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ANNOTATION

This book describes modern methods for the high-veloc~
ity deformation of metals and alloys and examines the charac-
teristics of the deformation mechanism under a pulsed lcad
application, as well as the structural characteristics of
strengthening by deformation. The book is intended for metal
regsearch engineers and scientists concerned with the field of
plastic deformation of metals, It may also be useful to stu-
dents prenaring for work in the field of "Physics of Metals",
128 figv»es, 32 tables, and 273 bibliographic entries.
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FOREWORD

Highevelocity deformation of metals occupies a very
important place in contemnorary progressive technological 1
processes, The first patents on explosive deformation were i
obtained more than seventy years ago, but it has only been i
for the past ten to fifteen years that the number of prode :
ucts manufactured and treated by the methods of high-veloc~
ity deformation has grown sharply.

e -‘}mﬂmgﬁ'%g.!ﬁﬁ«.

Technologists, who are primarily interested in prac-
tical utilization of the process, very quickly became con-
vinced of the perceivable successes to be attained by using
the various types of pulsed operation for the treatment of
metals. The punching of larpge-scale parts from high-strength
alloys . the creation of new conposite materials, the strength-
ening of large parts of complex shape, and many other complex :
and important operations became possible as a result of using . i
the energy from high=pressure shock waves,

P N

IR

Unfortunately, solution to the essentially importaat
problems in metallography, involving study of the mechanism
of high-velocity deformation and the properties of metals,
obtained as a result of the effect from shock waves, is still
not sufficiently developed to permit introduction of these
methods into industrial use,

T A D E o G T O VA NS A0 RS T A P T TN S o e S S TSSO (e

The major problem obviously involves whether it is
possible to combine a favorable technolosical process with
the production of optimal properties., To sclve this partic-
ular problem it is first of all necessary to know the meche
anism of highevelocity deformation, It is important to study
the possibility of combining high-velocity deformation with
other methods used for the strenpthening of metals, since it
is these complex methods of treatment primarily that permit
assurance of the best results, TFinally it is important to .
1imit the region in which the uv:e of hiph=velocity treatment
methods is rational,

£
;
&
£
5
2
¢
%
‘
i
H
t




P T T N AT R A

A P, A T

T L T, o L R N T R R R S P PR S

R il

B e TR T R 2 T 4k e 2 s e Ll g 4 n e S e
R I S s drateg LRI el s LR I TR RITY i3 = B R ]

it b U e OV e J— I BRI TAT RN TR

The attitude of rescarchers and practical workers to
the metallographic aspz2cts of highevelocity deformation has
not been constant e..» for the brief neriod of time in which
this comparatively young branch of science has devel:ped,

The first forecasts pertaining to the possibility of obtain-
ing the best properties by shock loading sounded ontinistiec,
It seemed that the difference in the structure produced, and
in perticular, in the dcformation strengthenins in comparison
with quasie-static deformation would be guite larpe and could
be det2cted with the "naked eye", However these forecasts
were n<t justified and +the first results were found to be
more T-sn mudesi., And, as often hanpens, in nlace of the un-
justr .+ 31 op+«imism a certain disanpointment came to nass.,

But a* zhe snme v.m: these disanpointments stimulated more
profour. rescanck, 3: 41 result of vhich many interesting and
importsrt characeer’ stics were c.scovered for the behavior

of metals duriny 'ishevelocity deformation, both in the prac-
tical and in the theoretical sense,

£t the nresent time investigations involving highe
velocity 4z nrmation are beinf conducted in many directions.
Almost all metals and alloys of practical interest have been
tested under conlitions of high-velocity loading, It is true
that these results do not always find the neceszary explana~
tion., The data obtained have been successfully generalized
to an even lesser degree, VYithout pretending by any means
to an exhaustive list of the various dirertions, we assune
that the major ones may be those shown on the diasram given
in the FOREWORD.

Each of the questions outlined on the diagram undoubt-
edly contain several independent sipnificant problems. Tor
example, study of gliding during high-velocity deformation
must answer questions concerning chanpe in the nunber of ef-
fective glide systems, the possidbility of non-octahedral
gliding under the effect of high-nressure shock waves in face~
centered cubic crystals, etcetera,

It is also impossible to examine the various sides of
the behavior of metals during hiph-velocity deformation inde~
pendently. The mechanical properties, produced in comnonents
after high-velocity deformation, are deternined by the forminp
microstructure which in turn depends on the deformation mecha-
nism,

This book does not even enconmpass all those questions
shown on the diagram. The main ennhasis is on examination of
the deformation mechanism and strenpthenine, formation of the
structure of metals, and the mechanical properties under con-
ditions of hiph-velocity lcading (Chanters 2 - %), Geveral re-
lited questions to a greater or lesser degree have found reflece
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tion on the pages of this book., Chapter 5 is.concerned with

the phase transition under conditions of high-velocity deform-
ation,

The metallographic asnect predominates in Chanters 2«5,
These chapters are preceded by Chapter 1 where a descrintion
is piven of several methods for hiph-velocity deformation,
This description does not entirely encompass the technolopi~
cal side of the processes but pives some idea to the reader
of those parameters that influence the properties of the
treated materials,

Sections 2~6 in Chapter 2 and Chapter 5 were written
by 0.A, Kaybyshev, the remainder of the book was written by
G.N, Epshteyn.

The authors wish to express their appreciation to Pro~
fessor Doctor of Technical Sciences M,L, Bernshteyn, Candi-
date of Technical Sciences R.L, Novobratskiy, Professor Doc-
tor of Technical Sciences V.ll. Rozenberg, Professor Doctor
of Technical Sciences Yu,A, Skakov, and to the reviewer Pro-
fessor Doctor of Technical Sciences V.M, Finkel' for his use-
ful comments, which he made in discussinpg the manuscrint,
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CHAPTER 1
MODERN METHODS OF HIGH=VELOCITY DEFORMATION

In this chapter we examine a limited number of ques-
tions involved with the methods of high~velocity deformation.
As concerns the problems discussed in this book, these are
first of all the parameters that determine the structure of
the metai in the process of high-velocity loading: the de-
formation rate, the amount of pressura developed, and the
temperature of the most widely~-used processes,

It is fully possible that such an approach may be ob-
jected to since the quite complex interaction of shock waves
with metals is of course not exhausted by these characteris-
tics, However the greatest amount of experimental material
on the influence of a pulsed load on the structure and proper-
ties of metals has been compiled mainly with respect to these
parameters,

1, Interaction of Shock Waves With Metals

No matter what means is employed for formation of the
high-pressure front (detonation of explosives in contact with
the deformed material or separated by some medium, by collis-
ion of the sample with a rapidly flying obiect, by a short
magnetic pulse or by pulsed discharge of a battery array),
certain general premises allow us to place all methods of high-
velocity deformation into a single series, where the differ-
ence of one mathod from another will only be a quantitative
one,

High-velocity (or as it is often called, pulsed) de-
formation is a result of the extremely rapid propapgation of
a pressure front, the amplitude of which may exceed the yield
stress of the material by tens and even hundreds of times,
Since the individual displacements (deformation) in the solid
state are assumed to be small, we thén speak of the nropapgation

. . .
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of elastic oscillations or waves in a solid [1]. 1In investi-
gating the state of metals and alloys acted on by shock waves
with a pressure up to hundreds of kilobars, as the basic par-
ameters that characterize the state of the thermodynamnic equi-
1ibrium, we take the pressure P, the chanfe in volume L.V, and
the change in intrinsic energyAE. But since the expanse of
the pressure front is very small, it is necessary that the
thermodynamic equilibrium be established for a time of about

10'7 to :I.O'6 seconds, this being determined by the processes

taking place in a comnressed sample, However, we can never
state that this time in all cases is sufficient for establish-
ment of equilibrium, and this then leads to a disruption in
the usually accepted relationships between these quantities,

The second assumption is that the compression acted
on by a shock wave, with a pressure P max® will be the same

as under hydrostatic stress of the same magnitude. This con-
dition can not he satisfied with sufficient accuracy since
first of all the relaxation processes also take place in time
and furthermore, under the influence of hydrostatic stress,
the stressed atate is near the hydrostatic stress, and under
the influence of the shock wave it may differ greatly from
the hydrostatic stress and even correspond to uniaxial stress,

nokpmxm «ONmaNIa

N

Figure 1. Pressure distribution during the direct contact
of an explosive with a metal 1 and during the collision of
metal with a flying plate 2. The arrows show the direction
of movement of the shock wave front.

i Dm‘mmme om

l. Distance fron contact surface

From Figure 1 it is clear that the front of the shock
vave is terminated very abruptly. The netal placed before
this front is still found in the oripinal state,and the metal
located bdehind the line of pressure termination underpoes
stress at pressure P, The anplitude of the shock wave varies
with time, If at some noment of time t (Fipure 2) at a piven

point the pressure reaches Pnax’ then at the moment t2 it
drops to P following the law
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Pl=Pmax¢-',’o (1)

where Pt is the pressure through the time interval t after

reaching P P is the maximal peak pressure at a given

max® ' max

distance from the site of the explosion; @ is a time constant
that depends on type and mass of the charge, as well as on
its placement. .

p (1) (1)
| Paccmonnue om Paccmosnue om
nolepxiocmu nevmex. noleprnocmu xonmexme

/| /|
A

t teat

i X

Figure 2, Amount of pressure at point x at moment of time t,
corresponding to maximal amplitude, and at moment t+ t, The
wave front shifted by Ax = u X At.

1, Distance from contact surface

The intensity in pressure drop, i.e., the difference

between Pmax and Pt after some predetermined time interval ¢,

will depend on the value of 8.

The effect of an elastic wave may in fact be treated
as the propagation of two independent waves, In one of them
the displacement of particles of the material is directed
along the propagation of the wave itself, Such a wave is
called longitudinal and is propagated at a velocity of cg.
This wave involves change in volume, which takes place during
the interaction between metal and shock waves. Here the
normal stress along the shock wave will be:

o = paly (2)

where @ is the density of the material; u is the displacement
rate of the particles of the material acted on by the shock
wave.,

3,
o ud *M“k‘*—vr-sﬁ-=j
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The second wave is a transverse one. The disnlace-
ment here lies in the nplane pernendicular to the direction
of propagation of this wave, and the rate of its pronapation
C, is approximately two to three times smaller than cg. Tra-

vel of the transverse waves leads to the formation of tanpen-

tial stresses ¥V, producing a relative shift in the individual
masses of the metal:

T oeal (3)

The methods of high-velocity deformation are actually
distinguished by the velocity u which they impart to the par-
ticles of the metal., Table 1 shows the values of the tangen=
tial and normal stresses for different netals at a 1 m/sec
displacement rate of the particles.

Table 1, Stresses Arising in Different Metals at a Particle
Displacement Rate of 1 m/sec
(7)o |(8)s ! o(7)] . {8
METSPNME | ke (ﬁ"}%, 2% ¢ oilian | araa
(5].
17,1 (1,74 9,3 (0,95 Cs 24,4 (2,49) | 8.8 (0,9)
21| M | 30k gs.n; 122 (170) { Cram . |"45:4060) | 242 @4
(4) ] Mew | 404 (412) | 200 (2 (6)
1. Material 5. Lead
2., Aluminum 6. Steel
3. Brass 7. T, ln/n2(kpf/mm2)
4, Copper 8. 7, !In/m2{kpf/mm2)

The travel rate of the shock wave front U and the var-
ticle displacement rate u differ significantly from one ano-
ther, The state of the metal before the shock wave front is
characterized by the pressure Po and the specific volure Vo

but directly behind the front this will be P and v, respect-
ively,

Change in the state of the metal in the process
shock wave influence on it may be characterized by the
in the coordinates P-v (Figure 3). Each of the points
curve OA characterizes tr2 state of the metal for some value
of U and u, For a uniform material, not undergoing transi-
tions aasociated with change in the specific volume, the
curve has a continuous character. 1f phase transitions take
place in the metal in the pressure range up to Pnax then the

of the
curve
on the
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- curve has a break, but within the state of each phasec it is .
2 continuous. .
] [ ~ [
A i . .:
= N ~
] i .
j ; v
: | o
i Figure 3, P-V-diagram of shock stress: P" is the impact adi- e
3 ; abatic curve of Hugoniot; PT:O is the curve of "cold" contrac-
b E tion at = = 0° K. :
1
; .
] Table 2, Evaluation of Temperature Produced bv a Shock Wave
\ in the Defernation of Various lletals [3]
4 1 Runacnue, M 07'::0:1-‘31_3:-;".(::22 ) ty. C \‘
1 f Khap (l ) enmt 2 ) ;J)M ) 9/0.0 (1) _
100 {4 YCmen 0,865 231
5 IMean 0,940 61
( 6 )Boatpan 0,970 35
: -
B 200 auel 0,796 628
: ( g )ﬁlcm. 0,897 118
( 6 )Boaudpas 0,944 585
500 (4 dcaumen 0,693 2450
5 )Meaw 0,814 446
(6 )B«mutpm 0,882 199
: '1000 k 4 Xounen 0,619 8990
; f 5 ;;«m 0,737 1480
(& )Bo.wbpan 0,812 761
l, Pressure, kbar 4, Lead
2, Metal 5, Copner
3, Relative chanpe in volume, 6, Tungsten
viv, Te toy °C

The total increase in intrinsic enerpgy L during the
process is characterized by the rerion bounded by the curve

%
|
;
|
%

oA [2].

«l0e

Part of this energy Amx, bounded by the curve of

FTR R P

ann

—t R

o vlel s



R L T N T R T ™ T e BRI L ™ " e e T Vi O T e T T N Ty

LTERTE ,'.\Bp,‘w"v_m

|

cold contraction PT:O(V)’ is the elastic component and is not

assoclated with the change in temperature of the metal, The
difference AE-ASX characterizes the heat energy of the pro-

cess and is expended in heating the metal under conditions
of adiabatic contraction, The amount of this enerpy grows

strongly with increase in Pnax’ thus making it difficult to

compare temperature conditions of the various processes which
differ by the amount of the maximally attainable pressure.
s But even at one and the same pressure, the temperature of
the process will depend on the metal found under conditions
of adiabatic contraction. Table 2 shows values of the temp- 3
. erature developing in various metals under conditions of adi-
abatic contraction acted on by a shock wave, The temperature ;
was comnuted from the Hupionot curve [3]. A pressure of 100~
200 kbar, which has a catastrophic effect on lead, produces
comoletely moderate heating of tungsten and copper. However,
for the structural investigations it is almost always not the
temperature t_, found by computation, that is the more sig-
nificant one ind is retained in the metal for a period of
several microseconds, but rather it is the temperature of
the metal to directly after unloading at atmospheric pres-
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sure. The difference between these temperatures is quite
substantial, especially at a pressure greater than 100-200
kbar (Table 3), This temperature may exert a great influence
on the structure of the metal, According to the data of the
authors in reference [3], a sample of iron after impact at a
pressure of 750 kbar cools to room temperature in about five
minutes,

s

Table 3, Temperature of Iron Under Conditions of Adiabatic
Contraction (tn) and After Unloadinp (to) {3]

Hies Namoma  w N

B 1
Ranaenne, 1. °%C 1. °C . Jlanaenne, by, o v °C

i L) . 48,
2 (- ) (2) ;
130 G0 3 500 56) 259 ;
350 350 150 750 1059 400 :

4

. l., Pressure, kbar; 2. tn' °C

According to Karman and Taylor there nmust be a criti-
cal rate of impact Ucr' by the attainment of which the con-

tact surface receiving the impact is fractured:
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Ucr=:§ Vg'%di de, (u)

3 ] where § is the degree of instantaneous deformation; en is
% the degree of deformation corresponding to the vield stress;
3 d3/dg is the slope of the curve ¥-f under static tension,
If we substitute the value ucr into formula (2), we can
then determine the amount of normal pressure of the shock wave

3 at which surface fracturing or partial cracking of the body -
- receiving the shock must take place at a velocity greater
; than or equal to Ugpe

To evaluate the deformation velocity ve usually employ
: either the absolute rate of movement of the sample v or the

E relative deformation velocity ¢, which additinnally depends

y on the length or thickness of the sample in the direction of

the effective force. This characteristic has great sipnifi.

cance not only for comparing the properties obtainesd by dif-

ferent methods of deformation and differing in veleeity by

several orders of magnitude, but also for standard mechani-
cal tests,

The concept of deformation velocity is easiest to ine
troduce after looking at uniaxial tension, The linear defore
mation velocity & is defined as

b3 g L T

=g == =TT (s)

where . is the initial length of the stretched s.mple; € is
the length of the sample after the time t, v is the rate of
movement of the sample determined by the tension at the dis-
placement velocity of the test machine clanps,

This equation is valid only as loang as no local de-
formation develops during stretching, that is, as long as

no neck is formed, If we evaluate the true amount of defor- . )

mation in this case, the relative deformation rate will be: ,
s _de _din(l) _1 dl _ v . ‘
8=haq=——£—ﬁ==7oir=31n (6)

To retain the constant true relative deformation ve-
locity when the displacement velocity is increased, it is
necessary to increase the length of the sample.
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The relationship between the relative true and the lin-
ear deformation velocities can be found from the two previous
eguations:

b=t de d 1 b ¢
CFTT T ® T TFe & TFe

In analogy with equation (6), for contraction the rel-
ative defcrmation velocity will be

¢=t T =T sec”!, (7)

where h is the amount of the displacement; for thin sheets of
billets it is commensurate with the thickness; for thick ones
it corresponds to the layer of the shock wave effect,

The quantity § is convenient to use for studying pulsed
deformation, However it can be reliably determined only if
the deformation diagram and the direction of the deforming
stress is known and if it is possible to estimate h.

Many papers have mentioned the dependence of yield
stress and other strength characteristics on velocity, which
has made it necessary to estaklish the conditions for meas-
uring them during static, or more precisely, quasi-static
tests., In the standard quasi-static tests it has been as-
sumed that the rate of movement of a sample, or the displace-
ment rate of the clamps must not exceed 4 mm/min,

However, such a formal approach is inapplicable for
distinguishing dynamic deformation from quasi-static,

Chapter 4 will show that the deformation velocity at
which the yield stress is sharply increased, and which is dif-
ferent for the various materials and even for one and the
same material, depends on its microstructure. So this is
the threshold of deformation above, which a sharp increase be-
gins in the yield stress of a given material and serves as
the boundary between the quasi-static and dynamic deformations.

