatures approaching melting of Al («0.95TJ, the time for 

compound formation is calculated to be less than 100 milliseconds. Thermal equilibrium during 

shock-compression of powders is also attained in similar time scales. It can, therefore, be 

inferred that shock-assisted chemical reactions occur by defect-enhanced solid-state diffusion 

processes with bulk shock temperature increases in time scales of thermal equilibration. Such 

reactions may, however, occur only in localized areas. Progress of reaction to bulk regions may 

depend on diffusion through interfacial reacted region, and dissipation of heat of reaction. 



4.  SHOCK-INDUCED REACTIONS IN POWDER MIXTURES 

Occurrence of shock-induced chemical reactions by mechanisms involving defect- 

enhanced solid-state diffusion processes is not possible during the microsecond scale duration 

of the shock-state. Is it then possible that these high-rate chemical reactions occur via solid-state 

diffusionless mechanisms involving non-conventional mechanically induced nucleation and 

growth processes? Can shock-compression induced plastic flow cause restructuring of atomic 

arrangements as well as alteration of nature of chemical bonding to induce such high-rate 

chemical reactions? 

Shock-induced martensitic transformations in iron [27,28], as well as the shock-induced 

graphite-to-diamond transitions [29-31] are examples of solid-state structural changes occurring 

in materials at shock speeds. Evidence of shock-induced phase transitions has been provided 

by direct time-resolved in situ measurements of changes in bulk properties (Hugoniot characteris- 

tics) accompanying the transformation [27,28]. Real-time detection of such changes in bulk 

properties, or kinks in shock adiabats, are direct evidence of phenomena occurring at the shock- 

front or in its vicinity. 

Shock-induced chemical reactions are generally accompanied by relatively small changes 

in bulk material properties. Thus, most conventional pressure and velocity measurement systems 

may fail to accurately respond to reaction rate measurements. Rapid temperature increases, 

which are commonly associated with such exothermic reactions, are the only direct property 

change accompanying the chemical reaction. However, it is difficult to distinguish the reaction 

temperature from the heterogeneous temperature increases associated with shock-compression 

of powders. Thus, attempts to measure the reaction temperature in real-time using, for example, 

radiation pyrometry techniques [32-33], have demonstrated conflicting results due to temperature 

increases from shock compression (void collapse) masking the temperatures produced due to 

chemical reaction. Time-resolved measurement studies which provide evidence for reactions 

occurring in the shock-compression state will be presented next, followed by discussions of 

various phenomenological concepts explaining mechanistic processes leading to shock-induced 

chemical reactions. 
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4A      F.virienre of Shock-induced Chemical Reactions from Time-Resolved Experiments 

In spite of the many limitations of time-resolved techniques, various shock-compression 

experiments have been performed that have shown that the exothermic energy accompanying 

shock-induced chemical reactions can be released in reactive powder materials in time scales 

shorter than the duration of the shock state. Sheffield and Schwarz [34] performed time-resolved 

experiments and measured wave profiles in shocked titanium subhydride and potassium 

perchlorate mixtures. They observed possible evidence of reactions occurring in a microsecond 

time scale, and proposed that the reaction front moves through reactive material at shock wave 

velocity, similar to that in initiation of high explosives. Kovalenko and Ivanov [35] performed 

Hugoniot measurements as well as recovery experiments on lead nitrate and aluminum powder 

mixtures. They found that chemical reactions forming the observed products were also evident 

in the Hugoniot data, thus providing the evidence that chemical reactions occur at a rate 

commensurate with shock wave propagation. 

Hugoniot measurements have also been performed by Batsanov et al. [6] to determine 

the extent of reaction as a function of shock pressure in stoichiometric mixtures of tin and sulfur. 

They used manganin pressure gages to obtain records of the shock profile, and observed that at 

pressures > 15 GPa the measured pressure points deviate towards the right (increased volume) 

of the Hugoniot curve calculated for the unreacted mixture. However, because of large uncer- 

tainties in the measured Hugoniots relative to the difference in pressure at a given specific 

volume, their determination of the reacted fraction was only an estimate. 

