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FOREWORD

The prediction of reentry vehicle response to impulsive loading
resulting from energy deposition has been studied extensively
during the last decade. Analytical models and computer routines
have been developed to assess the vulnerability of such vehicles
to the initial loading phase, in which stress waves are gener-
ated and propagated through the structure, and to subsequent
phases, where elastic vibration, plastic deformation and/or frac-
ture may oOcCcCur.

A Defense Nuclear Agency (DNA) program was initiated with the
objective of improving computer codes for the prediction of
damage induced by ¥-rays (PREDIX). The PREDIX metals pro-
gram has combined the =fforts of several contractors under
the direction of DNA. The primary contributions of each con-
tractor can be summarized as follows:

General Motors Corporation--Measurement of material
properties, including stress-strain-strain rate be-
havior, elastic constants, equations of state, shock

wave profiles and spall fracture.

Effects Technology Inc.--Spall fracture tests and

analysis (exploding foil) and underground testing.

KMS Technology Center--Constitutive modeling.

Physics International Company--Energy deposition and

spall fracture studies (electron beam).
Systems, Science and Software--Energy deposition and

front surface phenomena, constitutive modeling and

code development, and underground testing.
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cB Bulk Wave Velocity, mm/usec
CL Longitudinal Wave Velocity, mm/usec
CS Shear Wave Velocity, mm/usec

c Snecific Heat, cal/g
Gp Shear Modulus, kbar
K Bulk Modulus, kbar
PH Mean Pressure, Hydrostat, kbar
PS Mean Pressure, Adiabat, kbar

PT Mean Pressure, Isotherm, kbar
T Temperature, °C

Us Shock Wave Velocity, mm/usec

u Particle Velocity, mm/usec

vp Specific Volume, cc/g
V; Impact Velocity, mm/usec

X‘ Target Thickness, mm

XO Impactor Thickness, mm

XS Adiabatic Modulus, kbar

XT Isothermal Modulus, kbar

Xs' xT' Adiabatic Pressure Derivative

0s’ “os s

@ Zero Pressure (= (%%—) s|P=O)
Xg;,xg; Isothermal Pressure De;ivative
@ Zero Pressure (= (%%—)«r|p=o)
8 vVolume Coefficient of Expansion,/°C
g l(_)
o \3T JP=0

Y Gruneisen Parameter
u Compression (= vo/v - 1)
Y Poisson's Ratio
o) Density, g/cc
%y Stress, Hugoniot, kbar

x1i
(Page xii is Blank)
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The experimental techniques utilized in this study are reviewed
in Vol. II (DASA 2501-2). Briefly, the principal techniques

applied were:

Stress-strain Studies--A laboratory-type universal
testing machine was used for rates < 0.1/sec, a
medium strain rate machine for rates of 10-3/sec
to 102/sec, and a Hopkinson bar device for rates

of about 102 to 5 X loj/sec.

Elastic Constants--The pulse superposition method was
used for measuring longitudinal and shear wave velo-
cities as functions of temperature and hydrostatic

pressure.

Equation of State--Gun-launched, flat-plate impact
techniques were used to generate uniaxial strain
conditions. Velocities u» to 0.6 mm/usec were
achieved with 63.5 mm and 102 mm single-stage com-
pressed-gas guns, and velocities of 0.3 to 2 mm/usec
were achieved with a 64 mm single-stage, powder gun.
Hugoniot data were obtained with x-cut quartz gage
and streak camera techniques.

Wave Propagation and Spall Fracture--Flat-plate impact

techniques were also used. Wave profiles were measured
with x-cut quartz cages and a laser velocity interfero-
meter.

A literature search on dvnamic properties of materials was
carried out under the PREDIX program and a listing of recent
publications (including abstracts) on dynamic properties of

materials is given in Referencc 1.
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DIRECT IMPACT
Ti-=Q

V,* 0.155 mm/ ps

|
’ 'f.f'/’JJJJJJJJ(‘/.f'r.r; ’ dH * 15.2 kbar

DIRECT IMPACT, BUFFERED
Ti-=WC/Q

V,* 0.317 mm/ ps

|
= 63.2 k
dH 3.2 kbar

Reproduced from
b::" ovoilablo' cwv.y

TRANSMITTED WAVE
Ti-=TilQ

V.= 0.30d mm/ ps

dH- 37.9 kbar

Figure 10 Quartz Gage Records, Titanium
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sPACTOR TARGEY AViNA Lot

oduced from
m available copy.