Table 4 gives the deformation velocit. - s during differ-
ent loading procedures. In the traditional methods of treat-
ing metals with pressure such as the drawing of a wire, and
the rolling of thin sheets, the relative deformation velocity

may reach about 102 to 10" sec™}. But these methods differ

from the high-velocity deformation in that the h ¢h deforma- {
tion velocity here is reached by localizing the o :formation
in a small volume, and not by increasing the velocity of sample
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displacement., Here such processes as rolling and drawing
should be treated as stable or quasi-static processes, whereas
in a pulsed treatment we are concerned with the propagation

of a stress wave over the volume.,

T T T T T R R T T TR e

Table 4, Typical Deformation Rates for Various Processes of

Treating Metals

Of the other factors associated with the formation of
a structure in the process of high-velocity deformation, we
should mention the directionality of the shock wave with re-
spect to the surface of the sample., Ferbrak showed that the
structure of iron will depend on whether it was formed under
the effect of a plane incident wave or under the effect of
an unloading wave, The influence of directiocnality and struc-
ture of the shock wave has been studied in greater detail in
the book by Pashkov and Gelunova [4].

2, Deformation by Exnlosion Through a Transmitting lledium

The first patents on using explusives for the deforma-~
tion of metals were issued in England and in the USA in 1897
and 1901, However, only several decades later when the prob-
lems of utilizing high-strength low-plastic materials were
posed to machine builders did this method receive broad rec-
ognition. By increasing the strength of the charge its pos-
sibilities are practically unlimited, this being especially

PO SRRV I 2N

AbconnTIER OrHOCHTCAB AR
(1) Tponece K ol 0P | TIopaaow senn: | coopmownn &, ;
A X :
2007 deayy as :
1 ( 3 ; Henuranue ua pacraxenne] 0,00001—0,01 0,03 3+10-4-3.10-2
¢ flporamka 1py6 . . . . 0,05—0,5 0,01 -50 :
: 4 FayGoxas suitamka aucra 0,051 0,01 5100 :
: 5 Jiucrosan npoxarxa |, 0,25-25 0,001 25025 000 ;
3 69| Kosxa ua mosorax . . . 2,5—-10 0,1 25100 X
: 7 Henuraune na xonpe . 6 0,01 6-102 :
1 (8) Tlporaxxa ToHxoR nposo- !
1 AOKH . . . ..., .., 5—-40 0,0001 5-104—4.10* : ;
(9)] Hunyascuan acdopmauns 30—150 0,001 3-100—1,5-10° : !
3 ! ¢

i

3 1. Process 7. Ram ippact machine test §
3 2. Tensile test 8. Drawing of a fine wire : ;
3 3. Drawing of pipes 9, Pulsed deformation i i
3 4, Deep~-seated drawing of 10, Absolute deformation velocity : é
b a sheet v, m/sec : :
5, Sheet rolling 11, Order of magnitude of {, m : E
6. Hammer forging 12, Relativi deformation velocity i %
&y sec” : b
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important for punching large-scale finished parts, TIor exan-
ple, the Japanese firm Japan Steel Works {5] nrenared spherie
cal gas containers, 1,6 m in diameter, from a 1.58-nm thick :
steel having a yield stress of 500-600 Mn/m2({50-60 kgf/mm2), i
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Figure 4, Diagram of explosive deformation of a sheet billet
through a transmitting medium,

Explosive deformation and several metallopraphic as-
pects of this process have been described in detail in a non-
ograph by Reichardt and Pierson [6]. One of the diagrams of
explosive deformation is shown on Fipure 4, The sheet bhil-
let 1 is placed between the matrices 2 with a soring 3, Duv-
ing explosion of the charge 4, having a nass G and nlaced
above the billet at a height R, a detonation wave is first
formed that is propagated over the volune of the charge at
a velocity from 3000 to 7000 m/sec depending on the tynpe of
explosive used. This velocity determines the amount of the
peak pressure. At the moment the detonation wave enters the
charge-wvater boundary, i.e., at that moment when all the
charge in transformed into gas, being under a hiph nressure,
an operational (shock) wave forms that is transmitted throupgh
the medium filling the reservoir 5, toward the billet, The
rate of propapation of the shock wave in the liquid is sip-
nificantly greater than the rate of motion of a compressed
gas. This rate is in fact determined by the rate of propa-
gation of sound in the liquid, i.e., by the rate at which
any abrupt change in pressure is transmitted from one part
of the liquid to another. The rate of propagation of sound
in water (this medium is most often used for explosive defor-

. mation) is 1460 m/sec,

If no special measures are taken (setting up a shaping
. matrix), then following the explosion the component has the
shape of a bowl with the bending magnitude h.
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Table 5. Parameters of the Explosive Deformation Hodes

' Beananna T P
p——_— a.s R, ux e me
(Tl -cexjem?) ( 4 )
W | @ i
Cmarsc0,28%C (5 )
1 50 36,5 0,0040 3,0
2 10,0 60,0 0,0040 2.4
3 13,2 67,6 0,0041 2.2
4 15,0 80.0 0,0040 1,9
5 20,0 95,0 0,0041 1,8
6 25,0 111,0 0,0041 1,6
Cnaas OT-4 (g)

1 50 46,8 0,0032 2.4
2 13,2 95,0 0,0031 1,6
3 15,0 102,0 0,0032 1,4
4 20,0 124,0 0,0034 1,4
5 25,0 146,0 0,0032 1,2

l, Mode number 4, P s kbar

2 (e} g max

* ' - 5. Steel with 0.28% C

3, Mapgnitude of pulse, 105
n.sec/m2(kgf.sec/cm2) 6. OT-% alloy

In studying the explosive method of deformation we
should distinguish the two groups of parameters of the pro-~
cess, The first proup includes the technological parame-
ters associated with dimensions and shape of the component,
required depth of drawing, and number of successive transi-
tions; here the type and mass of the explosive, the height
of the placement of the charge above the hillet, the trans-
mitting medium, the size of the container, etcetera, are
all varied, However, of themselves the parameters do not
influence the deformation mechanism and the character of
the strengthening. In reference [7] the deformation of
sheet billets was done with various groups of placement and
mass of the charge, but chosen such that the magnitude of
the pulse and the pressure had practically identical values
(Table 5), Testing of samples, cut from deformed components,
showed that by retaining the magnitude of the pulse and the
peak pressure the mechanical properties are found to be at a
single level (Table 6), Only zonal stresses, measured in the
center of the half-sphere, drop with increase in the height
of the charge placement (Figure 5)., The influence of the
technological parameters on the results of explosive deforma-
tion has been studied in detail in special naners [8-10],
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Table 6, Mechanical Properties of a lletal After Deformation

o (2) . ()
H“‘T Muua Mx/:' kel /unt) Mu/u:,b(xr/u.u') 8 %
(33— - —
Cmaas ¢ 0,28% C (%)
1 71,3) 748 (76,3, 94
2 271 3) 764 (78 0; 10,1
3 1M (71,8) 787 (80 4) 06
4 715 (73.0) 776 (79,2 58
5 732 (714,D 789 80 \5) 8,7
6 710 (72,5) 781 79.8) 10,0
Cnaae OT-4 (5)
1 810 (82,6) 932 (95,3) 7.6
2 578 ,0) 831 (84,8) 8,0
3 3 (78,9) 900 (91,9) 7,2
4 819 {(83,6) 891 (91,0 6,4
5 735 (75.0) 825 (84,3 8,0
1, Mode number 4, Steel with 0,28% C
2, Gb 24 Mn/m2(kgf/mm2) S. OT=-4 alloy

3. Ty Mn/m2(kgf/nm2)

The second group of parameters which permit evaluating
the physical characteristics of the process iuclude the amount
of pressure (or pulse) of the shock wave, the defowmation ve-
locity (duration of the process), and the temperature, Change
in the pressure in time is described by equation (1), which is

valid only in the initial period, untii P 2 0.3 Poax {10}, 1In

turn, the peak pressure along the shock wave front during de-
tonation of the explosive can Le determined fronm the formula

Pow =K ()" (8)

where G is the mass of the charge, kp; R is the distance from
the center of the charge to the point where the pressure is
measured (in this case the height of placing the charge above
the billet), m; K, of are coefficients which depend on the prop-~
perties of the explosive and the transnitting medium; with the
detonation of TNT in water, K = 533, and & = 1/3,

Small charges with a mass of several tens of frams cre-
ate a pressure alonp the shock wave front of several kilobars,
and povwerful charges with a mass up to 3 kg create a pressure
up to about 50 kbar.
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During detonation, in addition to the basic shock
wave, secondary and reflected waves arise, however the mag-
nitude of their pressure does not axceed (°°1-°'2)Pmax“[9]'

Experimental measurements showed that the rate of dis~
placemant of the billet during detonation is 200-300 m/sec
[11]. If the sheet billet has a thickness of 1 mm, then the
relative rate of deformation ¢ = (2-3),105 sec-l, The rate
of propagation of the highepressure front here is near the
speed of scund,
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Figure 5. Change in zoneal stresses ( i) in medium-carbon
steel (1) and the OT-4 alloy (2) as a function of height of
placing the charge with a constant pulse magnitude.

PITHY WISV AR P

Lot o€ Tk a e am

1. 5}, Mn/mz(kgf/mmz)

2 BB s Bt

The greatest complexity is represented by evaluating
the temperature during explosive deformation. This is ex-
plained on the one hand by the purely experimental preblems
and on the other by the sharp dependence of temperature on
deformation mode, which makes it practically impossible to
"avaluate the temperature by analogy". Several methods of
determining the temperature have been described in the re-
view article [12]. As a rule the experimental and computa-
tional methods permit only indirectly establishing the tempe
erature region for the deformation., 1In reference [10] the
temperature of the sample under a dynamic load at a deform-
ation velocity ¢f about 10 sec~l was measured by a low-
inertia thermocouple. In deforming the sample, prior teo
fracture thc temperature wss raised to 100° C.

. te.

R L L L T NN TR IR PR

[ PR EN P VI

[ ALENER TSN TR S TSP NIPY S

YRS

e
NP dlal
P I TOXT T .

2 o B S

Below we shall attempt to evsluate the temperature of
a sample during hydroexplosive loading, based on the follow~- .

ing premises.
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The sources for elevating the temperature may be:
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(1) Plastic deformation of the metal;

(2) The effact of hiph pressure on the metal and the
chgnze in volume associated with it; f

b
A
.
K]
i
K]
4
,‘l"
i
4
/
3
h:
K

(3) Heating under the effect of light radiation;

et

(4) The direct interaction of combustion prcducts
with the billet.

NSl L

The interaction of combustion products and light radia-
tion can not have independent significance during explosive
deformation, We can judge as to the influence of high pres-
sure on the basis of reference [2] in which contact detona-’
tion was carried out on nickel, It was shown that at a
pressure of 100 kbar, when the relative change in volume was
0.954, the temperature did not exceed 321° K, But with fur-
ther increase in pressurs up to 500 and 1000 kbar, the temp~
erature grew, respectively, up to 550 and 1100° K. Conse-
quently, with explosive deformation through a transmitting
medium where the pressure comprises a maximum of tens of kilo-
bars, this source of hnat also can not be attributed to the
elevation in temperature that is essential for structural
changes, Then there remains only to evaluate the increase :
in temperature associated with the plastic deformation itself E
of the metal.,

L Lotindsbal et st dene teans weded bt s %

Eliminating such extraneous factors as heating of the
water, scattering of the energy flux (which may only lowver
the temperature of the billet), we assume that the enerpgy
flux of the detonation pu’:e through unit of surface, are-
ranged normal to the dire :ion of wave propagation, will be
equal to:

E=Eyt ke (9)

i
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where Bd is the energy required for deformation of the com-
ponent} BQ is the energy going into heating of the billet,

yak

In reference {[10] it was piven that E is equal to:

. 1/3\v 3
= n(° ‘ ]

E=c0a(Ge) s (10) |

. where ¢ anc ‘{ are constants; for TNT they are equal, respect- 3

ively, to &,uH#3 and 2,05,

The energy flux of the detonation pulse per unit of
surface is expressed as

2 ettt B T e ol S o e,
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The energy of deformation during the drawing of a
sheet billet with rigidly restrained fianges will be

Eq=tya[48 (%)™

where h is the maximal bending (see Figure 4); O is the
thickness of the sheet; r, is the radius of the billet; B

and of are coefficients which depend on the material; .or low-
carbon steel they are equal, respectively, to 590 Hn/t..2 (about
59 kgf/mm?) and 0.23 [9].

(12)

From formulas (9), (11), and (12) we find that the
energy going into heating of the component is equal to

Ll

Ep=24— P& [43 (£)"]"*s. (13)

Assuming the specific heat of the material to be con-
stant in the temperature range AT, we have

EQ B m.E.AT’

where ¢ is the mean specific heat of the materialy m is the
mass of tha billet,

Then the elevation in temperature will be

128 [ ()]

m 'C

AT = (14)

Assuming the conditions of detonation punching for the
billet of low~carbon steel type St 3, with a thickness of 0,3
ecm, for which G = 20.g, R = 0,04, and h/ro = 0,4, we find that

the temperature is increased by no more than 100 degrees,

Furthermore, the evaluation of increase in temperature
»f the billet during detonation was proven experimentally.
3 Jlectrodeposition we coated a 10-15 mum thick film of low-
me; *ing metals -~ zinc and tin -- on the surface of the com-
pone:.t, and made fine rectangular lines on the films, After
detonating a 50-g charge in the water container at a distance
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of 30 mm from the billet, on none of the comnonents were there

found traces of fusion either in the structure nor on the edspes
of the lines.

Radiograms taken from the deformed samples (Fipgure 6) ]
showed that recrystallization occured onlv in the film of
tin, The temperature of recrystallization for tin was equal
approximately to 20° C, and for zinc -~ approximately 40° C,

Thus we can assume that under the conditions of deto-
nation punching through a transmitting medium using charges
whose mass does not exceed several tens of grams, the temp-
erature is not raised to values that would influence the
state of the structure, It is probable however that for
contact detonation such a conclusion would be incorrect,

e e et -

The sequence of displacement of the individual sep-
ments of the component was studied by Gouforz [13] (Fipure
7) under the pulsed effect of a shock wave, At the initial
moment a deformation takes place of the reripheral segnents,
located near the edges of the matrix and the clamp, On

'
atan L ke R Aen o

é ¢ these segments the diagram of the deformation is quite com- Co
- plex == it involves bending, the effect of the clamped end,
1 and other factors., But in the central deformation zone a
3 3 biaxial tension takes place.
- (
3 In the peneral case the magnitude of the deformation

at any point is determined from the formula

P}
: u=LIVE = T o= F = (15)
where 51' €y and 83 are the displacements along the three
mutually perpendicular directions,

Under biaxial tension €, = €, Expanding formula (15)
under this condition we find that 61 o 7Y i.,e., we can judge

as to the degree of deformation of the half-sphere made of i
sheet billet by using a shock wave based on taperinp the na-
terial in the direction of the effect of this wave (33). Ref=

erence [14] also mentions the diagran of biaxial tension dur-
. ing pulsed deformation "into an open matrix",

The characteristic distribution of tapering alonsy the
. profile of the half-sphere is shown on Figure 8, Such a dis- }
tribution of tapering and hardness was found in the deforma-
tion of nickel, Nichrome (NKh7), Kh18N10OT steel [15], and
other materials [16, 17], Leavinsy to one side the different
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Figure 6., Radiopgrams taken from thin films of tin (a) and
zine (b) after detonation deformation. PRecrystallization
took place only in the tin.
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technological arguments, we nmust mention that to study the
questions involved in the deformation mechanism or the

characteristics of strengthening during pulsed treatment, :
it is necessary to investipate only the central part of the :
component in which the biaxial tension takes vplace, i

&~

3, Pulsed Deformation Usiny Magnetic Fisld Enersv

If the energy accunulated in the condensors is dis-
charged in a period of fractions of a second throuph the coil- i
solenoid, then the forming hipghestrensth mapnetic field de~ i
velops a pressure of several tens of kolobars., I1f the spe-
cific pressure here exceeds the yield stress of the material .
in the zone where the magnetic field has an effect, then t
plastic deformation will occur, This principle is used as $
the method of pulsed deformation alony with others. In come
parison with detonation deformation, electromagnetic punching
makes it possible to obtain a wellereproducible stable onulsed
load that can be regulated in a larre ranre of velocities and
strenpth,
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Figure 7, Diagram of the successive displacement of a sheet
billet under the effect of a shock wave in time t3 0t D0
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Figure 8. Distribution of degree of deformation and hardness
. over the profile of the half-sphere after detonation (b) and
quasi-static (a) deformation,

l, Distance from center, mm
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Diagram of the deformation of a tubular billet in .

Figure 9,
an electromagnetic field.

One of the widely-used diagrams of deformation by the
energy of the electromagnetic field is shown on Figure 9,
The sample 4 in the form of & tube of a material with a
good electrical conductivity is placed inside the coils-sole-
noid 3, According to the data in [18], the specific electri-
cal resistance of the material must be £0,0015 ohm.m, By
discharging the condensor 1, located under high stress, through
the discharger 2, a magnetic field is formed between the coil
and the sample which develops a high radial pressure (as
shown by the arrows on Figure 9), The diameter of the l-nn
thick tube can be decreased in this case by 20-25% [19].
The described diagram has great practical significance, how-
ever its disadvantage is the non-uniformity of deformation
along the length and throughout the thickness of the sample.,
In this sense it is more advantageous to use the diagram of
electromagnetic deformation of a flat sample. An improved
instrument was developed by Svistunov and Bernshteyn [20]
for studying the characteristics of the deformation mecha~
nism and strengthening under a pulsed load (Figure 10).

The sample 1 is placed between the support 2 and the
plate 3, which in the non-operating state presses down on
the sample., The coil-solenoid 4 is placed in such a manner
that its axis 0-0 was located at an equal distance from the
plate and the lower support 5. The battery array is dis-
charged into the coil using a tripgotron which ensures an
individual pulse. During the pulse the load grows from zero
to Pmax’ as shown on Figure 1, At first the forces P2 and Pl' .

acting on different sides of the coil, are equal, but at some
moment the force P2 exceeds the yield stress of the sample

and becomes less than Pl' Then the plate is shifted by a dise- .
tance Afj the coil is raised to the nosition of the axis 0,-0,.

and renains there until the condition P2 = P1 i3 recovered,
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Figure 10, Diagram of the deformation of a flat sample in an
electromagnetic field.
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Figure 11. Oscillogram of the process of deformation in an
slectromagnetic field: 1. segment of energy accumulation;
11, period of plastic flow of the sample of about 50 usec.