The most revealing and comprehensive results providing evidence of shock-induced 

chemical reactions include PVDF gage [36] stress-wave measurements performed by Dunbar et 

al. [7], on Ti-Si powder mixtures of various powder particle morphologies, at shock pressures 

up to 5 GPa. The stress recorded by the input gage, and the shock velocity measured by timing 

the travel time of the wave between the input and backer gages (sandwiching the Ti-Si powder 

mixture sample) were used to obtain the pressure-volume compressibility characteristics. Crush 

up of the powders to solid-density was observed at 1 GPa pressure. With increasing pressure, 

the compressibility shifted to larger volumes and an increase in volume to as much as 20% was 

observed at 5 GPa pressure. The volume increase is attributed to the thermal expansion due to 
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sudden temperature increases caused by the chemical reaction. Higher magnitudes of stress were 

also recorded by the backer gage, and higher shock-wave velocities were measured for input 

stresses greater than 1 GPa. The combination of these results provide conclusive evidence of 

chemical reactions occurring during shock-compression and resulting in the formation of Ti-Si 

intermetallic compounds in time scales of mechanical equilibration [7]. The measurements also 

showed that the Ti-Si power mixtures of different morphology have different crush strengths, 

and therefore, reveal different reaction thresholds, consistent with results of recovery experi- 

ments performed on the same powder mixtures [37]. 

In samples obtained from shock-compression recovery experiments, it is not possible to 

directly ascertain the kinetics or the mechanisms of processes leading to shock-induced chemical 

reactions. Post-shock microstructural characterization of the recovered materials reveals the 

final state of the product attained after equilibration with the environment. Furthermore, the 

large exothermicity of the reaction often results in melting of the products, leaving no evidence 

of how and when the reaction may have occurred. The final structure simply reveals 

characteristics typical of a melted and resolidified material. Figure 4 shows examples of typical 

microstructures of compounds formed via shock-induced chemical reactions in powder mixtures 

of Ni-Al, Ni-Si, and Ti-Si. A uniform contrast microstructure and presence of spherically- 

shaped voids (indicating possible gas escape or shrinkage) are typical of a fully reacted material. 

Microstructures showing shock-compressed unreacted powder mixture constituents (similar to 

Figure 3) provide significantly more information about the mechanistic characteristics of the 

powders and their configuration attained prior to the onset of reaction. 

4.2      Conceptual Mechanisms of Shock-induced Chemical Reactions 

Theoretical confirmation of shock-induced chemical reactions has been provided by the 

modeling scheme developed by Horie and coworkers [38,39], based on a family of constitutive 

models termed VIR. In principle, the VIR models characterize the macroscopic behavior of 

porous reactive mixtures from those of three ingredients: voids, inert species, and reactive 

species. However, these modeling schemes are based on an assumed kinetics, without 

consideration of initiation mechanisms and are therefore more useful in predicting the state of 

shock-compressed powder mixtures subsequent to reaction initiation.   Mechanistic processes 
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occurring at the onset of reaction initiation and leading to reaction completion are not explained 

by these models. Several other mechanisms based on thermochemical, non-diffusional, mechani- 

cal/deformational, and mechanochemical concepts have also been documented in the literature, 

and will be discussed next. 

4.2.1   Thermochemical Concepts 

Mechanistic modeling of shock-induced chemical reactions was first attempted by Maiden 

and Nutt [40] using thermochemical analysis. They developed a heterogeneous model to 

calculate shock-induced reaction initiation thresholds by assuming that the reaction is ignited 

when the surface temperature of a pore meets a hot-spot ignition criterion. In essence, the 

reaction initiation process was assumed to be similar to that for high explosives. Russian 

researchers Enikolpyan et al. [41] have contradicted the hot-spot ignition criterion, based on the 

argument that the extremely rapid reactions for both strongly and weakly exothermic powder 

mixture systems are independent of the starting temperature. Thus, they proposed that the 

observed explosive-like reactions in powder mixtures, occur due to unique chemical processes 

not requiring thermal activation, but instead through mechanical disintegration and mixing 

of the constituents by the shock wave. 