Figure 11 Streak Camera Record, "Hat" Target

and

— -29) (Es__g)
o CL Us-ue

where Pe and u, are density and particle

velocity at the elastic limit Oo*
Therefore, when either oy ~ up or Us - up relations are estab-
lished and Og’ Per YUg and CL are known, O’ Us, up and v are
uniquely determined. The resulting hugoniots for titanium at
20°C are given in Figures 12, 13 and 14. A phase change is

indicated at ~ 100 kbars. This phase chance is apparently from
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UNSHOCKED SHOCKED: 25 kbar SHOCKED: 65 kbar

Figure 16 Titanium Microstructure, As-Received
and Shocked (12.7 mm Plate)

Reproduced from
best available copy.

nun]

SHGCKED: 40 kbar SHOCKED: ~125 kbar

Figure 17 Titanium Microstructure, Shocked
(12.7 mm Plate)
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Reproduced |
‘ b:si av:ihblom;pv.

Figure 18 Titanium Microstructure, Shocked
to 40 kbar (12.7 mm Plate)

Specimens were prepared by electropolishing the 0.048 mm foils
in a solution of 60 ml 70% perchloric acid, 590 ml methanol,
and 350 ml butyl cellosolve. The solution was cooled to ap-
proximately 5°C and a voltage of 12 volts was applied. The
microscope used was an A.E.I. Model EM6G at an accelerating
voltage of 100 kv. A tilting stage was used to obtain the
necessary contrast conditions. The as-received material is
shown in Figure 19 and had a fine equiaxed grain structure with
a grain size on the order of 5 um diameter. The dislocation
density was low, and in some regions no dislocations were vis-
ible at all. The overall density was estimated by counting
the number of intersections with the surface of the foil to be
v 107 dislocations/cmz. The shock loaded material, shown in
Figure 20, also had equiaxed grains but with a high dislocation
density. Twins were observed in many grains. The dislocation
density was estimated to be v 2 x 109 dislocations/cmz.
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Figure 19 As-Received Titanium Foil, Trans-
mission Electron Micrographs

Figure 20 Shocked (39 kbar) Titanium Foil,
Transmission Electron Micrographs
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finite-area gage is to smooth out abrupt changes in stress
level as well as to increase recording rise-time of the wave
front. This becomes particuarly severe at short propagation
distances where separation of the elastic and plastic waves
is only on the order of tens of nanoseconds.

g o" = 43 kbar (Elastic)
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Figure 25 Elastic Precursor Decay in Titanium
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2.0 mm —-+4.06 mm 4.09 mm-—=8.14 mm

s .y

0.231 mm/pus

0.227 mm/pus

Figure 34 Spall Fractures in Titanium, 12.7 mm
Stock (20°C)

3.2mm STOCK 6.4mm STOCK

0.232mm/ps 0.336mm/us

F.gure 35 Spall Fractures in Titanium, Material
Effects (1 mm - 2 mm, 20°C)
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0.307mm/ps 0.305mm/us 0.299mm/us
m “ —
P L ~ >
g -~ _—a
- N
Imm a - 8, 2 -
}-.'_"\ g - A o .~
-~ > — &
-195°C 20 C 500°C
Figure 39 Spall Fractures in Titanium, Tempera-

ture Effects (1 mm - 2 mm, 3.2 mm Stock)

[Reproduud from
besi available copy,

0.232mm ws 0.299mm/us

20 ( 500 C

Figure 40 Spall Fractures in Titanium, Tempera-
ture Effects (1 mm » 2 mm, 2.2 mm Stock)

71






MANUFACTURING DEVELOPMENT @ GENERRAL MOTORS CORPORATION

MSL-70-23, Vol. 1V

SPALL pyang

e -

\\\\\\ W
o > . = - vroCHY

— ‘

|- ¥ o s

/ = 3
= 2

/ MPACTOR SPECIMEN vaCUUm
DIsTANCE -

/

VELOCITY - TimE HISTORY

WAVE INTERACTIONS in THE
AT REAR SURFACE

TiME - DISTANCE PLANE

Figure 42 Wave Interaction in Spall Test and
Velocity-Time History

Measured profiles for unattenuated pulses are given 1in Figure 43,
with photomicrographs of the recovered and sectioned targets.
Also shown for reference are the incipient and complete spall

levels for this impactor/target combination as determined from

Evidence of fracture is shown as a reversal of

recovery tests.
(decrease in free sur-

the release w.ve. The amount of pullback
face velocity to the point of first reversal) may be related to

the spall strength of the material for a given impact geometry.
An empirical relation for this has been given by Taylor as:(69)

og = pC (Aufs/Z) (25)
where Og is spall strength, o and C are local

density and longitudinal wave speed, and ﬁufs

is pullback.
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