Then the cycle is repeated as long as the forces of the mag-
netic field are sufficient for deformation of the sample,
The oscillogram (Figure 1l1) permitted determining the time
of the process and the displacement rate (100-200 m/sec).

Here the relative deformation velocity will be on the order

of 10“-10s soc'l, i.e., near the deformation velocity in de-
tonation punching. For copper and brass the displacement
rate during deformation using the diagram shown on Figure

9 is estimated to be, respectively, 130 and 86 m/sec [19],
The authors assume that the maximal rate which can be reached
in modern equipment does not exceed 300 m/sec.

The pressure of the mapnetic field is determinesd (21]
from the formula
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P=p(a%)2-10" Mn/m2, (16)

where H. is the magnetic field strength, ocersted; is the
magnctig permeability of the material; in high-strength mag-
netic fields the value of P for practically all of the mater-
ials used can be assumed equal to unity,

In turn the magnetic field strength can be obtained
from the following formula:

Hy= ()2, (17)

where ¢ s the capacitance of the battery array, pF; v is
the voltage on the capacitor plates, V; f is the length of
the coil, cm} a, is the radius of the coil, cm; K is a coef-

ficient which depends on the form of the solenoid and the
rate ofldamping of the oscillations in the circuit, equal
to 0.3 *,

"g (1)
S ooy —
X
%, woo(on)|
ol /
-dtf(/
0 & 1 15 2 25 SEKV

Figure 12, Dependence of pressure developing by the magnetic
field on voltage applied on the condensor (C = 4000 uF).

2 2
1. Pmax’ Mn/m“(kgf/mm®)

1 For a more detailed definition of K see: Karasik, V.R.,
Fizika i Tekhnika Sil'nykh Magnitnykh Poley. (Physics and
Technology Of Strong Magnetic 7101535, U§§§ Academy of Sci-

ences Publishing House, 1964,
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Figure 13, Diagram of the set-up for electrospark pulsed
deformation: 1, high-voltage generator; 2, discharge pan;
3. battery arrav; 4, electrodes; 5., sample; 6, matrix,
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With a battery array capacitance of 4000 pF, a voltare $
of 3000 V, and a coil length of 0.9 ecm, the field strength 5
will be equal to 360 kOe. Then from formula (16) the nres-

sure will be 207,000 Mn/m2 (about 20,700 kgf/mmz).

Thus, the amount of pressure developed during electro-
magnetic punching is of the same order of magnitude as durinyg
detonation deformation, but can be easily regulated by vary-

ing the voltage but with the same condensor capacita.:e (Fig-
ure 12),

4, Electrohydraulic Deformation

A high pressure is developed in carrying out spark dis-
charge under water in the space between the two electrodes for
a short period of time., The liquid which washes the electrodes i
converts into vapor which is rapidly spread, as a result of :
which a high-pressure zone is generated that creates a shock :
wave., The method based on this principle, just as the method 1
of electromagnetic punching, is used for the deformation of
tubular billets and for the manufacture of components such as
half-spheres from a sheet, The theoretical diagram of the
electrospark equipment is shown on Figure 13. Reference [22]
shows that during electrospark punching the same stasges of
flow of the metal are retained as during detonation deforma-
tion of sheet material (see Figure 7).

The deformation rate during electrospark discharpe is
slightly lower than during detonation and electromasgnetic
punching; the pressure developed is 2~5 kbar,
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5., Pulsed Deformation at Sugerhigh Pressures

The methods of pulsed deformation described above are
connected by one common condition: the sources of the shock
wave and the sample are separated by an intermediate medium,
In spite of the broad possibilities of these methods, their
use is limited by the rate of propagation of the shock waves,
anc consequently by the amount of pressure developed.

We know the methods of pulsed deformation which per-

mit increasing the deformation rate and the magnitude of Pmax

by tens and hundreds of times. The use of these methods has
permitted obtaining much interestiny data on nhase transitions
at high pressures [23-26].

Here we shall lock at two methods of deformation at
superhigh pressures: contact detonation and the casting of
thin plates,

Contact Detonation

In detonating a charge located in direct contact with
the metal, the amount of pressure will depend on the charace
teristics of the explosive, the density of the metal, the
rate of propagation of sound in the given mecal, and on other
factors. With this type of loading, repgions of localized
stresses are created in the material that deternine the pro-
cess of fracture, If a high-power stress wave acts along
the axis of the sample, then an unloading wave acts in the
perpendicular direction that may significantly exceed the
yield stress of the material and therefore facilitate its
fracture,

The pressure developed on the surface of the metal pnax

is determined by the formula

e 2Papmct_
me— Pm¢l+PxDx’ (18)

where Px is the detonation pressure of the explosive;p . is
the initial density of the metal;p,‘is the initial density
of the explosive; Dx is the rate of detonating the explosive,

In detonating TNT the pressure on the surface of alum~
fnum is equal to 234 kbhar, and on the surface of iron 312 kbar,
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The contact placement of the charge with a directed 3
effect from the shock wave is used for strensgthening larpge- E
scale products and producing multi-layer composite materials
{271.

Casting of Thin Plates at High Velocities

The greatest value of the peak pressure alonsg the front .
of the shock wave may be obtained by using the energy of a i
thin plate, flying at high velocity, Various devices based

. on this principle are being used with increasing frequency 3
3 at the present time for research as well as for practical
- 4 purposes, 3
o g |
fé T.. o “ : 4 j‘;‘
s § :' -: . . H
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£ Figure i4, Diagram of the deformation using thin steel plates :
accelerated by products of detonation [2]. ;

The diagram of one such device is shown on Figure 14,
A steel disk 1, (1-1,5 mm thick) under the effect of the de-
tonation products assumes a velocity of several thousand km/
sec., At such an initial velocity the disk flies a distance
. of about 90 mm inside the control nozzle. In order to de-
crease heating of the disk itself, a thin spacer of plastic
3 is nlaced between the explosive charse 2 and the disk,

Two waves are generated and propapgated on both sides
of the impact surface by the collision between the striker
. 1 and the sample 4, If the speed of the striker nrior to
the moment of impact were W _, then after impact the speed of
the material behind the wavé front will be U, and that of the
striker will be wv-u [2). 1If the accelerating disk and the
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sample are made of one and the same material, then U = 1/2 W_,
A screen 5 made from a material with a known Hugoniot adiaba¥ic
curve is often placed between the sample and the flying plate,

In several papers it is shown that the speed of the
flying plate prior to slowing down may reach 9 or even l4
km/sec. This process has been described in greater detail
in the survey report [2],
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CHAPTER 2
GLIDING UNDER CONDITIONS OF HIGH=VELOCITY DEFORMATION

By applying an external load, processes are realized
in metals that diminish or eliminate the stress geierated,

Elastic and plastic deformation, as well as fracture,
are basic types of reaction of a metal to an external load;
they may be studied as different procedures for the relaxa-
tion of external stresses, The specific type of relaxation
of external stresses is determined by many factors, mainly
such as the type of crystal lattice of the metal, the de-~

gree of purity, the pressure, and the velocity and tempera-
ture of deformation,

Two basic mechanisms of deformation are known: plide
ing and twinning.

In the present chapter we shall examine the character-
istics of gliding during the pulsed loading of metals. However
we must first briefly descridbe the behavior of individual de-
fects in the process of high-velocity deformation and the
methods by whose use we can experimentally study the process

of pgliding., Sections 1 and 2 are concerned with these ques-
tions,

1. Characteristics of the behavior of Crystal Lattice Defects
ﬁurinﬁvpufsea Toading

The different behavior of crystal lattice defects dur-
ing high-velocity and quasi-static deformation has been men-
tioned in many experiments. There are several theoretical ba-
ses for this effect [28-31]., The change in concentration of
any kind of defects c1 in the process of plastic deformation

can be evaluated from the following formula:
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C[=SC((0)8 L, (19}

where ci(o) is the original cencentration of defects; + is
the duration of the process; ?ri is the relaxation time for
the given process.,

The quantity tri may be either the time of effect of

the dislocations source or the time of the interaction between
the defects, or the time necessary for migration of the bound-
aries, stcetera, It is obvious that only those processes will
enter into the deformation for which tyy Lt Ift < thy

then under the given deformation conditions, this process can
not take place.

Consequently with high-velocity deformation there must
be a redistribution of the contributions from the various
processes which in turn will determine the change in proper-
ties of the materials. Furthermore, any significant change
in the properties must be associated with some definite de-
formation velocity and will not be the same in any of the
velocity ranges.

Let us look only at several of the more important as-
pects involving the effect of high-velocity deformation on
the individual crystal lattice defects,

Rate of Motion of Dislocations and the Forces of Friction.
During eir splacement

The displacement of dislocations along the glide plane
is one of the determining operations in the process of plastic
deformation. To increase the strensth properti#s ofthe metal it
is not absolutely necessary to have a large number of disloca-
tions (or maximally small); it is important only to create
conditions which make their displacement difficult for any
density of dislocations,

When the theory of solid-state defects was created,
dislocations were treated as mobile linear defects in an iso-
tropic medium, actually not associated with the crystal lat-
tice or asscciated purely geometrically through the shift
vector (Burgers vector) b and the direction of the axis or
the line of the dislocation [,

Later Pauerls and Nabarro [32, 33] studied the influence

of the periodic structure of the crystal lattice on the condi-
tions of displacement of the dislocation throupgh the crystal,

32«
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They determined the force of friction which the dislocations

had to overcome in the transition from one equilibrium state
to another!

e [-% ()] (20)

where G is the m...lus shift; K is a constant near unity; b
is the distance between the atoms in the direction perpendi-
aular tothe shift plane; A is the width of the dislocation.
which characterizes the extent of the deformed segment around
. the dislocation (Figure 15).

The width of the dislocation depends strongly on the
type of interatomic bond and on the temperature of deforma=-
tion and can be figured only approximately. The error may be
quite substantial moreover since the rate of motion of the !
] dislocation along the plane also exerts an influence on the :
; 3 width of the dislocation, Takiny into account that the
3 quantity N appears in the exponent, the shearing stress nece=-
] ssarv to overcome the force of friction from the side of the :
g crystal, is determined only approximately., It was found that, ‘

for pure crystals with a metallic bond, these forces are

quite insignificant, For example, in metals with an fecc
lattice in the plane of dense packing (111) P = 10-3 G for
the edge dislocation and ? » 10" for the Burgers disloca~
tion, During the displacement of a dislocation in a erystal
with a directed bond of ion or covalent type the force of
friction is increased by 10 times [34] in comparison with

that computed from formula (20) on the basis of the Peierls
model.

Figure 15, Distribution of dislocation energy W as a function
of distance x from the dislocation center, The effective width
g . of the dislocation )\ may be figured only approximately.

i

. : The forces of friction mav grow abruptly during the

3 ) motion of the dislocations if the deformation conditions are
changed. A substantial change in the friction force should be
expected by changing the temperature and the deformation ve-
locity, as well as the magnitude of the shock wave pulse, The
changes may be rather large. The dependence of friction force
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Figure 16, Comparison of the experimental and theoretically
computed dependences of shift stress on temperature in iron:
1. computed from the Lot-Hirsh equation on the basis of the
Peierls forces; 2, computed according to I'ridel, on the ba-
sis of the Peierls forces; 3. experimental data.,

1. ¢, Mn/mz(kgf/mmz).

on temperature has been investipated in the greatest detail.
For the temprature dependence there are computational formu-
las and sufficiently reliable experiments. As is clear from
Figure 16 [35] when the temperature is lovered the friction
force may grow by an order of magnitude. There is a certain
critical temperature (or narrow temperature range) at which
the Peierls force is abruptly increased. We should mention
the rather pood agreement between the comnuted (after Fridel)
and the experimental data, in any case, in the temperature
range for which a large friction force is characteristic.

For the present it is still impossible to determine
the dependence of friction force on the rate of disnlacement
of the dislocations in the crystal with the same degree of
reliability since the necessary experimental data and analy-
tical formulas are lacking to do so, The dependence on ve-
locity can be figured only qualitatively by varying the energy
of the moving dislocation,

The energy derivative over the parameter a (in the di-
rection of the pglide plane) ?w/3a represents a force which
may be written as the product S.zzr, where Tir is the critical
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stress necessary for motion of the dislocation which can be
treated as a force that inhibits motion of the dislocations,
i.e., the force of friction,

In accordance with the theorvy of the motion of dislo~
cations, formulated in general form by Frank and Eshelby [36,
37] the motion of the dislocations is similar to the motion
of the particles described by the special theory of relative~
ity. Then

XV e POLT)

Wo

“'/v= ey —— A 4%

v‘l
_d
V/x 2 . (21)

where V4 is the rate of displacement of the dislocations in
the glide plane; W, is the enerpy of dislocation being dis-
placed at a rate V,; W, is the enerpgy of dislocation in the i
state of rest; es is the rate of nropagation of transverse
sonic waves in the metal,

P TR PN LI

From formula (31) it follows first of all that by in-
creasing the rate of displacement of the dislocation its en- 3
ergy grows and when it reaches the value ¢ the dislocation :

energy tends to infinity,

The width of the dislocation also depends on the
rate of its displacement:

v q

A=y l--?‘-, (22) i

where 10 is the width of the stationary dislocation.

From comparison of formulas (20) and (22) and also
from formula (21) it follows that increasing the rate of
displacaement of the dislocations will lead to an increase
in the friction force, as a result of which an additional
strengthening of the metal will take place during hiph-ve- ;
locity defoi'mation, k

FETORT, O PR

From these premises the deformation under conditions
2f pulsed loading should be treated as the effect of a very
large cleavage stress along the glide plane at the displace-
ment rate of the dislocation, since in Chapter 1 we shrwed that
the peak pressure during high-velocity deformation may grow
by several orders of magnitude,
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The numerous experimental data giveing the dependence
of the rate of displacement of the dislocation on the amount
of stress applied, obtained by various researchers [38-46],
can be descrilid quite well by the fornula

va=e (F5H)", (23)

where T is the amount of cleavage stress in the glide plane;
T is the stress of resistance of the lattice to motion of

the dislocations;'zo is the constant amount of stress neces-
sary to apply in order for vy © 1l cm/secy; m is an expeonent
which depends on the-type of crystal.

Table 7. Value of the Index m Which Characterizes the lMobile
ity of the Dislocations in Various Crystals

Temncparypa Jinzeparyprni
Matepyaa A m
. zl) HenMTatn C‘ 2) (3 )m:to-num
Si 600—900 1,4 [38]
. Ge 420—700 1,4—19 [38—$n
InSb 218 1,87 {38
GaSb 450 2,0 {38]
v 20 5.0 (40]
w —196 14,0 }40
MO 23 - 6.4 41
Fe+ 3,25% Si* ~1 3842
20 34--35 J42, 43]
~-AQ 43
100 41
LIF 20 145 44!
Cu — ~~200 145
Ag -— ~300 {45)
* Cxoanmenne waer no naocxoers {110} (4)
1. MNMaterial 3, Literature source
2. Test tenmperature, °C 4, *#Gliding takes place along

the plane {1103,

Table 7 gives the value of the index m for several
crystals, We nust first pay attention to the sharp denend-
ence of m on type of crystul lattice, The lowest exnonent
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in crystals with a directed covalent bond is in silicon and
germanium, which are the most sensitive to increase in defor-
mation velocity., The maximal exponents in crystals with an
fce lattice are those which are most plastic under conditions
of high-velocity deformation. The exponent m in metals with
a bcc lattice differs by more than an order of magnitude in
comparison with the fcc metals; the hcc lattice, as we know,
possess a more abrupt temperature and velocity dependence of
the strengthening characteristics.

As yet we have insufficient data for a categorical
judgement of the influence exerted by type of lattice on be-
havior of the dislocations during pulsed deformation, lut the
cited results permit us to mention certain laws,

However, formula (23) is valid only in certain limits
of deformation velocity since in principle T and m may be
sufficiently large and then we can show that va ».ct.

Gilman [29, 47] suggested the following formula for
describing the dependnece of rate of motion of the disloca-
tions on the magnitude of the cleavage stresses

=

z
<

(24)

Gilman assumes that this is the simplest function that
will describe the experimental data sufficiently well, althourh
the setting up of the experiment itself is complex and the re-
sults obtained have a large amount of scatter,

Figure 17 suows the curves of the dependence of the
logarithm of dislocation velocity on the amount of pressure
applied for various crystals, For each crystal there is
some critical value of the cleavape stress, which will lead
to a sharp growth in the dislocation velocity. Lavrent'vev
and Salita [48] studied the mohilitv of dislocations in the
pyramidal plane {1152} of zinc sinple crystals during imnact
loading. They also established an exponential dependence of
the velocity of dislocation displacement on stress, although
they distinguished two sepments: the first when the depend-
ence is very acute, and the second when a four-fold increase
in stress raises the dislocation velocity by only 10 times.
For NaCl crystals doped with bivalent strontium, two values
are determined for the index m: for low and high values of

v ls6l.