In recent studies on silicide forming powder mixtures, Yu and Meyers [42] proposed that 

if the energy generation due to the chemical reaction is greater than the energy dissipated by 

thermal conduction, a steady state reaction can start from local hot-spot areas and propagate into 

the interior of the particles. Accordingly, critical molten hot-spot regions were calculated, based 

on a shock energy threshold corresponding to the mean bulk temperature which must be above 

that required to initiate reactions at ambient pressure. However, the shock energy threshold 

criterion is based on time scales of thermal equilibrium corresponding to millisecond time 

duration. Thus, the energy threshold criterion and the hot-spot initiation mechanism may be 

applicable to shock-assisted chemical reactions occurring after unloading to ambient pressure, 

but not to shock-induced chemical reactions occurring during the shock-compression state in time 

scales of mechanical equilibrium. 
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4.2.2  Pressure-assisted Diffusional and Non-diffusional Concepts 

Generation of high pressure and its effect on accelerated diffusional transport cannot 

account for the high rates of shock-induced chemical reactions. Analytical calculations described 

in Section 3.2 reveal accelerated diffusion due to shock-compression effects causing shock- 

assisted reactions to occur in not less than millisecond-scale time durations. High pressure can 

thermodynamically assist in nucleation by providing additional driving force, but it cannot alter 

the kinetics of processes involving diffusion dependent phenomenon. Dremin and Breusov [3] 

have discussed the role of shear stresses and argued that when combined with high pressures, 

the rates of chemical reaction and phase transformations become higher, and the processes go 

to completion during the application of shear stress. In general, shear deformation has also been 

shown to form phases which may otherwise not be observed in absence of shear. 

Attempts to investigate "non-diffusional" processes for shock-induced chemical reactions, 

have evolved around atomic rearrangements similar to structural phase transitions. Formation 

of diamonds during meteoritic impact is believed [43,44] to occur by direct solid-state transfor- 

mations under the action of shock waves. Altshuler [28] has proposed that the diamonds form 

by a process similar to martensitic transformations, with the large number of point, line, and 

planar defects, generated in the shock front at supercritical pressures, forming the crystal 

nucleation sites. The rapid transition of the parent lattice into the diamond phase is facilitated 

by non-diffusional martensitic rearrangements, based on the cooperative motion of many atoms 

to small distances. More recent Russian studies [45] have shown that graphite-to-diamond 

conversion occurs via a martensitic transformation to the lansdellite phase which then transforms 

to diamond via a diffusion-controlled process. On the other hand, transformations from 

amorphous carbon to diamond and similarly from amorphous analogues of boron nitride to cubic 

boron nitride have been proposed to occur via reconstructive phase transformation process [46], 

Reaction mechanisms involving processes similar to martensitic transformations require 

structural rearrangements of reactant lattices and mixing of the constituents in a continuum, to 

yield the product compound and microstructure. The reaction may go through an intermediate 

non-crystalline compound before forming the final product lattice, or may directly transform to 

the product lattice state, with accompanying volume change and energy release.   Probes to 
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monitor these paths in real time need to be developed, similar to in-situ x-ray diffraction tech- 

niques available to monitor phase changes in materials [47]. A necessary condition for 

transformations involving non-diffusional structural rearrangements, such as in martensitic 

transformations, may also include orientation dependence between the initial constituents and the 

final product states. Determination of such a criterion would be necessary if shock-induced 

chemical reactions are considered to occur via similar non-diffusional structural rearrangements. 

4.2.3   Mechanochemical Concepts 

Mechanisms of shock-induced chemical reactions in powder mixtures have also been 

explained on the basis of mechanochemical concepts. The "ROLLER" model proposed by 

Dremin and Breusov [3], and the "CONMAH" model proposed by Graham [15], are both based 

on mechanochemical concepts, and describe the possible mechanistic processes leading to shock- 

induced chemical reactions. 

According to the "ROLLER" model [3], when two layers of a substance are displaced 

relative to one another, the nucleating phase located between them, can be regarded as a kind 

of a roller in which mixing and alloying of the constituents occurs. Since the time required for 

rearrangement of electron shells (1013 to 10"14 s) is much shorter than the time required for 

contact between atoms (1012 s), it implies that all atoms passing in the immediate vicinity of the 

nucleus have sufficient time to combine with it and form the new phase. Thus, in contrast to 

usual growth of the nucleating crystals, in which the atoms diffuse to the nucleation site via 

random walk, with the available thermal energy, formation of the new phase during shock- 

compression occurs via transport of the entire mass of initial phase by plastic flow, to the 

nucleation center. The required atoms then combine selectively with particles of the new alloy 

phase, thereby undergoing continuous growth. According to Dremin and Breusov's calculations 

[3], the new phase thus formed can have dimensions of  ~ 2.9 x 104 atoms (or ~ 3 jxm). 

The "ROLLER" model demonstrates a possible scenario of the reaction process, 

assuming that an ideal globally-mixed configuration has been attained. However, unlike the 

CONMAH model [15], it does not describe the processes leading to configuration changes prior 

to the inception of reaction. The mechanochemical nature of shock-induced chemical reactions 
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has been clearly illustrated in the different studies performed on intermetallic- and ceramic- 

forming elemental powder mixtures [reviewed in Refs. 4,5]. From these studies it is evident that 

plastic deformation, flow, and mixing of both (or all) constituents, is essential for the occurrence 

of shock-induced chemical reactions. If only parts of constituent particles, or only one constitu- 

ent undergoes plastic deformation and flow, then shock-induced chemical reactions may not 

occur except only at localized interfacial regions due to shock-assisted rather than shock-induced 

processes. Examples of such a behavior are clearly observed [5] in mixtures of Nb with Si and 

Ni with Al, as shown in Figure 5. In the case of premature melting of either Si or Al (revealed 

by its cellular structure in Fig. 5 (a) and (b)), no deformation of the other metallic constituent 

(e.g., Nb or Ni, respectively) is observed leaving them with the same undeformed morphology 

in the recovered product. Melting may however, result in localized shock-assisted reaction (as 

shown in (Fig. 5 (a) and (b)), due to wetting of melted Si (or Al) at interfaces of Nb (or Ni) 

particles. Likewise, the virtually negligible deformation of Ni particles in an abundant matrix 

of the softer, more deformable Al (as shown in Fig. 5(c)), again limits mixing between the two 

metals resulting in a reduced propensity for subsequent shock-induced reaction initiation. 

Mechanochemical effects involving plastic deformation and flow of powders into and around 

voids (from the starting porosity), causing fluid-like flow, mass mixing, and dispersion of 

constituents, can therefore, be defined as an essential part of process leading to shock-induced 

chemical reactions. 

5. CORRELATION OF CONCEPTS WITH EXPERIMENTAL OBSERVATIONS 

Quantifying the relationships that include mechanisms of solid-state shock-induced 

chemical reactions, based on the mechanochemical concepts discussed above, still remains to be 

performed. On the other hand, what is available is conclusive evidence that chemical reactions 

in powder mixtures, leading to formation of compounds, occur during shock-compression in time 

scales of mechanical equilibrium. In addition, analysis of properties influencing the reaction 

behavior (initiation thresholds determined from controlled recovery experiments) and product 

formation characteristics (microstructure of reacted and unreacted states) is also available. Such 

characteristics of the reaction behavior and the microstructure, can be used to formulate and 

develop quantifiable models of reaction mechanisms. A careful review of experiments on shock- 
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induced chemical reactions also alludes to the very important but complex role of the intrinsic 

properties of reactant materials, in influencing the reaction behavior of powder mixtures during 

shock-compression, in addition to shock loading conditions and powder morphology 

characteristics. In particular, as discussed in the previous section, the deformation response 

of powders during shock compression, controlling the flow and mixing of reactants and 

introducing configurational changes, is the most important property influencing the initiation of 

shock-induced chemical reactions. Subsequently, the reaction behavior and product formation 

characteristics, may be influenced by thermodynamic properties of the reacting system. 