In one of his later works [49] Gilman showed that for
a number of crystals the bremsstahlung of moving dislocations
is simply proportional to 22,
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Thus, during high-velocity deformation characterizing
extremely high values of applied stress, the rate of disloca-
tion displacement grows sharply along theglide plane, which
in turn is associated with an increase in the resistance of
the lattice to dislocation displacement. The described phe-
nomenon is undoubtedly one of the immortant causes for the
additional increase in strength during high-velocity defor-

maiion in comparison with quasi-static deformation strengthe
ening.
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Figure 17. Dependence of rate of motion of dislocations on
applied stress at room temperature: 1, edge dislocations;
2. Burgers dislocations; A. for NaCl according to the data
in [30]; B, for LiF according to the data in [uu4]; C, for
Fe + 30% Si according to the data in [u42],

1. Speed of sound
2, log v,, cm/sec
3, %, gflmm2

Furthermore it is completely possible that the differ-
ence in additional strengthening of the different metals is
determined to a significant degree by the index m in equation
(23).

campbell and Harding [50] studied the influence of de-
formation and neutron irradiation on the lower yield stress
€ of iron and low-carbon steel, by detarmining the values oY

the coefficients in the familiar Petch equation:

o, =0+ kd ",

where 61 is the stress necessary for displacement of the dis-

locations through the crystals; k6 is the strength of blocking
of the dislocations; d is the diateter of the grain,
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The data in Table 8 show that both with irradiation and %
withcut neutron irradiation, the value of 03 fFrows abruptly %
with increase in deformation velocity, the depree of the in- 3
crease in resistance of the lattice in the selected velocity i
range virtually not varying as a function of the irradiation ;
dose, although the absolute of 6} does increase. :
Table 8. Influence of Deformation Velocity and Neutron Bom- K
‘ bardment on the Values of the Coefficients in the !
Petch Equation [50] 3
§
Ross obayue- Weneso Crans b
e geatpo- | Gopmeem, | (3 C) — ’3
%&.mu cex”t o, *y‘ 0, *, )
(1) | (2) |qgym  [Mploganil] oume  Myfad wa'sl

0 10-3 0,048 1,86 0,08 1 3
10* 0,800 1,88 1.04 1,23 1

2,6:10° 0,910 1,86 1,16 1,41

0,8 10-3 0,30 0,81 0,21 085

10? 1,07 0,61 1,05 1,£)

2,6:10° 1,20 0,20 1,09 1,8)
5 10-3 0,37 0,256 0,20 1,0. !
10° 1,20 0,156 1,10 1t H
2,6-10° 1,30 —0,05 121 1.1 ¢
" %
1., Neutron bombardment dose, 3. ‘Iron .
neutron,1018 4, Steel :
2, Defoimation velocity, 5. 9, Mn/n2 !
sec” 6. Mn/(m2.mm1/2 ]
The value of ky remains virtually constant with in- %
crease in deformation velocity but drops abruptlv during bom=- 3
bardment due to the formation of point defects. i

According to the data in [30] and [u4] there is a dif-

. ference in displacement velocity of the edse and Burgers dis- :
locations -with one and the sane stress value., tere the dis~ ,
placement velocity of the edre uisiocations is =»proximately 3
10 times rreater, this obviously beinp due to the ability of 3

* the edpe dislocations to remain in the linits of one plide 3
plane., k

3
%
4
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The limits of change in the velocity of the edge and
Burgers dislocations are also different, The velocitv of
the first may vary from zero to the nropasation velocity of
Rayleiph waves (cr), and the velocity of the second ~- from

zero to cq. The pronagation velocity of the Rayvleipgh surfacse

waves is less than the transverse speed of sound nropapation
by 5-13%, depending on the material, For naterials with Pois-
son coefficients p = 1/2, ¢ = 0,95 ¢ when p = 1/3, e, =

r ¢}
0.93 ¢ and for a material with p = 0, e, = 0.87 c .

t? t

It should be mentioned that the change in temnerature
of deformation does not change the character of the dependence
of dislocation velocity on the magnitude of the stress ap-
plied (Figure 18). 1In logarithmic coordinates the lines are
shifted only along the abscissa axis,

Formation of Dislocations of Several Spherical Types

In accordance with the frenesral theory of dislocations
the velocity of the dislocations must be limited by the ve~
locity of the transverse sonic waves., However the theoretical
works on the motion of dislocations by Eshelby and other re-
searchers [28, 51, 52] rhowed that this limitation is not a
general one, and in particular that the edge dislocations have
a finite energy value at supersonic displacement velocities.

Another limitation on the dislocation velocity follows
from equation (22) according to which the width of the dis-
location is equal to zero when a velocity of ¢ is reached.

1f by width of the dislocation we mean the number of vertical
curved planes along both sides of the excessive half-plane,
then the possibility of forming supersonic dislocations may
be explained in the following manner [28]., Let us assume

we have the positive dislocation shown on Figure 19, a. With
increase in displacement velocity its width is decreased and

for C, reaches zero (I'igure 19 b), But with further increase

in velocity a dislocation of opposite sign is formed (Figure
19 ¢). Since the presence of a dislocation leads to a bend-
ing of the glide plane itself, by increasing the displacement
velocity of the dislocation of the onposite sipn, the angle
of bending will be constantly increased,

A diagram of the supersonic edpge dislocation was given
by Eshelby (Figure 20)., The atoms arranged above the plide
plane may occupy two positions., To the ripht of the dislo-
cation & the position is unstable, and to the left It is
stable., The position of the atoms to the ripht of A nav varv
if they are shifted to the left and occunv a stable nosition,
This movement will be equivalent to tue dislocation being
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Figure 18, Influence of temperature of deformation on the

displacement velocity of edge dislocations versus the amount
of stress [u2].
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Figure 19, Conversion of the positive edge dislocation to a
negative one throupgh the intermediate state at which the width
of the dislocation is equal to zero (after Weertman).
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Figure 20, Formation of a supersonic dislocation after Eshelby,

l, Glide plane 2. Direction of dislocation
motion

shifted to the right in the direction shown by the arrow,

The energy of the unstable position also creates that driving
force which determines the motion of the dislocation, If all
theatoms located to the right of A are displaced simultan-
eously from their unstable positions to a stable position,
thcidislocation will be displaced at an infinitely high ve-
loe ty.

The displacement velocity of the dislocation is first
of all a function of the effective stress, Reference [51]
shows that to reach a velocity near that of sound the stress
in the sample must be G/75, i.e., for iron approximately 10
kbar. In pulsed deformation (see Chapter 1) the peak pres-
sure may far exceed this value,

On the other hand, according to Eshelby, the forma-
tion of supersonic dislocations must be accompanied by the
presence of an interface, sirilar to the surface forming
during diffusionless processes., When a shock wave exerts
an effect on the metal, such an interface will be narrow
and not exceed several microns; the band in which the pres-
sure drop is comprises hundreds of kilocbars,

However for the present there are no exnerimental data
which would confirm the existence of supersonic dislocations.
Even in studying the motion of dislocations in the subsonic
range the investigated velocities fail to reach the speed
of sound by at least an order of magnitude,

Short-Term Effect of a Large-Amplitude Pulse on Dislocation

Sources
L]

The Frank~Reed diagram is one of the most common for
explaining the mechanism of multiplication of dislocations
under the influence of an 2xternallv apnlied locad., In this
case the potential sources of the dislocations may be the
individual sepments of the dislocation line, consisting of
a prid of dislocations aifixed between the pcint defects and
inclusions and located inside the grain and at the boundarv,

-u?—




-1 o e B AL S S g T T T T I TATCOFA Sy kA T ONNWIIRSes o w0 TPURVTEaR b N TR TTRTWEFURT WL Y TERTY
T N T T YR DT T WET RS S T T T IO e TEeTF Yy AT TR B I TS T T B

There are certain conditions which must be energetie-
cally satisfied in order for one or another segment of the

. dislocation line to be converted into a Frank-<Reed source.

1f we treat this line independently in an elastic medium,
then for multiplication of the dislocations we must apply
a critical stress,

(1]
Y T (25)

where t is the length of the dislocation line; G is the mod-
ulus of shift; b is the Burgers vector.

In addition to the Frank-Reed source found in a real
crystal, for the production of dislocations it is necessary
to overcome the resistance of the stress fields G; created

by the various barriers; grain boundaries, vacancy clusters,
dislocation forest, etcetera, lere the value of the stress
c acting on the source depends on the position of the dis-

location line in the crystal and may also vary in wide lim-
its. Hart [53] shows that even a small liberated ioop may
act as a Frank-Reed source with a stress '8(?.’” if it moves

at a velocity near the speed of sound, since with motion it
possesses a high kinetic energy., Thus, in a crystal there

is a wide spectrum of potential dislocation sources, which
begin to act under quite different conditions, One thing

is clear, increasing the effective pressure will facilitate
the formation of new sources as a result of realizing sources
with small € and overcoming of the resistance G’. Gimnle

computation showa that if take for iron g = 84, 000 Mn/m
(8400 kgf/mm )s B 0.1 nm (2 A), then with quasi-static
deformation when the pressure does not exceed 2000 Mn/m2
(200 kgf/mmz), and consequently T does not exceed 1000 Mn/m2
(100 kgf/mmz) l. only those sources may act for which € is
no less than 8 nm (80 A),

During pulsed deformatjon with a pressure of 100 kbar
the dislocation sourges are found to be lines with a length
of about 1.5 nm (15 A).

According to the data in reference [54] the time nec~-
essary for operation of the Frank-Reed source is 5,105 sec

1 The Schmid orientation factor is taken as maximal ~- 0,5,
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with a stress on the order of 10'“ f#f., This time is at J

least an order of magnitude less than the time of effect

of a shock wave, and by increasing the load (during pulsed
deformation it is far greater than 10-4) it is reduced even
more,

Formation of Point Defects

The formation of point defects during the motion of
dislocations was first examined by Seitz [55]. As a result
he suggested several mechanisms for this process, including
the formation of point defects during the displacement of
dislocations with thresholds,
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Figure 21, 6iagram of the motion of lowe-velocity (a) and high-
velocity (b) dislocation loops, bounded by the the thresholds
A and B [28], '

1, Direction of threshold motion

If a dislocation having thresholds A and B (Figure 21 .
a) moves through the crystal at subsonic velocity, then a :
segment of the dislocation line is formed between the threshe
olds that is perpendicular to the glide plane of the dislo-
cation coinciding with the plane of the drawing.

In this case the purely edge thresholds have the vec-
tor b with the same direction as the Burgers vector of the
basic part of the dislocation line, Such a conservative mo- .
. tion of the thresholds in the glide nlane does not lead to :
i the formation of new point defects [28, 55] and the character !
of the threshold displacement does not depend on the tyne of ) !
dislocation, :
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During motion of the dislocations at velocities near
the scnic, the stress acting on the dislocation line tends to
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infinity and the number of kinks to zero (I'ipure 21 ; [28],
Under these conditions, both conservative and noncons. ~vative
motion of the thresholds is nossible, The force comnonent

of the conservative motion is proportional to the angle §.

At high velocities of displacement, wheu the angle @ is
small, a nonconservative motion of the thresholds A and B
sets in for which point defects are formed. The concen-
tration of defects is preater as the dislocation disnlace~
ment velocity is higher.,

B il L M ST SO VIL AP YRGS -

Interaction of Dislocations

The interaction of dislocations has great sipnificance
for final formaticn of the dislocation structure. The form~
ation of thresholds, annihilations, alignment of dislocations
at the wall, the formation of point defects -- all these nro-
cesses are determined to a large depgree by the interaction
of the dislocations, :

T BT T W R T T TV T T

If there are two parallel Burgers dislocations lo=-
cated at a distance r from one another, then the force of ;
the interaction between them may be defined similar to the ‘
force acting between two point electric charpes: .

Ca s s

F=S0b 1 (26)

where G is the modulus of shift,

The force acts along the radius connecting the two
dislocation lines, and if b.b, > 0, then it will be repuls-

172
ive (+)3 if 5152 < 0 then it will be attractive (-). This

simple interaction of the Burgers dislocations does not de-
pend on the dislocation displacenent velocity, and conse~
quently is retained during high-,elocity deformation.

The interaction of two edge dislocations is more con-
plex. If two edge dislocations are arranped in narallel :
glide planes (on Figure 22 the dislocations are conventionally
denoted by the points), then the effect of one of them (placed
at the origin) on the second is determined by two forces:

. the radial F, and the tangential Fg: 2
F oo _Obibs_ 1
. '”2-"("—") f‘ (25&)
G;lf;g sin 20 (27) ;

F°=2.'1(l-—|l) r

Taking into account the major pronertiss of the edse
dislocations -=- the conservativeness of the motion in the
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primary slide plane, we can determine the resultant force
acting on the dislocaticn in this nlane from the equation

Ghsby 1
£,=F,—Fo=2-zr(r’:’—}5?-cos0cos20. (28)

Formula (28) in the x-y coordinates will have the form:

Ghby x(x4—y)
"xy-":g,,“l__’p) (x’fi-y‘)-“' . (29)

>, ﬁ"é“iwmiug»w‘; §~ K%ﬁa‘é‘”f’ _;"

The stressed state produced by the presence of an
edge dislocation is one~dimensional and does not depend on
the third coordinate. T[Irom formula (29) it is easy to see
that the sign of the stress will depend on where the dis~
locations in the neighbo:iing planes are located (that is,
what are the coordinates of x and v) with respect to the
3 dislocation found at the origin, Figure 23 shows the re-
3 gions of mutual attraction and repulsion of the edpe dis-
] locations having identical sign ( 152 > 0)., For disloca~-

tions with different sign (5152 < 0) the nicture will be
the reverse,

al

. :
§
:
Figure 22, Radial Pr and tangential Fg forces, acting be-
tween two edgpe dislocations located in narallel plide planes, 1
As shown hy Weertman [28] the anple of slope of of the 3 )
lines dividing the fields of different interaction of two ) :
edge dislocations depends on the velocity of their displace- ;
ment. If the dislocations are found in a state of rest or <)

are being displaced at a low velocity, the angle of is equal

2 The first index shows the direction of the effect of the
stress component, and the second ~- the direction of the
normal to the area on which this stress acts,
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to 45°; by increasing the velocity of the dislocation motion
this angle is decreased.
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Figure 23, _sSigns of stress fields for uniform edpe dislo-
cations (blb2 > 0) as a function of their mutual arranpement.

PR v WL

Figure 24 a shows the fields of interaction of two dis-
locations., The dislocation displacement velocity here is
rather high, however it is less than the propagation velocity
of the Rayleigh waves in a given material, 1If the velocity :
of the edpe dislocation exceeds c¢_, then in one and the same ’ \
glide plane the two unlike dislocitions will be attracted 3 !
rather than repelled (Figure 24 b), f '

VoAb 4 e ol

Figure 24, Tields of interaction of two uniform dislocations
(Slb2‘> 0) when vy < ¢, (a) and vy > ¢, (b).

The mechanism suggested by Weertman for tiie interac-
tion of high-velocity dislocations has as yet no direct con-
firmation, but we do know that there are differences in the
ultimately formed dislocation structures optained at various
deformation velocities. In particular we can mention the

55 % i e "'fi:i&ﬁ%’? A D AN IRty € DAt SH

Sme Vb

e i « 2
) e _.,vM.A_.L..‘.“.“f_za.d




RS i fas il o AR s it | o Y Lo e A S A A S B S { v?
L} ‘ b
K¢

g anomalously high mobility of edge components of the dis;o-
: cation loops in bee metals during high-velocity deformation.
This will be discussed in detail in Chapter 4,
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bl

2, Methods of Studying Glide in Metals

Different methods are u?ed to determine the elements
of glide and to study the development of glide deformation;
these can be divided into two basic groups: g

Direct methods of metallographic, radiographic, and .
electron-microscopic research;

) Indirect methods based, for example, on analysis of .
the changes in crystal orientation or texture of a poly-
crystalline sample in the deformation process,

Let us examine several of these methods in more detail.,

Investigation of Glide Tracks . ;

i

Glide tracks are generated on the polished surface of
a’'deformed crystal when the yield stress is reached; these
are lines of intersection of the glide plane with the outer g
surface of the crystal, If no special reagents are used
the glide lines can then be distinguished from the deforma-
tion tracks of another type in that after polishing and
etching they are clear in the field of the thin section, 3
In a number of cases the glide lines are caused by etching °,
With a low dislocation density the glide lines may be ob-
served along the etching holes. Ve know that a plide track
is a step with a given shift, the size of which can be es-
tablished by using an interference microscope., By using
an electron microscope [57, 58] it was established that the C
glide track has a complex structure: it consists of bundles ' k-
ﬁf glide lines remaining at a distance of 20-25 nm (200-250 '

) from one another. Each such line is a track of the ele=-. o
mentary step on the glide plane, To denote the glide ele- ‘
ments we use the terminology used in reference [58], Glide
bands are such tracks in which individual glide lines can be
detected by using electron microscopic analysis of the images. ,
Such lines create a step, Still finer plide tracks, distin~ f
guished only in an electron microscope, are called micro-
glide. The definitions used are illustrated on Fipure 25,
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By studying the appearance of glide lines in the onro- :
cess of crystal deformation, we can also obtain extensive i

SV R L "0 TIL LR PR A

3 The compositions of the reapents for the most widely used
metals and alloys are given, for examnle, in reference [56],
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information on the mechanism of the process., Analysis of
the glide tracks permits determining the indices of the
glide planes. For this purpose, using x-ray or metallogra-
phic uuta, we can establish the crystal orientation in space
and the position of the axis of the sample relative to the
major axes of the crystal., As an example let us look at an
interpretation of the effective glide plane for fcc metals

(591,
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figure 25, Diagram of glide tracks,

1, Glide banad 3. Glide sten
2, Glide line 4, Microplide
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Figure 26 shows the orientation of the axis of ten=
sion of a crystal inside a standard triangle.

R PT T

As metallographic investigations have shown, the
angle between the glide track and the direct’mnn of the
axis of the sample on two mutually perpendicular planes
is 43 and 46,5°, Based on these angli- we= have constructed
a stereographic projection of the pglide plane. The projec~
tion of the crystal and the glid nlane are nlotted with
solid lines. The profection of the crvstal aprees with
the plane ABCD of the sample (see the diagram of the sanm-
ple), The dotted lines are usec to nlot the standard pro-
jection of the crystal, By combining the projection of
the crystal with the standa.~d proiection the normal to the
glide plane N coincides with the normal to the plane N',
determined analytically. From Figure 26 it is clear that
the plane determined from the metallogranhic data asrees
with the plane (1I1) with an accuracy un to two depgrees,
and the direction of plide with the direction {110,
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. The indices of the pglide plane can be easily estab-
lished if we kncw the anple A between the glide pilane and
the surface of the crystal, as well as the crvstallorraphic
orientation of the crystal., By investigating th: plide

A tracks in an electron nicroscope, where their fine struc-

ture is wezll resolved, using the method of a latex pglobe
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[60] the height of each individual line is determined. Know-
ing the height and the width of the glide line, we Can meas~
ure the angle A. These statements are valid if we assume
that the glide track is the result of displacement along

one plane., Proof of the individual glide as yet has been
found only for alpha~brass [61] and alloys of Al-Mg [62].

(1) Nrocxocme

cxonewcenyn | 066 00padua (2) .

Figure 26, Determination of the indices of the glide plane
accerding to the known crystal orientation with respect to
the axis of tension,

1., Glide plane 32, " Direction of glide
2., Axis of sanple %, Glide plane

In aluminum and a number of alloys, pliding in the
track takes place ir a bundle of planes [63]. Moreover,
from reference [64] it follows that the distridbution of
displacements in the planes of the glide bundle may be both
uniform and non-uniform.