In the case of metal-metal powder mixtures, the extent of plastic flow and mixing, the 

type and level of defects formed, and the packing configuration generated during the shock state, 

is controlled by the deformation characteristics of the mixture constituents, and extrinsic 

properties including particle morphology, void volume, and shock-compression conditions. In 

turn, the deformation characteristics are affected by the intrinsic high-strain-rate flow stress 

of the constituents. For example, metallic Si is typically brittle, however, depending on particle 

size and shock-conditions, it can either fracture, plastically deform, or even undergo melting (at 

pressures > 11 GPa [48]). Figure 6 (a) shows an SEM micrograph of Ti-Si powder mixtures 

revealing plastic deformation, flow, and inter-constituent mixing with small and medium sized 

Si powders (< 40 /tin). On the other hand, extensive fracture and fragmentation is observed 

with coarse (> 100 pm) Si powders with limited deformation of Ti particles (as shown in Figure 

6 (Jo)), under the same shock conditions. With increase in shock pressure, the same coarse Si 

powders undergo extensive plastic deformation and flow, as shown in Figure 6 (c). 

It has also been observed, that the shock-compression response of Si, is different in 

mixtures with different metallic constituents. When mixed with Ni or Ti, Si powders show 

extensive fracture and fragmentation or even plastic deformation, while metallic constituents also 

undergo significant plastic deformation and flow. However, when Si powders are mixed with 

Nb, then at the same stress levels, Si alone undergoes fracture or plastic deformation, while the 

Nb particles remain undeformed and maintain the starting morphology. The different metal- 

silicon mixtures, therefore, require different threshold conditions for initiation of shock-induced 

chemical reaction: < 10 GPa for Ni-Si and Ti-Si systems, 20-40 GPa for Nb-Si system, and 

> 40GPa for Mo-Si system, at the same 55% initial density [20,37].  The dissimilar shock- 
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compression response of Si with different metallic constituents further illustrates the mechano- 

chemical nature of shock-induced chemical reactions, unlike processes in which thermochemical 

mechanisms dominate the threshold conditions. 

Some of the physical, chemical, and mechanical property differences between Si and 

metallic constituents Ti, Nb, Ni, and Mo, are listed in Table I, along with product formation 

properties (including maximum heat of reaction (AHR), volume change, cohesive energy (AHc), 

and the ratio HR/AHC) of Ti-Si, Nb-Si, Ni-Si, and Mo-Si compounds. Consistent with the results 

of reaction thresholds and the properties listed in the Table, the propensity for initiation of 

shock-induced chemical reactions made possible by appropriate changes in configuration, 

correlates best with differences in the yield strength of constituents. Once initiated, reaction 

completion and product formation characteristics, correlate best with the heat of reaction 

normalized with the cohesive energy. The normalization with cohesive energy is used to include 

the effects of binding energies between like and unlike atoms. Other properties of reactants have 

only minor indirect effects on the reaction behavior. Thus, although models with quantifiable 

relationships describing the reaction mechanisms are not available, domains correlating material 

properties with the reaction behavior may be obtained to better understand the mechanochemical 

processes leading to shock-induced chemical reactions. 