The general-purpose method for studying glide tracks
ugsing images and for observing them in an electron micro-
scope was suppgésted in reference [65]. In this method, to
establish the distribution of daisplacsment over the width
of the glide track and to study the plastic deformation in-
side the crystal, we can use sither coherent separation frem
the matrices, or the edge of the etching hele, or scratches
drawn on theé surfacs,
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Figure 27, Glide lines on the surface of an aluminum single

crystal [67]: a., after high-velocity deformation; b, after
quasi-static deformation,

After measuring the relative displacement of the indi-
vidual amounts of separation, arranged on different sides of
the glide track, as vwell as the width of the track, we can
quantitatively evaluate the total displacement in the plide
track, determine the thickness of the slide bundle, and es-

tablish where the glide takes place -- in one atomic plane
or in a bundle of planes,

Simple crystallographic analysis on the btasis of the
known direction of the glide track permits determnining the
crystallographic indices of the direction of plide,

It is quite inmportant that by studving the glide lines
at different degrees of deformation we can not only judpe as

to the effective plide systems, but also trace the stares of
the deformation process,

As Mader and Seger [63] showed, the plide lines have
a different structure at different stages of deformation.
At the first stage of deformation when one glide plane is
effective, the height of the steps is increased and the length
of the glide lines actually remains constant., At the second
stage ‘the length of the newly generated plide lines is de~-
creased with increase in the depree of deformation. At the
third stage the development of transverse glide is observed;
in this case the glide bands are slightly widened, and the
glide betweaen bands practicaily ceases,

Change in the temperature and velocity of the nrocess
at one and the same degree of deformation changes the char-
acter of the glide tracks. Brawn [66]) showed that by in-
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creasing the temperature or reducing the deformation velocity,
the number of elementary planes in the plide tracks increases.

Ioshida and Nagata [67] found that a deformation velocity of 102-

103 sec'l the density of the glide lines in sinple crystals of

aluminum is significantly increased (Figure 27), this beinyg

associated with growth in the number of effective dislocation

sources, According to the data of these authors, the tyvpe

of the glide tracks in zinc and copner does not change at

hipgh Ceformation velocities (68]. .

By analyzing the character of the distribution of
flide lines, we can judge as to the chans : in the disloca- . !
tion structure. The length of the frlide lines characterizes
the length of the dislocation path and its chanpe as a func-
3 ; tion of stress or deformation. The heisht of the sten, form-
3 ing on the glide line, is porportional to the number of dis-
3 locations based on the Prank-Reed source, i.e., pronortional
to the number of the dislocation groups of one sipn [69].
Investifations of the structure of plide lines hy transillu-
mination confirmed that the stens are gsenerated during de-~
formation as a result of the orecipitation of dislocations
onto the surface of the metal [70],

T R Tt WPEFAS

In metals with a high enerpy of the nacking defects, :
after high- and low-velocity deformation, metallogranhic
analysis reveals straight glide lines and electron micro-
scopic analysis reveals a cellular structure in the glide
g track [61].
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Figure 28, Diffraction of electrons on foil containing one

edge dislocation at point Ei Bl is the diffraction bundle
H . .

from the region containing the dislocation; 82 is the same,

-4

from the rezion not containling the dislocation,
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Method of Electron Hicroscopy

In recent years this method has been used to produce
3 considerable interesting data which characterize the process
: of glide in crystals [71-73],

2 Let us look at the principle involved in this method.

Let us assume that the foil examined in an electron

. microscope contains one edre dislocation (Fipure 28), If
the crystal is found in some randon nosition, not nrecisely
corresponding to the reflecting one {(Wulff-Bragg), then the
. deformation results under the Yulff-Braff condition near the
dislocation are satisfied better than in the entire crystal,

and consequently the intensity of the diffracted bundle Bl

on this segment is preater., Since in the microscove the
diffracted ray is intercepted by the obiective aperture and
only the straipght ray passes through, on the sesment correse
ponding to the image of the dislocation the intensity is
less, i,e,, a dark line is visible, From Figure 29 it is

2 clear that the existence of contrast depends also on the

- { position of the dislocation with respect to the primary bun-
dle, The planes of the lattice, parallel to the Burpers
vector, are not distorted, and therefore can not alter the
intensity of the diffractsd rays, Hathematically this con-
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. Figure 23, Mutual arrangement of the diffraction vectors

(n) and the Burgers vector of the dislocation (b). The con=-
trast from the dislocation arises when nb = 0,

dition corresponds to (n5) = 0, where n is the vector ner-
pendicular to the plane of the crystal, and b is the Burgers
vector of the dislocation. The Burgers vector can be determ-

53«

Eut\ﬁ ARE i'&'" dte A H,;L:mu.g,,hm‘:mﬁbumw.u.m.«x»w.».e,-,.n- »

" . S e ainded




o ARG R AT TR T LR SRTETRII T2 8 AT e TR G AT S T @R TS TR TEE Y Mt v T W TR et He e TR E A T e R e T AR E e e Ty e

P e I

L - r———

ined from this condition by knowing the indices of the planes,
upon reflection from which the image of the dislocation dis-
appears,

The Burgers vector can be determined in practice from
the slope of the sample using a ponionetric device,

This method permits not only determining the effective
glide system, but also individually computing the density of
the dislocations having different Burgers vectors. A sub-
stantial disadvantage in this method is that it may be used
only for small degrees of deformation (5-10%).

X=-Ray Methods

This method is most often used to determine the glide
elements [7u4].,

When it is possible to direct the x~-ray perpendicular
to the glide plane, the indices of this plane can be estab-
lished on a Laue diffraction pattern. The indices of the
glide direction are determined by a rotating-crystal x-ray
photograph,

Based on the change in orientation of single crystals
in the process of plastic deformation we can recognize the
glide elements, The direction in the plide nlane toward
which the longitudinal axis of the sample approaches in the
process of tension, is the direction of glide,

In metals with fcc and hexaponal close-packed late
tices the glide planes can be judged by rotating the lattice
in the process of contraction -- in this case the direction
of the normal to the glide nlane is changed, approaching the
direction of the effect of the force.,

However the simultaneous effect of many glide systems,
for example of bcc metals, makes analysis difficult.

The glide elements are also determined by asterism,
We assume that asterism is caused by rotation of the glide
plane, in this case the axis of asterism during tension is
found in the glide plane and perpendicular to the direction
of glide [75]. Consequently, by finding the axes of the
clearly expressed asterism, we can also establish the plane
and the direction of glide.

Usually to find the axis of asterism we use the repis-
tration of reflections involving a photographic method, however
it permits obtaining reliable results only at snall degrees of
deformation (less than 10%) due to the weak intensity of the
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reflections. More promising is the diffractometric method
which permits finding the various reflections of the single
crystal in the reflecting position and using a counter to
determine the fine form of the reflection in various cross
sections of inverse space, In analyzing polyecrystalline
materials by x-ray methods it is impossible to determine
uniquely the effective glide system, however we can make

a choice among several systems,

Indirect Methods of Evaluating the Glide Elements

In the process of plastic deformation, when a plastic
displacement takes place, the orientation of the individual
crystals is altered in space. If in the original sample prior
to deformation there was already an orientation, then under
the influence of such a displacement a fracture takes place
of the old orientation and a new orientation is formed [76].
Plastic deformation of the individual grains of the oriented
polycrystalline sample can be compared with the plastic de-
formation of a single crystal having the same orientation
(grain~boundary effects are not taken into account in this
case), Then the stress G, at which fracture of the old or-
ientation begins, can be determined from the criticcal stress
Tkr corresponding to the onset of pglide in the different glide

planes of the single crystal with a given orientation:

Tep~ O+COS @ COS A, (30)

where  is the angle between the normal to the glide plane

and the force; M is the angle between the direction of glide
and the force,

If prior to deformation there were several orienta-
tion maxima in the sample, corresponding to the different
orientations, then in order of their fracture we can estab-

l1ish whether the suggested glide system is effective in the
given case.

If we know the direction of the effective stress we
can compute the Schmid orisntation factor (cos ¢ cos N) for
the different systems of glide, and then the displacement of
the orientation maximum as a resuit of glide in the pgiven
system, Here we take into account that glide in the plane
along the determined direction is equivalent to rotating the
crystal around the normal to the plane and the direction of
glide. Thus, we can determine the possible glide systems
for a piven orientation of the crystals and compare tne the-
oretically computed change in form of the pole fipure with
that found experimentally.
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Of the indirect methods permitting us to find the
characteristics of the fine structure of metals after de-
formation, and also give a qualitative picture of the change
in the deformation mechanism, it follows to mention the x-ray
methods that permit us to determine the intragranular dis-
orientation of regions of coherent scattering, Rovinskiy
and Rybakova [77] suggested for measuring the disorientation
to use the method of measuring the magnitude of the reflec-
tion obtained from an individual crystallite of a fixed sam-
ple. Further development of this method [78] permitted fin-
ding the computational formulas which connect the radial
and the azimuthal broadening of the reflection with the
parameters of the internal structure of the crystallite and
the geometry of the photograph. In these works it was
shown that the most favorable geometry that will ensure a
high resolution is that at which bundles with a small angle
of convergence are used in the azimuthal direction and a
large angle in the radial direction. Determination of the
disorientation based on azimuthal broadening is more precise.

Hirsh [79] suggested a method for studying the sub-
granular disorientation using a microbundle. Such condi-
tions for the photographing permit connecting the azimuthal
broadening of the reflection with the anpgular characteris-
tics of the substructure,

In reference [80] for determining the substructure
the method of an oscillating curve was suggested by using
the diagram of a double crystal-spectrometer, Monochroma-
tism of the primary bundle is used to reach a decrease in
the angle of convergence and removal of the heterogeneity
in radiation, which facilitates a high resolution, However
in this case the intensity of the reflected ray is sharply
diminished.

All these methods require the photographic registra-
tion of the reflection and are quite time-consuming. By
increasing the angle of disorientation the magnitude of the
reflection grows, its intensity drovs, and measurement of
the dimensions becomes only slightly reliable., Furthermore,
the overlapping of reflections from different crystallites
also decreases the resolving pover of the methods, In ref-
erences [81, 82] it was shown that a substantial disadvan-
tage of the photographic methods of determining the sub~
granular disorientation is that the individual crystallite,
the reflection from which is being studied, is not brought
to the maximally reflecting position. Therefore in an un-
oriented sample the amount of the orientation is determined
that is decreised in comparison with the maximal by approx-
imately 20%. In an oriented material this error is still
higher and depends on the conditions of the photography, the
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sharpness of the orientation, etcetera. In these referen-

ces for determinatvion of sufficiently larse disorientations
(§ > 20') it is recomnmended to use the diffractometric method,
and for increasing the resolution by retaining a sufficient
intensity of the bundle, it is recommended to set up a nar-
row slit on the xe-ray tube,

1
E,
g

3., Geometry of Glide

Glide is accomplished by the parallel displacement
. of one volume of the crystal relative to the other along
predetermined planes and directions, The directions of :
the glide are always such that they are most densely packed :

. with atoms, and the planes of glide, as a rule, are the
planes with the greatest reticular density. This also fol~-

lows from the formula [20], which can be rewritten in the
form:

B T AR T AT TN T TR TN I T TR L

26 —F(+)
T=xe (31)

R LAl 22 sty

where a is the interplanar spacing; b is the Burpers vector
of complete dislocation,

From expression (31) it follows that the resistance
to displacement is minimal in the planes with the densest
packing of atoms (maximal value of a) in the direction of
minimal displacement of the atoms, One exception to this
rule involves the ion crystals with an NaCl-tvpe lattice
in which the glide occurs along the direction of least
atomic density (110), and the plide plane (110) is not the
plane of the densest packing., This is because in these
crystals the electrostatic forces exert a resistance to
glide along the planes (100), However at elevated temper-
atures and in ion crystals, as was shown on Mpg0O in refer-

ence [83], gliding is observed alons the densely nacked nlane
(100).

As follows from Table 9 the effect of these or other
glide systems in the general case depends on the type of
crystal lattice, temperature, and deformation velocity,

In fcc metals the glide takes place as a rule along
twelve different systems of {11#}(110). Only in aluminum,
other than the octahedral, was there also observe glide along
the systems (100){011). Data do exist which indicate that in
. polycrystalline copper with significant degrees of defornma-
tion gliding develops along the non-octahedral planes [76].
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1. Type of crystal lattice 8, Literature

2, Metal 9, Face-centered cubizc
) 3. At normal and low tempe- 10. Body-centered cubic
ratures 11. Hexagonal densely=-packed
4, Glide systems
. 5. Additional systems
6., During hiph-tempcrature
deformation
7. During high~velocity
deformation
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In order to examine the sequence ¢f the development
of glide in an fecc crystal during quasi-static deformation,
we use a stereographic projection of the crystal (Figure 30),
The axis of tension or contraction of the crvstal may always
bt represented on this projection in the form of a point,
the apexes of which are the projections of planes of the
type (100), (110), and (111).

Let us assume that the axis of tension agrees with
the projection of the direction [531] in a given crystal.
Using the known expression for determining the cosine of
the angle between the two crystallographic directions in
a cubic crystal, we can determine the Schmid coefficient
for different glide systems,

The respective computations for the case when the
axis of tension coincided with the direction [531], are
shown on Table 10,

Figure 30, Stereographic projection of a crystal., The
arrov shows the change in orientation of the sample during
tension,

With the orientation of the crystal givei on Figure
30 for all glide systems the Schmid factor is non-zero.
However, glide in this crystal begins in the primary svstenm,
since the Schmid factor has a maximal value for it and
here for the first time the stresses of tha displacement
exceed the critical value, Then the critical and conjugate
systems enter into the effect, Glide along any of the sys-
tems [1111{110) may be represented as the rotation around
one of the axes {112). Thus, zlide along the primary sys-
tem leads to the rotation of the crystal and to change in
the primary Schmid coefficients, As a result of this, after
the primary one the glide begins along the conjugate plane,
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the Sch .id Coefficients for Glide

Table 10. Computation of
Systems During Oriencation of the Crystal (s31]
Suementi CHCTEN
CROAMNERNA ? 1)
©0sQ ¥ cosA cosQ@cos A Cricrems
HAOCKOCTN [ Itanpasnesie (4)
ut 101 0,654 0,717 0
» 0 .468 ﬂ H
ol 0,479 0,313 cppsian
110 0,239 0,156 (s5)
1 ‘l)}? 0,280 0,959 0,263 Conprxen-
1 0,479 0,134 (6 ,mv
101 0479 0,134
1t 101 0,842 0,479 0,403 Kputhye-
110 0,239 0,201 cxag
ot 0,239 0,201 (1)
- {
1 ‘1)(!1: 0,093 0,717 0,067 | Monepeunan
i 0,239 0,022
0,959 0,089
(8)

1. Elements of the glide systen 5., Primary
2, Plane 6., Conjugate

3, Direction 7. Critical
4, Systen 8, Transverse

takes place in one system, then the pole
in a great circle, approaching
the direction of the glide., The displaczment penerated in
this case is shown by the arrov; the change in orientation
in this case is a function of the deformation.

However the direction c¢f glide €101) will not be
reached since the axis of tension at some stage of the de-
formation intersects the gide (100)-(111) of the triangle
and the stresses become equal to the primary and conjurate

systenms.,

1f the glide
of the axis of tension moves

the glide bepins along both systems and
Multiple glide also
ion, by shifting

£1003 and [111] in the di-

In this case
the stage of multiple glide sets in.

changes the orientation of the axis of tems
{t along the side of the trianpgle
rection of the axis

{211).
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It is significantly more complex to establish ‘the
effective glide systems in metals with a body~-centered cu-
bic Lattice., Cox et al [84] assume that glide in alpha-
iron may take place in any plane of the zone with the di-
rection {111). But Burret et al [85] and Allen et al [861],
observing the glide lines, came to the conclusion that glide
takes place only along the planes (110), (112), and (123).
Many researchers mention that there is a tendency to gliding
along the planes (110) when the temperature is lowered below
room temperature and the deformation velocity is increased., -
Such a discrepancy in the indexing is explained by the un-
dulation in the glide lines (non-crystallographic type) in
alpha-iron. y
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If the glide takes place strictly in one series of
planes, then the glide lines are rectilinear. 1In the gen=-
eral case, the complex glide surface can be represented as
consisting of a series of rectilinear segments, on each of
which the glide takes place along a determined plane, and
the direction of glide remains constant. Such glide is
reminescent of the longitudinal shift in bundle of pencils,
therefore it is called "pencil" glide. It takes place in
the presence of several systems of glide having a common
shift vector.
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The appearance of undulating glide tracks is associ-
: ated with the characteristics of dislocation in the zlpha-
; zone, TFridel [87] showed that in pure bcc metals the dis~
locations are not split into partial ones and give no pack-
ing defects as in fcec crystals, The unsplit Burgers dis-
locations in first approximation have no primary plane for
glide, therefore we can expect that they will Le displaced
in the planes with maximal effective shearing stresses in-
dependent of whether the given plane is more densely packed
or not.,
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This was experimentally shown by Low and Guard on

3 single crystals of an Fe-Si alloy [88]. They proceedea from

the fact that the glide line is formed during the aemergence

of the dislocation loop to the surface of the crystal, here

however they somehow took into account t. \t the surface of

the crystal is oriented with respect to to the Burgers dis-

location vector, 1f the Burgers vector of the edge dislo- .
cation is perpendicular to the plane, then a step is gene-

rated -- the glide line; if it is parallel, them no step

appears. The method of etching permitted finding the dif-

ference in motion of the edpe and the Burgers dislocations

in the becec lattice, They found that on the surface perpen- . P
i dicular to the edge component of the dislocation, the plide
lines are straight and correspond to the glide along the 3
planes (011), and on the surface parallel to the edpe com-
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ponent the gplide lines are undulating and here it is impos~
sible to determine the preferred plide plane. On this sur-
face the glide track may be formed only as a result of the
emergence of the Burgsers dislocations onto the surface. In
this respect the authors came to the conclusion that the
edpe dislocations in bee crystals are displaced only in
certain crystallographic planes, The glide surface has an
irregular shape and is not crystallosraphic because the Bur-
gers dislocations may be displaced along any plane in the
direction of the dense packing,

In hexaponal metals in addition to plide along the
basal plane (0001)<1120)> plide is possible alons the non-
basal planes, Figure 31 schematicallv shows the possible
planes and directions for gplide for hexagonal densely=-packed
crystals., Under one and the same conditions of deformation
in individual hexagonal densely-nacked metals the nreferred
plane of glide is the basal nlane (000l1)3 in others it is
the prismatic plane (1010),

Table 11 gives the preferred planes of yplide, experi-
mentally determined critical stresses of displacenent for
the hexagonal densely-packed metals [89, 90], as well as
the theoretically computed ones taking Formula (31) into
account and the values of the elastic constants of the
ratio of stresses necessary for motion of the edpe disloca~
tion in the basal and prismatic planes [91].

The difference in the deformation characteristics of
hexagonal densely-packed metals is usually associated with
the change in the ratio c/a of the crystal lattice. If the
lattice is stretched along the hexagonal axis in zinc and
cadmium, then in beryllium, titanium, and zirconium, it is
contracted. This contraction leads to a decrease in the
distance between the basal planes, therefore in metals from
cadmium to uranium the possibility of glide appears alonp
the prismatic planei —One-exception is bervlllun [92], this
not involving the influence of the impurities -- the purer
the beryllium the more preferred is the basal nlane,

The computed and experimentally determined ratios of
the displacement stresses in the different nlanes do not co-
incide. In particular, computation shows that the Pelerls
stress in zirconium along the basal nlane is less, howvever
in practice glide along this plane is observed very rarely.
Probably here the determinant role is plaved by the width
of the split dislocations in the various plide nlanes, but
because of the absence of reliable experimental data it is
impossible to make any final conclusions at the present time.

It should be mentioned that in hexapgonal densely-
packed metals the effect is observed from a number of other
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flide systens., At elevated temperatures piide mav take place
along the pyramidal plane (1031) {90]., At low temperatures
in zine (93] the plide takes place along the nlane (1122) in
the direction of non~denss packing (1153); the ef{fect of this
system is also detected in cadmium [9&].
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3 Figure 31, MHost frequeutly encountered slide planes in
metals with hexapgonal densely-nacked lattice,
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Realization of these or other plide svstems denends
on the deformation conditions. The velocity and the dia-
gram of the loading and the temperature of deformation nay
alter the effective glide planes (see Table 9),

Schmid showed that pliding in the crystal bepins when
the shearing stresses reach a certain critical value Crcr)

along the direction of the glide for a siven nlane of the
crystal. Hence it follows that if there are several crvse
tallographically equivalent planes in the crvstal, then the
glide begins in the plane for which the shearing comnonent

of the stress is nmaximal. On the other hand, the effect

of thé determined planes of plide is associated with tue

fact that the critical displacement stresses for the vare

ious planes are different, as for exannle in hexaponal metals,

TR P AN RTINS

New systems of gliding by pulsed loading avpear .
either as a result of increasing the critical displacement
stress for several systems or as a result of change in the
relationship between tcr for the various plide systems, .

Hence it follows that for understanding the mechanism of
hipgh-velocity deformation of metals we must examine the
change in"t.‘cr by varying the conditions of the deformation

P s ST S RO S R TN P

~ure

3 . and the physical nature of the critical displacement stress,

-6“-




PO EITIATTRSY |- TYRTRRTS PR TR WP SO TS S R ISR i e
o

e T TS 3,1 T NS TSRS TSI RN TPE ST IO R AR AT """\Y‘WWIT

R A e T T AT RNV SR R
Table 11, Critical Displacement Stresses Along Different §
Planes of Several lletals With a Hexaponal Densely- 3
Packed Lattice ‘
., = % - ;
- 8 -~
W o | B f1(P 5 ) LD i
3 TN gli '
¥ g3 | As 2 ey
. - i
cd | 1,88 | (ocon) | (o0ony - - 5153 :
(1010) :
H
) zn | 1,856 | (ooon) | ooy fose0Mn| o — -
(1011) zSl-l- 4).7 0,035+0,023; 0305 :
Co 1,628 | (0001) | (0001) :
(1010) - - 1,0
Mg 1,624 (0001) | (GDOI) | 4,51 (0,46) - 2
(roin) | 5.1 (0.52) 0, 1,008 :
Re | 1615 | (0oon) | (2001) - - o978 i
(10i0) - -
Tl llm - hind b — I”.“
Zr 1,693 (1070) (0001) - — -
(1010) - - 0 902
aTi' | 1,587 1010 000! 62,0 (6, :
N (o :loTo; 13.81.:4’:3 45 £35
HE | 188t | o) | ooy | — - }
(1010) —- - 55
Y 1,571 | (1010) | (0001 -
(1010) - - 1288 ;
Be 1,568 (0001) | (0001) | 0,14 (0,0143) 0,038 ‘
(1010) | 66,4 (5,74 | 9,000 200t ,
(1011) | 194,5 (19,85) - g
i
Metal v 1
Preferred plane of glide 5, —cr bas (exp) :
Other glide planes Ter prisn 3
z'cr’ Hn/mz(kgf/mmz) Tbas ;
6. -,s———— (theovr)
prism ;
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4, Critical Disglacement Stress

Experiments have shown that critical cleavapge stres~
ses depend on the impurities, and this dependence is due to
the interaction between the components of the alloy in the
solid state. In the formation of solid solutions the strength-
ening effect is significantly greater than in the case when
the components are not soluble in one another,

& LNt S it 4 3 oA vt

It is interesting to note that the impurities influence
the critical displacement stresses differently in the differ~
ent planes, Churchman [95] showed that by increasing the 3
amount of oxygen and nitrogen in titanium up to 0.1%, glide 3
becomes possible along the planes (1010), (1011), and (0001) iy
since the critical displacement stresses over all these planes
become practically identical, Apparently the influence of
the impurities on the magnitude of the critical cleavage :
, stresses can be explained by the fact that the different re-
| searchers cite different values of this magnitude for one §
3 and the same metal.

LN Y

Experiments have shown that the magnitude of the criti- /
cal cleavage stress depends also on temperature, velocity and y
degree of deformation,

With increase in temperature the critical displacement
stress, as a rule, is decreased, but not monotonically.
There are temperature ranges, where tcr is lowered quite

significantly and where this magnitude is practically con-
stant., For axample, at the melting point the critical dise
placement stress drops practically to zero, and at a temp-
erature near absolute zero, it remains the same as at room
temperature, The change in resistance to displacement as a
function of temperature of deformation velocity is not iden-
b tical for all planes of the crystal lattice,
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Increasing the deformation velocity, as a rule, in-
creases the critical displacement stress, Here for the non- :
basal plane the growth in %Er takes significantly more in- i

tensely than for the basal plane (Figure 32). In reference
{90] a rather sharp dependence is noted of tcr on tembera-

et momta

ture for the non-basal plane and a weaker one for the basal
plane.

P g ™

: The velocity dependence of the critical disnlacement
stresses for a number of metals was investirated bv the
Japanese scientists Ioshida and Nagata [58, 96], The magp-
nitude of the critical displacement stress was determined
by extranolating the curve T = £(€), shtaised duriap dvnanmic
tests, to the zero depree of deformation, Tor sinpie cry-ials
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Figure 32, Dependence of critical displacement stress on
velocity and temperature of deformation for several hexagonal

densely-packed metals [127]): a. for the basal plane;
b. for the prismatic plane. ‘

1. 'rcr’ Hnlmz(kgf/mmz) 2. ¢, sec”!

of aluminum 8 was found to equal 2,5-5 Hn/m2 (0.,25-0,5
kgf/mm ); in the quasi-atatic tests ? was 0,5-1 Hnlm2

(0,05-0,1 kgf/mm )e Interesting results were obtained on
zinc crystal crystals. In the range of deformation veloci-

ties ¢ = 10™"-107% sec”! the critical disnlacement stress
is practically independent of the deformation velocity. In
the limits invéstigated by the authors the change in tempe-
rature exerts no influence on the critical displacement
stress when £ & 102 soc'l, but it increases noticeably with

growth in temperature at a deformation velocity ¢ = 103 scc’l
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Dependences which are analogous in character were obtained
for pure copper and its alloys with 0,1, 0.5, and 1.1% Mn.
In all cases during high-velocity deformation the critical
stresses were greater than during quasi-static,

These experimental data can be explained after ex-,
amining the processes of deformation carried out in the
microvolumes, Glide, according to modern concepts, is the
result of the displacement of dislocations unde~ the in-
fluence of an external load, and the critical daisplacement
stress is the stress required to overc) )me the dislocations
in the glide plane in order that movement can begin, The
effectiveness of the influence of the various factors on
the resistance to displacement of the dislocations may lLe
r vyressed in the following manner:

Tep= Tt FTab o+ T (33)

where t&,...,‘&n is the stress which should lLe applied for

accomplishing any elementary process; each such process is
determined by the conditions of the deformation and is char-
acterized by the relaxation time in accordance with formula

(19),

Let us cite the most important terms of the critical
displacement stress that appear in expression (33), and the
tendency to change of these quantities under conditions of
a pulsed load application:

1., Highevelocity deformation is acconplished by
larger external forces than the usual quasi-static. There-
fore we should expect that under these conditions of load-
ing the number of efrective sources in accordance with
formula (25) will grow, since sources act here with a smal-
ler initial length. Such a result, as mentioned above, was
found by Ioshida and Nagata on aluminum single crystals.
Hovever the experiments of these same authors with zinc and
copper indicate that the increase in critical displacement
stresses during hiph-velocity deformation can never be ex-
plained only by the action of this effect,

2. The displacement of the dislocation is hindered
by the force of friction (Peierls force) which may be fig~
ured from formula (31),

3. Probably one of the basic reasons for the change
in critical displacement stress should be assumed as the
increase in velocity of the mobile dislocations, and also
their interaction with other dislocations and defects of the
crystal lattice,
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Increasing the applied stress, as already mentioned,
increases the velocity of displacement of the dislocations.

Lyubov and Chernizer [31] theoretically computed the
magnitude of the scattering of disl/:~tion energy on heavy
impurity atoms with increase in th: ..slocation disnlacement
velocity. According to their data, the resistance of the
lattice has a maximum at a certain sufficiently larpge ve-
locity of motion of the dislocations. However, an increase
in dynamic ‘riction was observed also in quite pure metals.

Seger et al [98] assume that one of the basic factors
determining the velocity and temperature dependence of the
critical displacement stress is the interaction of the mov-
ing dislocations with a "forest" of dislocations. Thresholds
are formed on the constrictions of the stretched dislocations
as a result of which point defects are generated, For over-
coming these barriers we must have either a thermal fluctu-
ation or significant external stressss., Consequently, the
magnitude of the displacement stresses is equal to

T=Tcth (34)

where %b is the stress counteracting the moving dislocationg
it is caused by the long-range interaction of the field of
stresses with the dislocations of the same system of glide

on different glide planes; ‘fs are the stresses necessary

to overcome the moving disloca~ion of the local barriers,

Since the stress't; is oJnnected with the thermally

activating processes, it depends on temperature and velocity
of deformation., The component &h does not depend on these
paramsters,

The relationship between the stress ?;, temperature

of deformation, and velocity & is given by the following
expressiont

é=NA3v.exp{-l-j3k:7.£‘—‘-}. (35)

where N is the density of forest dislocations, intersected

by the moving dislocation; A is the mean area of propagation
of the moving dislocation; b is the Burpers vector of the
intersecting dislocation; v, is the frequency of oscillations

of the dislocation; Uo is the activation enerpy; v is the ac-
tivating volume; k is the rc¢ltzmann constant.
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Taking into account the interaction of the disloca~
tions with the point defects, the processes of formation
of the constrictions of the dislocations, and thresholds

of intersection, reference [98] gives the following expres-
sion for Ps:

Us— T In %
——, (36)

3 .- [

T I/G'W'

T =

where ¢ is the deformation velocity; d is the mean effective
diameter of the "barrier", which is overcome with the aid

of the combined effect of thermal fluctuations and applied
stresses,

At temperatures of T > Tos where

the magnitude of"&‘s is small and the flow stress 2 = Z,.
Seger et al cite a series of experiments with magnes-
ium, aluminum, and silver, the results of which agree with
their theory. Other experimental data are contradictory
and do not permit accurately determining the regions of ap-
plicability of formula (36). Probably this model is appli-
cable to flow stresses during large deformations, where the
role of interaction between dislocations is signifantly in-
creased.

Thus, at the present time there is no common theory
which satisfactorily explains the change in critical dis-
placement stresses with increase in deformation velocity.
At the same time we can apprarently state that the signifi-
cant amount of increase in displacement stress during high-
velocity deformation is associated with chanpge in the dy-
namic resistance of the lattice during increase in the dis-
location velocity. Thus the experiments of Ferpuson et al
[99] showed that. the displacement stress along the basal
plane of zinc grows linearly with increase in dislocation

velocity in the range & = 5.103-10“ sec'l. Along with this,

it is still not clear as to the quantitative contribution
from the various fagtors to the velocity dependence of the
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critical cleavage stress, and also the reasons for the differ-
ent change in rcr under the influence of velocity for the var-

ious systems,

5 Exgerimentll Study of Gliding

Glide in crystals having an fecc lattic s been stud-
ied most fully. As shown above the amount of the c¢ritical
cleavage stress is identical for all planes (lll) usuaslly
participating in the deformation, therefore the glide begins

in the plane that is most favorably oriented with respect to
the effective stress.

Change in orientation of single crystals of nickel
under conditions of quasi-static and high=velocity deforma-
tion was studied by Epshteyn and Kazachkov [100]. The de-
formation of samples was accomplished on a S5-ton press at a

velocity of ¢ = 1072 sec”! and by the method of electromag-

netic punching [20] at & = 103-10“ sec'l. The axis of con-

traction of the samples corresponded to t™ e directions 110),
<111), and 4112),

'é 4 w———p - -
T [(m) 20}

(1)§8 5 A A\
§ § Lt d Can.y
L8 ///

i [
: &
S 9 ] 12 wo 5 ? 2%

Figure 33. Change in orientation of nickel sinple crystals
after quasi-static (A) and high-velocity (4) deformation,

1, Deviation from initial orientation, deg

Orientation of tie crystals {111) and 112> under
conditions of high~-velocity deformation varies differently
(Figure 33): for orientation of 111> if the rotation of
the crystal lattice with increase in the depree of deforma-
tion does not depend on the type of load, then for 112>
during high-velocity deformation this rotation is less than
during the quasi-static, Such a difference in the change
in orientation involves the glide characteristics. During
the deformation of a single crystal with the axis of contrac-
tion 111> there are six equivalent plide svstems with the
Schmid factor equal to 0,27 (Table 12), Tor the other systenms
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- it is equal to zero. Thus, for a crystal with such orien-

x tation the glide is begun immediately over all svstems and
therefore the change in orientation with increase in degree
of deformation does not depend on the type of load., If the
axis of contraction corresponds to the direction {112), then
the Schmid factor is maximal for the nrimary and the coniu-
gate systems and is equal to 0,409; for four of the svstens
it comprises 0,273, and for two -~ 0,137,

If we assume that during quasi~static deformation .

§ the glide takes place along the primary and coniupate sys-

‘ % tems, then the decrease in rotation of the crystal under a
4 dynamic load must be associated with the increase in number .

] f of effective systems of glide, Probably, in the dynamics of
4 glide, the other planes in which the Schmid factor is non-
zero are also involved,

PRI
YRR

4 Table 12, Values of the Schmid Orientation Factor for Crys- §
5 : tals Oriented Differently to the External Load

- R (D e %
Hont H

- ?ﬁ cxm::u xpucraanon (2 ) c“‘,"",“‘" o‘;wuctua?v:::“,
1 % {it0) | (1) | (112) 1o} | )t 12 i
g " — :
3 (110 (101) | 0,41 { 0,27 [0406)  (1T1) [iT0) 0 | o027 |0.06 ,
: @) [o jo  Joussf iy (iol) 0 |o [o13 :

: (i) (o] | 041 | 0,27 fo273f (111 {oit] o |o027 o027
F; uy ol [o fo joer3f (i (ifo) o |02 o :
() (101 Joat o fo2m3) (i) {101} ¢ |o2fo :
Z amy o] o4 fo o (110 o1} o {o |o :

1. Glide system 2. cos @ cos A for orienzit’ua

of the crystals

T R R ARy

Reference [100] showed also that the change in wiath
of the x-ray line, the subgranular disorientation, and the
microhardness of crystals for these two orientations also
differs depending on the deformation method (Fipure 34),

] For a crystal contracted in the direction (112), these char-
5 acteristics .after pulsed deformation are higher than after
4 the quasi-static, and for a crystal contracted in the di- -
J rection {111) they are virtually the same as those obtained
: after quasj-static deformation, These results also involve
3 the mechanism of pglide which in the piven case nroduces the
? formation of a substructure.,
*
3 The effect of thesa or other plide svstems depends on
é the orientation of the single crvstal with respect to the
1
]
¥ -72-
% 72
¢
ke
;
£

— RSP U TP ERIPY NI P e ML T ROy v © |




e s AT TR T R AT RS e T e T e TR SR A AT T R T G T A A L R TR R * LA O AN AR R S IR S i S a it S, |

shock wave, Thus in single crvstals of coprer [101] under a
load by a shock wave of 200 kbar in the direction {110) nul-
tiple gliding takes nlace in the plane (11l1), and under a
load by a shock of the same intensity in the direction {111
along with the octahedral planes the non-octahedral planes
(100) particinate in the plide. Reference [75] showed the
possibility of non-octahedral plide in copper with high de~-
grees of deformation.