^       SUMMARY 

Manifestations of enhanced solid-state chemical reactivity caused by configuration 

changes introduced during shock-compression of powder mixtures, can lead to shock-assisted 

or shock-induced chemical reactions. Shock-assisted reactions occur via solid-state defect- 

enhanced diffusion after unloading to ambient pressure, in time scales of temperature equilibra- 

tion. Shock-induced reactions, on the other hand, occur during shock-compression upon 

mechanical equilibration and before unloading to ambient pressure. Analysis of the effects of 

configuration changes introduced during shock compression, and the influence of material 

properties and shock-loading characteristics on such effects reveal that shock-induced chemical 

reactions occur via mechanisms involving non-diffusional processes giving rise to structural 

rearrangements and mechanochemical effects.   Thus, processes that account for mechanisms 
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dominated by simultaneous mechanical deformation effects, determine the onset criterion and 

the extent of bulk reactions occurring during shock-compression of powders. Compound 

formation characteristics, are however, influenced by thermochemical properties. It is also 

evident that thermally activated processes cannot account for shock-induced chemical reactions, 

except in the case where shock-compression simply assists by creating conditions favorable for 

reaction to occur in time scales of thermal equilibration or by post-shock thermal initiation. 

Such shock-assisted reactions can be explained on the basis of thermally-activated defect- 

enhanced solid-state diffusion mechanisms. It can therefore, be concluded that shock-induced 

chemical reactions occur by mechanisms dominated by solid-state diffusionless mechanochemical 

processes, unlike the defect-enhanced solid-state diffusional mechanisms of shock-assisted 

chemical reactions. 
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FIGURE CAPTIONS 

Fig. 1. Schematic illustrating the effects of shock-compression of powder mixtures and 

processes resulting from these effects. 

Fig. 2. DTA traces of shock-processed samples of 3Ni+lAl mixtures of coarse, flaky 

andfine morphology powders showing different reaction characteristics. While 

coarse morphology powders show mostly a liquid-state reaction exotherm following 

a minor solid-state reaction exotherm, the fine and flaky morphology powder 

mixtures show predominantly solid-state reaction with little or no reaction in the 

liquid state [10]. 

Fig. 3. Micrographs of shock-compressed mixtures of (a) coarse/rounded, (b) fine, and (c) 

flaky morphology powders mixed in Ni3Al stoichiometry ratio, packed at same initial 

density, showing different deformation characteristics (shock direction is left-to- 

right). The bright contrast particles are of Nickel, while Aluminum particles have 

a dark (grainy) contrast [10]. 

Fig. 4. Micrographs showing examples of typical microstructures of compounds formed via 

shock-induced chemical reactions in powder mixtures of Ni-Al, Ni-Si, and Ti-Si. 

A uniform contrast microstructure and presence of spherically-shaped voids 

(indicating possible gas escape or shrinkage) are typical of a fully reacted 

microstructure. 

26 



Fig. 5. Photomicrographs showing shock-compressed configuration of mixtures of (a) Nb 

with silicon, equivolumetric, (b) Ni with Al, equivolumetric, and (c) Ni with 

volumetric abundance of Al. The premature melting of Si (dark cellular structure) 

in (a) and of Al (dark grainy structure) in (b), and the virtually negligible 

deformation of the harder Ni in an abundant matrix of the more deformable Al in 

(c), inhibits intimate mixing and thus reduces the propensity for subsequent shock- 

induced chemical reactions, except at localized regions where the molten metal wets 

the solid particles. 

Fig. 6. SEM micrographs of unreacted configuration of Ti-Si powder mixtures (Ti bright, 

Si dark contrast), showing the effects of particle morphology and loading conditions 

on the shock-compression response of Si; (a) extensive fracture of medium 

morphology, « 45 ^m particles, at 5 GPa; (b) fracture and fragmentation of coarse 

morphology, * 150 /*m particles, at 5 GPa; and (c) extensive plastic deformation 

and flow of medium morphology, ~ 45 jum particles, at 7.5 GPa [37]. 
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WORKSHOP ON "SHOCK SYNTHESIS OF MATERIALS". MAY 23-24. 1994 

Sponsored by: U.S. Army Research Office, Research Triangle Park 
U.S. Army Research Office, (AMC) Far East 

U.S. Army Research, Development, & Standardization Group (UK) 
(Hosted by Georgia Institute of Technology, Materials Science & Engineering) 
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