Ll S L Y L S PRREN LRPLIP Y VNS R3S R~ 3

In reference [102] the mechanism of hiph-velocity de-
formation was studied by detonation nunching (see Fipure 4).
Under these conditions a pressure is develoned up to several
kilobars and at the same time no sipnificant heating occurs.
On polycrystalline samples having different prain orienta-

. tion, the geometric interpretation of plide was m~de diffi-
cult by the simcltaneous effect in one grain of manv plide
planes of one and the samne tvpe, In copper after rolling
and subsequent recrystallization it was found to be nossible
to obtain a grain with dimensions of about 150 um and a
sharp orientation, The maxinal angle of scattering of the
orientation, figured from the pole fipure, was £8°, but the
difference in orientation between neighboring grains, determ-
ined from the etching holes, was noc more than 5°, Such orie-
entation of the c¢crystals permits us to treat the boundaries i
between them as boundaries of the slonre, The existence of :
a sharp orientation and large pgrain with a small sheet thick- i
ness (in cross section, five-six grains) indicates that the :
deformation of such polycrystalline samples is similar to
the deformation of single crystals of the same orientation.

ra N dusrey
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Investipgations showed that both during quasi-static
and during pulsed deformation the glide is accomplished
3 along the planes (lll). The glide lines are oriented parale

1 lel to the diapgonal of the square of the etching hole, which
4 corresponds to the intersection of the plide plane (111) with
3 the surface of the sample, corresponding to the plane (100),

After hydrostatic punching prior to deformation of 12% an

optical and interference microscoupic investigation showed -

that the glide poes only in one plane (Figure 35), It is

characterized by long striight bands, common for several

: grains., The glide bands pass through the grain boundary,

Z only slightly changing its direction in accordance with the
orientation of the neighloring prain., The prain boundaries
are not a place where the glide bands preferuntially begin

. or end, i,e., the deformation is easily transmitted from
one grain to another. The boundaries of the slope, which
in the given case are grain boundaries, present a less ef-

[P PR LT AL N

¢

% fective barrier for the moving dislocation than for the ine

g dividual slowed~down dislocation in the pglide plane, This :

§ was confirmed experimentally in reference {103], !
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Figure 34, Dependence of the subgranular disorientation (a),
hardness -~ the dotted lines ~~ and broadening of the x-ray
lines (222) -- the solid lines (b) of sinple crystals of
nickel AOHOT111]; w0[112]; eo [110], The light circles re-
present quasi-static deformation and the dark ones represent
high-velocity deformation,

1. 9, rad.10? 2. P, rad.10”

The density of the glide bands and the height of the
step frow with increase in the derree of deformation, vheresas
the leneii of ithe rlide bands changes insienificantly (Table
13), Consequently, the increase In deformation is determined
not only by the increase in the step or the existing banus,
hut alse hy the generation nf new pglide Lands,
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Figure 35. Glide lines in copper after hydrostatic loading
€= 12%., X 500,

Electron microscopic investigations of the images
show that between the glide bands there is always a micro-
glide which is not resolvable in the optical microscope.

Study of the images obtained after hydrostatic de-~
formation of copper confirmed tha fact that up to 6-7% de-
formation only one glide system has an influence (Figure
36 a), However when ¢ > 7% this method permitted clarify-
ing the effect of the second glide system, buts contribution
to the overall deformation is still insignificant., Even
when £ = 13%, when the glide tracks in the primary plane
are grouped into bands with a sufficiently large height of
the step, in the second plane only individual microglide
tracks are observed (Figure 36 b)., The results of the
electron microscopic investigations and the measurenent of
the glide parameters (see Table 13) permit us to assume that
a hydrostatic deformation up to 7% corresponds to the first
stage of the deformation of sinz.e crystals of copper,

During hydrodetonation aad electromagnetic punching
of copper the deformation begins with glide, immediately
in at least two systems, Even with the very smallest de-
graes of deformation when the glide lines are not visible
in an optical microscope, the electron microscopic investi-
gation r~eveals two systems (Figure 37 a), When £ = 5-6%
the two systems of plide tracks are detected already by
metallographic investigation (Figure 37 b)., The glide
bands after hydrodetonation and electromagnetic deforma-
tion are shorter than during the hydrostatic, and their
mean length is decreasad with increase inthe depree of de-
formation, which is undoubtedly associated with the effect
of ihe secondary glide systems (see Table 13)., The density
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Figure 36, Jlide tracks in copper after hydrostatic loading,

revealed by electron micrcscope: a. & = 6%; b, £ = 13%;
X 25,000,

of the glide bands and the height of the step grow with ine
crease in the degree of deformation. Since there is a slight
difference in the height of the steps and the distance be-
tween individual bands for the two glides systems, it is then
obvious tha:c they are not equal ia value aud make a differ-
ent contribution to the overall deformation., Between the
bands there is always a microglide, which is easy to see on
the interferograms and the electron microscopic photographs.

On the surface of the sampla corresponding to the
plane (100), we can observe glide tracks over all four planes,
Two groups of these tracks must be parallel to each other,
and two groups perpendicular to them, However with a
slight deviation from the strict orientation (100) the
parallelness of the glide tracks is disrupted, which per-
mits us to accurately determine the number of effsctive
glide systems, During hydrodetonation and electromagnetic
punching deviations were often obsarved from the parallel-
ness of glide tracks within a single grain (see Figure 37 D).
From this it follows obviously that dvering pulsed deforma-
tion all four glide planes are activated,

As we know, transition from the firit deformation

stage of single crystals to the second involves the effect

of secondary glide planes, If during quari-static luading

up to £ = 5-6% the deformation is similar .o the first de-
formation stape of the single crystals, then we can assume
that during puls~d deformarion the first stage is suppressed
an¢ the second stage bepins immediately, Under the effect

¢f the secondary nlicde systems, which is usually noted duriap
the transition from the first to the second deformation staye,
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Yigure 37, Glide tracks in copper after high-velocity de-
formation, a. & = 2%, X 25,6003 b, ¢& = 5%, X 500,

. iR,

as a result of the interaction of dislocations of the orie- :
mary and secondary systems, barriers are generated at K
which pile-up of the dislocations of the primary plide sys-
tem is possible., Therefore transition teo the secondary de-
formation stage is accompanied by a sharp increase in the
coefficient of strengthening,
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The glide parameters given on Table 13 for veirious
conditions of deformation should be treated as the ru.ults
of the dislocation processes. By analyzing these data, we

. can get some idea as to the characteristics of these pro-
cesses Gduring quasi-static and dynamic deformation,
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Figure 38, Change in the subgranular disorientation in polye
crystalline copper after hydrostatic A aud detonation (o)
loading.
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Nuring pulsed loading with increase in the desree of
deformation the length of the rlide bands is decreased., Con-
sequently, the mean length of the free nath of the dislnca-
tions during pulsed deformation is two-three times less than
during quasi-static. Probably this is involved with the
fact that during nulsed loading of corper the numher of bar=~
riers which inhibit motion of the dislocations is increased,
and they are arranged at a smaller distance from one another,

The density of the glide tracks duriny nulsed deforma-
tion is higher than during the quasi-static; this means that
the density of the dislocations may be preater, especially
if we take into account that during pulsed deformation the
plide takes place immediately over several nlanes.

Ioshida and Napata studied the mechanism of deformae
tion by cuniraction on single crystals of aluminum, 99,999%

pure. 1.2 deformation velocity was about 102 sec’l. In
crystal: oriented favorably for individual rliding, the
critical displacement stress during dynamic deformation
was greater than during quasi-static, and at the same time
the region of easy pglide was more extended. At this stape
of increase in the deformation velocity only the number of
dislocations of the given system which particinate in the
deformation is increased, as a result of which the density

of the glide tracks pgrows and the height of the step is de-
creased,

Sinultaneously with the metallopgraphic investipation
we conducted a radiographic determination of the suleranu-
lar disorientation ® with ionization repistration of the
reflections using the method described In reference [82],.

Fipure 38 shows the results of the exneriment. Dur-
ing hydrodetonation deformation the disorientation is in-
creased linearly with increase in the depree of deformation,
and during quasi-static defornation the linear growth in
disorientation takes nlace only up to & = 7%, and then the
rate of this prowth is sipnificantly lowered. Such a chanpe
in the disorientation agrees well with the metallogranhic
data on the mechanism of deformation of copper. The bend
in the lattice in the process of deformation may be repre-
sented as a process of pile-un of dislocations on one sign.
buring detonation deformation several planes particirate
directly in the glidej; the number 2 chese nlanes cdoes not
vary with increcase in £ this also leads to a monotonic de-
nendence of the disorientatior on the depree of deformation
in the entire investigated ranre, Duriny sta*ic deforma-
tion up to € = 6%, as slown above, one plide nlane ¢ xer:s
influence; here dislocations of one sipn are renerated. Az
4 result tne total bend in the lattice prow~ linear!: =1
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and the amount of disoricntation is evea sliphtly hipher

than atter hydrodetonation deformation in spite of the larpe
total density of dislocations after nulsed punching, Vhen

t > 7% secondary planes are invalved ia the quasi-static
deformation, in which dislocations of the other sign may

be generated. As a result the rate of growth in the total
bend of the lattice is decreased and cor: sspondingly the
character of the change in subgranular d sorientation changes.

Thus, both analysis of the x-ray 1at: =nd the direct
metallographic observations confirm the «. . sion as to
an increase in the number of effective pilde rystems in
copper during pulsed deformation in comvarison with the
quasi-static,

The formation of orientation of a material is directly
connected with glide and twinning., In those cases when no
twinning is accomplished, we can assume that the formation
of an orientation, change and smearing of the orientation
maxima are deter. .ned by gliding. All this refars comnletely
to copper deformed under the conditions examined, Since at
a pressure of 3-5 kbar, no twinned layers are formed, the
authors studied the change in initial orientation of the
sheets as a result of detonation and hydrostatic deforma-
tion. "

Figure 39 shows the pole figure of samnles in the
initial state (prior to nunching) on which two components
of orientation are visible: (001) €100> and (123)<1321),
the component (001) €100) being the preferred one. Such
a type of orientation is characteristic of recrystallized
copper, since at the first stage of recrystallization nart
of the grains retain their orientation near the rolling
orientation.

In
formation

LT ]
effective

the process both of hydrostatic and dynamic de-
the forn of the pole figure changes.

undertook an experiment to fipure the number of
glide systens based on chanpge in >rientation in

the deformation process, We can assume that in the oripi-
nal samples the stress acts in the direction {0010 and then
we can compute the Schmid factor for the various glide sys-
tems and the di:placement of the orientation factor as a
result of glide in the given system, liere we must take

into ac=ount that gliding in the plane along the nredeter-
mined divrection is equivalent to rotating the ecrystal around
the normal to the plane and to the direction of plide, Then

glide over systems {111} € 110> can be represented as the
rotation of a crystallite around the direction €112).
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f Figure 39, Pole figure (111) of sheet copper in the origpie
g nal state,
§
:
Fipure 40, Great circle of the stereopraphic nrojection; dis-
placement of the orientation maximum (111) as a result cf plide
over different systems {111) €110>., The nunber on the drawing
correspords to the glide systems gfven in Table 1l«,
“8le
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Table 14 gives the result of such an analysis for the
original cubic orientation,

Figure 40 shows a diagram that indicates the direction
of displacement of the orientation maximum (111) as a result
of plide over the cited systems, TIrom the nole figures taken
from the original and the deformed samples (Fipgures 39 and 41),
it is clear that the resulting displacement is directed to-
ward the center of the pole figure, This permits determin-
ing the probable glide systenms, _ The preferred effect of .
one glide system, for example (111) {011) -~ VII, or (lll)
£101) -- VIII, produces a rapid disruption of the coriginal
’ orientation and the creation of a new one. In the presence .
> of multiple glide the change in the nole figure will be
9 less directed and the rate of the creaticn of a new orien-
: tation will be less since the resulting displacement with
TS identical ¢ is not high., Analysis of the change in the
SR pole figures showed that during quasi~-static and nulsed de-

Y formation the glide in copper takes place over the systems :
{111} <110), but during pulsed deformation in each indiv- .
idual grain a large number of uniform pglide systems has in- 3
fluence. v
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Table 14, Schmid Coefficients for Various Glide Systems in
QOppsr Under the Lffect of Loading in the Direction :
{001 .
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Reference [104] mentions the sharn chanpe in the
pole fipure during dynamic deformation of the allov Fes&i
in comparison with the quasi-static and the formation of
a new type of orientation (001) €210?, This difference,
in the opinion of the authors, involves a decrease in the
number of pglide systems during dynamic deformation,

However, as analysis shows, changing only the num-
ber of effective plide systems may lecad to more or less ine-
tense snearing of the orientation maxima and almost never
leads to formation of a new orientation. The change observed
in reference [104] in the pole figure of the iron-silicon al-
loy, as a result of pulsed deformation, is primarily associ-
ated with the developnent of twinning.

In studying the mechanism of deformation of mediunm-
carbon steel, Campbell [105] detected multinle gslide in a
samnle deformed at a lov velocitvy., Durinpg impact loadinyg
he noticed only a fine pliding along several systems, analo-
gous to the gliding in samples deformed auasi-staticallv at
low temperatures. According to these data the plide lines
during impact loading become rectilinear.

Leslie [106] showed that the confipuration of “is-
locations in alpha-iron after detonation deformatio is
similar to that which is generated after rolling at low
temperature. The dislucation lines are straipht and uni-
formlv distributed.

Odinokova and Bogachev [107] observed a sharn chanse
in the plasticity of beta-titanium during highevelocitv de-
formation., At ordinary deformation velocities the plide
lines in beta-titanium are undulating, thev annear in sev-
eral directions with the preferred development of one di-
rection, The basic mechanism of deformation of the allov
under these conditions is pencil pliding alony many planes.

Under the conditions of dynamic tension in beta-ti-
tanium the density of the glide tracks is reduced sipgnifi-
cantly and their form is charnpged., The plide tracks becone
rectilinear in each griin and go only in one direction.
Only on individual grains does the glide take place alonrs
two systems, .

Based on these results, the authors come to the con~
clusion that during dynamic loading tne number of active
glide planes for metals with a becc lattice is decreased.

As we shall show in Chapter 5, the dislocatiocn struc-

ture of metals and alloys with a bee lattice after impact
loading differs substantially from the structure of metals

o
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with an fcc lattice. In metals with a bece lattice the dis-
locations are distributed unifornly and in metals and allovs
with an fcc lattice a cellular structure is formed.

The lack of undulation in the pglide tracks in metals
with a bee lattice during pulsed loading nrobably is due to
the difference in the velocity of dislocation disnlacement
of the various tvpes., It is mainly the Burgers dislocations
which produce the appearance of undulatinp plide tracks in
the becc lattice. During pulsed loading a larse part of the
deformation takes place as a result of the motion of the
edge dislocations, therefore the displacement producing
the formation of glide tracks is the result of displacement
of the edge dislocations. The emerpence of the edse dis-
location onto the surface also leads to the onset of recti-
linear glide lines.

Thus, the lack of undulating glide tracks during
high-velocity deformation of metals with a bec lattice still
does not indicate a decrease in the number of effective ac~
tive glide planes,

During impact loading the deformation mechanism of
metals with a hexagonal densely-packed lattice chanpes sig-
nificantly (97, 108], however, the conditions for this
change for the various metals may be different,

In tests with technical titanium type VT-l we used

deformation velocities of 102 and 10 sec™? [97]. When ¢ =

1072 sec' ! the rlide is developed in one plane, when the de

gree of deformation is u4-5%, with increase in this same ¢ un
to 15-17% the pglide bepgins to take place in three~four nlanes,
here in several of the prains twinning is observed. In san-
ples deformed at a velocity of 10 sec~l, the plide also takes
place along many planes and twinning is greatly facilitated

in them, During hydrodetonation punchinp in alpha-titanium,
no intragranular glide i.. seneral appears and the deforma-
tion is basically accomplished as a result of twinning.

Investigation of alpha~titaniun showed that during
deformation at low velocities the plide takes place preferen-
tially along the prismatic planes, However already under
these conditions of loading the development of multiole
glide is observed. Undulating glide tracks apnrear, inter-
secting at an angle of 60°, which corresponds to gliding
over the prismatic and pyranidal planes sinultaneously.
There are glide tracks that intersect at an angle of 90°,
which is possible by the combined effect of the nrismatie
and basal glide. The multiple plide takes place at comnar-
atively large degrees of deformation,
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Odinakova and Bogachev [107]) observed twinning dur-

ing the dvnamic deformation of alpha-titanium (} = 102 sec'l),

but the form of the glide tracks were practically the same
as during quasi-static deformation., At the same deforma-
tion velocity in an alloy on a base of alpha-titanium no
twinning was developed, and the glide takes place over
many planes, However the density of the glide tracks dur-
ing dynamic loading is decreased in comparison with the
quasi-ctatic, and the relief over the grain boundaries is
revealed better., The authors also mention that during the
impact loading of alpha-titanium the deformation is accom-
plished preferentially by twinning.
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Figure 42, MNicrostructure of the alloy MA-8: a, after
quasi-static deformation (& ¥ 10-3 sec-1l), X 600; b, after
high-velocity deformation (¢ X 10% sec-1). X 1200.

The behavior of magnesium and its alloys is inter-
esting during high-velocity deformation (108, 109]. The
fact is that under normal deformation conditions in magnes-
ium (unlike titanium) the glide takes place along the basal
plane (0001). But with hydrostatic punching of sheets of
polycrystall ine magnesium and its alloy MA-8 the intragran-
ular glide is expressed very weakly. Only when € > 4§ can
the glide tracks be seen along the basal plane, and no in-
tragranular pglide along the nonbasal planes annears (Figure
42 a)o

During hydrodetonation punching of these same nu .ter-
ials the deformation mechanism becomes auite different --
the role of the intragranular gliding and twinning grows.
Intragranular glide appears as multiple, and within one
garain the glide takes place both along the basal and the
non-basal planes., The tracks of the non-basal plide are
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expressed very sharply (Figure 42 b) and correspond to the
glide over the pyramidal planes of the system (1101) (1150).

cally on Figure 43, The
lines of different planes
the difficulty of their si
graphing,

Figure 43, Prismatic rlide in the HA-8 alloy after hipghe-

velocity deformation, X 600,

' *

Figure 44, Hultiple intragranular glide in the MA~8 alloy

along the basal and non-basal planes during detonation de-
formation. X 600,

height of the steps on the glide
is differeut. This also explains
multaneous focusiu; during photo-
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On Figure 44 we can clearly see the glide over all
three planes, 1In the body of the grain the gliding takes
place over the basal and pyramidal planes, and in the bound-
ary region it is still over the prismatic planes. In this
same grain we can see the deformation twins which inter-
sect with the glide lines,

Thus, unlike alpha-titanium, in the MA-8 alloy after
dynamic loading the undulation of the glide tracks does
not disappear, but rather appears, Consequently, under one
and the same regimes of dynamic loading, the deformation
mechanism changes differently.

Interesting results were obtained in reference [110])
by studying the pulsed deformation of single crystals of
MgO. Just as in ion crystals with an NaCl-type lattice,

Figure 45, Hultiple glids ia MNg0 by pulzed deformation
{110]. The plane (110) corresponds to the nlane of the
thin section,

glide in these crystals under ordinary aerormation condi-
tions is accomplished along the densely nacked direction
€110) and along the planes (1I0). Kilien and Edinpton in-
vestigated the deformation of Mp0 crystals after contact
detonation. The aingle crystals were cut along the planes
(100), (110), and (111) and deformed between lead shaets
so that the plane of the shock wave with a pressure of 47-
80 kpar vas appreximately parallel to the directions (100).
Q10), and {111). To identify the e*fective plide planes
they used an electron microacopic investiration of the
thin foils by transillurmination.

1t vas found that in the direction €100), in addi-
tion to the ordinary plide along the planes (110), an effect
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from additional planes of the set (111) is observed. The
authors mention that in this case the gllde along (110)

is still preferential. The shearing stresses acting in
the system (110) {110) may be significantly decreased by
changing the orientation of the crystal with respect to
the effective force. For crystals oriented with the di-
rection {100), {110), and {111) along the front of the
shock wave, the shearing displacement stresses in the
system (110) {110) comprise 0.56¢F, 0,25, and 7, respeci~
ively, vwhere & characterizes the amount of stress apnlied.

Consequently, the potentially possible glide sys-
tems may be revealed by the effect of the shock wave in
the directions €110) and {111) of the crystal. Im facc,
avplication of a load along these directions permitted find-
ing still anoth.,r series of planea acting under the con-
ditions of pulsed loading,
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Figure 45 shows the form of the glide tracks om the
E plane (110) for Mg0O crystals subjected to impact loading

; along the direction {110). Identification of the glide

: . tracks showed that in pulsed loading of the NgO crystals
the glide is developed along the planes (100), (110), and
(112), For crystsls deformed in the cirection (111) glide
vas also detected along the plane (1).). Regardless of
~““e effective glide plane, the direction of the glide re-
‘ ma.ved as {110). Glide over the system (110) €110) was
observed sven when the shock wave acted aloms the (111),
although in this case the critical displacement stress

for the plane (110) was equal to sero, The authors assoc-
fate this with the action of the reflected shock wave,

g
e

Thus, by highevelocity loading of the MpO crystals
a tendency appears quite distinctly to multiple glide,

In general form any metal can be characterised
[{111] by a set of glide planes (hlklll). Boka€y)seces

(h‘k.‘;) with the corresponding values of the critical
cleavage stiresses

Tae Tao o650 Ty (31)

and alsa with the twinaning planes

(nn8), (58) . . . (hhte)

and the critical stresses for twimniag correspondiag to them

R

~ e s —‘.L.!“‘H\nd




A, Y Ny AT

Cetep . e ew s om

e LA Ui e Taar s ¢ Al E S L anta i aniad
i hl o ies! i nbac D e s ¥ S

TR IR - . T A AT AT N

T, Ty Ty (38)

Then the deformation can be treated as a relaxation
process, accomplished successively along those glide and
twinning planes for which the value of ?;’ is reached at

a piven moment. If we kouw (37) and (38), we can compile
the series:

fl. t’no.‘nq ‘;. f;o--t; (39)

where
'1<‘3<t.<7;<1’;<...1;.

From (39) we can rv"resent the character of the
change in the deformation mechanism of a metal with in-
crease in the cffective stress. The diagranm on Figure 46
shows that in the general case there may be four stages
in the change of the deformation mechanism with growth
in velocity deformation, The extent of each stage is
determined by the relationships between the previous and
subssquent terms of the series (39), On the bhasis of such
an anpproach we can exanine the possible chanpe in the de-
formation amechanisn during pulsed loadiny of metals of
different types of lattices,

In metals with an fcc lattice the glide planes of
the set (111) are active, therefore in them the transition
frow single glide to nultiple takes nlace .ecasily. In these
metals T& and ?,, F,, and ¥, are identical and the develon-

ment of multiple glide is determined by the increase in
the effective forces of the value of'?;’ slloving for the

Schmid factor. Thus, in the case of deformation of poly-
crystale with an fcc lattice at low velocities (P2 is swmall)

the glids takes place over uany vctahedral planes., With in-
crsase in the pressure duriny cransition to nulsed loads
in a significant range of deformation velocities the defor-
mation mechanism is actuall)y unchanped, since the relax-
ation of stresses as a rasult of gliding aloang the planes
£111) is high, and the difference between rcr for the octa-

hedral and the non-octahedral planes is significant. These
metals have little sensitivity to increase in the deforma-
tion velocity in a rignificant ranpe of deformation veloci-
ties. In principle alse in taece metols, beginning from a
cortain value of P, the glide must tdke place alonr the non-
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octahedral planes. However 1f’?2:"'°°t is found to be

P A N

larger thane'zzin for a given feec metal, then the develon-

ment of relaxation of stresses as a result of twinning nav 5

lead to the non-octahedral planes not participating in the
deformation,
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Tigure 46, Diagram of the chanpe in deformation mechanism
with increase in deformation velocity: I. sinpgle glide;
11, multionle plide; IXI. twinninp; 1V, fracture.

=

lion-octahedral glide is observed in metals with a
large energy of packing defects, but with larpe values of
pressure of the shock wave (P > 100 kbar) it mayv take
place also in crvstals of copper [99, 112], However by
pulsed deformation of metals with-an fcc lattice along with
the glide, twinning is observed and the threshold Pa fron

which the twinning begins (see Figure 46) in these metals
is determined by the energy of the packing defects,
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Let us look at the mechanism of high-velocity defor- , ?
mation of metals with a hexagonal denselv-nacked lattice. ' :

From Table 11, for example, it follows that in mag-
nesium the critical displacement stress is minimal for the . K]
basal plane, For accomplishment of multiple glide in mag- g
nesium it is necessary to increase the effective stresses
by several times. In this case the glide takes place both
along the basal plane and.the prismatic and pyramidal planes,
which in fact also takes place during hvdrodetonation de-
formation, Simultaneously we observe twinninpg along the
planes (1012). Probably in magnesium and in the MA-8 alloy

rgla 4 ?zzin. therefore the development of multinle plide
]

here appears sufficiently distinctly, Tor these same metals
it was established that with values of the maximal pressure
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up to 200 kbar the deformation is developed both by glid-
ing along multiple planes and by twinning. However by in-
creasing the effective pressure up to 400 kbar, at which
the samples are already fracturing, the basic mechanisn of
deformation becomes twianing,

E

sdkaairag

In contrast to magnesium, in alpha-titanium the mul-
tiple glide exists already at ordinary deformation veloci-
! ties, Increasing the effective stress during nulsed defor-
- mation leads first of all te the critical displacement
stresses increasing with increase in deformation velocitv,
this being especially strong for the non-basal planes {see
Figure 32 b), and secondly by increasing the effective
stress different systems of twinning begin to act and this

b A R "_..\'Lz\n_. . el

X
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E formation. For example, by increasing the temperature and
3 corresnondingly reducing the value of the critical dis-
placement stresses, over all the glide planes we can create
such conditiqns for which'.‘:c‘i becomes less than?::ih
Thus, it is obvious that during high-velocity load-
ing in metals with any type of crystal lattice a larger
number of deformation elements is realized (glide or twine~
ning) than during quasi-static loading. It is obvious that,
under the conditions of nultiple ‘glide the plasticity of <
the metals will be the greatest. However any specific
change in the deformation mechanisn will depend on the re-

i
lationship between ¥ g: and 'c't“"

er . %

; i mechanisn becomes basic in the process of stress relaxation, :
1 Such a mechanism is possible in that case if ?§13 becomes i
k greater than ?::in. However, if we alter the rzlationship é
3 betweent’ﬁi and ?zzln in alpha-titanium, we can also see ?
? the development of multiple pglide during high-velocity de- %
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6, Boundary Glide

The Role of Boundaries in the Process of Deformation of Pol@- ;
WM

r!sta 8

The presence of boundaries produces a difference in k
the deformation mechanism in single crystals ané¢ in poly- E
crystalline aggregates., For a polycrystal it is character-
istic to have a complex deformation as a result of the de-
velopment of boundary deformation and twinning.in the hound-
ary region,

Yerg e b e WA

By boundary deformation we must understand the plastic
flow by gliding in the boundary band, when a relative dis-
placement takes place of the two grains when a stress is ap-
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plied over their total surface, This deformation may take
place in the zone, bounded by the width of the boundary or
may lead to a displacement completely over the surfacs of
2 the boundaries, This latter is more often observed at el-
evated temperatures (T ~ O'“Tmelt)‘ Already in earlier

metallographic investigations there has been obsevved the
formation of steps along the grain boundaries [113], and
an anomalously large tension (2000%) of the alloys of eu-
. tectoid composition of the binary systems Pb-Sn and Sn-Bi . :
almost fully as a result of the boundary deformation [114], :

,
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Figure 47, Possible diagram of the relay glide through
* the grain boundary.
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This mechanism also plays a very important role in
the deformation of metals with a 1imited number of glide
: systems, In metals with a hexagonal densely-packed lat-
i tice, the boundary Jeformation takes place even at a tenp- .
i erature of 4,2° K {115]. Polycrystalline magnesium frace
tures at 5-10% deformation, whereas single crystals of
magnesium may be deformed by 250% or more by gliding.
The basic reason for the low plasticity in polyerystalline
magnesium is the development of a boundary deformation.
In significant temperature and deformation velocity ranpes,
magnesium and its alloys fracture along the grain houndaries
(116]., Consequently, the plasticity of these metals may be
T increased by such deformation regimes in which the develop- ;
ment of boundary deformation is suppressed. r
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Lat us examine the deformation of two neiphboring
grains in a polycrystal (Figure 47). Let us assume that
in grain 1 a uniform glide takes place over one plane, Then
. in order that no disruption in continuity between grains 1
and 2 take place, the deformation in qrain 2 must take place
over several planes. The displacement vector b is expanded
intoc the compen.-.ts 51 and 52. Here the deformation condi-

tions in the ..:st and in the second grain are equal to each
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other, According to the condition of compatibility of the
deformation determined by Mises [117] and Taylor [119], to
retain the relationship between the individual grains and
to prevent cavities at the boundaries, in each grain it is
necessary that there be an effect from no less than five
glide systems. This conclusion follows from the fact that
the total deformation includes six components, but the sum
of three of the normal deformation components is equal to
zero, since the volume remains constant. Consequently
only five of the independent deformation mechanisms are
required to obtain five independent deformation components,

Taylor sugrested that to retain the continuity of
deformation through the grain boundaries, all grains of
the polycrystal must be subjected to the same macroscopic
deformation, In deriving his relationship, Taylor assumed
a constancy in the law of critical shearing stresses in the
case of multiple glide. Chalmers' experiments [119] on
symmetrically disoriented bicrystals of tin showed that
for the deformation to be transmitted from one crystal to
another by increasing the disorientation betvween crystals
the external stresses must be increased, This confirms
that the grain boundary itself does not influence the plas~-

tic properties,

Nevertheless, if we know the law of deformation of

" individual crystals, oriented arbitrarily in space, we

still can not dascribe the behavior of a polyecrystal. In
particular, on the basis of the orientation of the crystal-
lites in space and the diagram of tension of the single
crystals, by computation we constructed a diagram of the
tension of the polycrystaly hovever, these results did

not coincide with the experimental ones, Such an approach
can not explain the well-known fact of increase in friction
with decrease in the grain size,

In fact the grain is deformed non-uniformly. At the
grain boundary there is ailways a stress gradient. This is
due particularly to the fact that the moduli in the various
directions in the crystal do not have spherical symmetry,
As a result the field of stresses generated during the ap-
plication of an external lcad is non-uniform, T*is can be
detected by the methods of photoelasticity even in the
elastic region [119].

The ttansfer of deformation from one grain to another
may be accomplished either as shown on Figure 47 or accord-
ing to the following mechanism. The dislocations, moving
along the glide planes, reach the grain boundary and are
piled up, not having any suitable glide plane, At the
boundary of the neighboring grain the concentration of

Yo

’

A . - . » ¥ Ti e, - N . - PYARY
A P OBLAR T A Tanrr KB 2 D o p R s LESIAS, R0 lrs s it Bt S v Bbe thosie T iror B A SRS TS

R L

- o M Ll R B e A

g g—
rile

s e Sl A
G EUES L N N

WK as u e A e e Srdn

B RtV

ERC INUY

LA Rk 2R AT A AR Faaas .




|

S5 58 AT SN Bbvnt ke SBAER RIS RTEER R

;

% stresses is increased and, if their value is sufficiently
3 high, they then induce glide in the neighboring grain up
to the amount when the shearing stresses acting in them
reach values of the critical displacement stress,

In reference [103] the transfer of glide bhetween two
grains was observed experimentally on bicrystals of NaCl and
: A LiF, The generation of dislocations and their displacement
2 5. under the action of an external stress was determined from
: the etching holes, and the value of the external stresses

34 was determined by photoelastic methods., It was found that
1 S at small angles of disorientation (& < 5°( the deformation
- was transmitted by relay by means of a direct break in the
4 A boundary between the grains, Here the stresses necessary
] o for the break grew linearly with increase in the angle of
9 . disorientation between the grains, At larger angles of

4 disorientziion, in spite of the fact that the stresses
3 grevw by several times, a bre:k in the boundary became im-
1 possible and the deformation was transferred by means of

] inducing dislocations in the neighboring grain.
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The existence of a stress gradient in the boundary }
3 , region may lead to the development of deformation mechanisms ;
1 : that are not characteristic of single crystals. Hence the i
: S basic role of the grain boundaries during the deformation L
of metals with a limited number of glide systems, as well
as during high-temperature deformation, is clear,

ot L N Y

In the first case the significant stresses penerated
at the grain boundaries may be relaxed by means of deforma-
tion in the boundary region, and in the second case -~ the
defcrmation as a result of the boundary glide is greatly
facilitated due to the heat activation of the process.

s RN o e

In metals with an fcc lattice having a sufficient
number of different glide systems, the condition for com=-
patibility is satisfied rather easily, Therefore during
ordinary deformation at the grain boundaries the stress
gradient is not high and the boundary deformation plavs no
great role. In metals with a hexagonal densely-packed lat-
tice the condition for compatibility is virtually unsatis-
fied, therefore then the role of the boundary deformation

. is rather high. In the process of deformation of polyerys-
talline magnesium at the temperature of liquid nitrogen
glide is developed in the boundary region along the pris-
matic plane, although here the displacement stresses are
several times higher than along the basal plane [103]. Due
to concentration stresses in the boundary region, twinning
appears in magnesium, traveling from the grain boundaries

along the planes [1012] even with small degrees of deform-
ation,
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In spite of the numerous investipations, the mecha-
nism of houndary deformation is still not clear. Ke [120]
assumes that the existence of internal friction in nolv-
crystals is due to relaxaticn of the cleavare stresses at
the boundaries by means of ductile plide, However the ve-
locity of the displacement, computed on the basis of data
concerning internal friction, exceeds the actuallv observ-
able ones in the bicrystals by five-eipght orders of magni-
tude. The experiments of Voloshina and Rozenbery [121]
with bicrystals, as well as those of Rhines et al [122],
indicate that glide exists in a wide zone around the bound-
ary and that intragranular glide takes place up to the on-
set of boundary deformation. Thus, the hyvpothesis of duc-
tile glide received no exnerimental confirmation,
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Reference [123]) suppests a dislocation mechanism of
the boundary glide: in the plane of the boundary the dis-
locations are split into several partial ones and the hound-
ary deformation takes place as a result of the motion of
these partial dislocations parallel to the plane of the
boundary. Leak [24] assumes that the relaxation of stres-
ses during boundary deformation is accomplished by means
of migration of the grain boundaries. It is possible that
this mechanism is also realized in individual cases at
elevated temperatures,
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The best afgreement with experiment is given by the
theory of Fazon et al [125], in which the relaxation of
stresses takes place at triple points and other defects of
the boundary and any further displacements are controlled
by deformation of these barriers, In view of the local
increase in effective stresses in the boundary repion,
glide is possible along systems which are absent in other
segments of the grain, even under the influence of a mod-
erate displacement stress less than the macrosconic yield
stress,

Reference [126] mentions the predominant role of
boundary deformation during the quasi-static loading of
polycrystalline magnesium and its alloys with chanpe in
deformation velocity from 10-6 to 4 m/sec., In the velocity
range investipated by them the fracture took place at the
grain boundaries as a result of the develonment of boundary
deformation.

However at significantly higher loading velocities
(100-200 m/sec) the plasticity of magnesium and the HA-8
alloy grows [108], due to the redistribution of the contri-
bution from the various deformation mechanisms,

-96-




st

Let us examine the methods of quantitative evaluation
of the contribution from the various mechanisms to the over-
all deformation,

Expansion Produced by Gliding

Quantitative evaluation of the deformation based on
coarse glide tracks was done in reference [128], Let us , 2
assume that the grain is chaotically arranged in space and : )
has many plide systems, Then the glide bepgins along the ) t
. plane arranged at an angle of U5° to the direction of the !
tension (Fipure 48), As a result of plide along such a
plane the expansion of the sample is determined bv:

A e W e A

3
Q@ —a, %
£ = e

RL @ (0)

D R L

(The quantities a and a, are denoted on Fipure 48), If we

denote the displacement in the direction of glide by P?l, ? ¥
then d

a=Va+p? |2a :os R :
14 °+21' Thiad) (41) i
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where a, = 1/n, and n is the number of glide lines per unit
of initial length,

I e QST LS 1) § 0

Taking (40) and (41) into account, we obtain

Vg trhar2 ey~ :
to 1= ] = :
- (42)

= 2 p? -
=Vl +pn1n +2g1 cosy — I.
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Assuming the angle ¥y to be constant, and also pn <« i,

we obtain ;
n o

ey = ﬁ'mo"' (43) S

T

To obtain a more precise expression for'erl it is g é

necessary to carry out integration in the range of possible
angles determining the position of the glide plane with re-
spect to the effective stress,
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Figure 48, Diagram explaining the method of determining
the amount of displacement in the glide tracks,

l. Surface of sample

It is difficult to experimentally measure the amount
of displacement ppl’ thereforc we determine the height of

the step h of the glide line, TIrom Figure 48 it follows that

P,u‘i“t sin@® = h.

Assumi.np.\t equal to /4, ve find
h=&u—-§2—sma. (44)

Differentiating (4u4), we will have

V2
dh =-—¢ ¢o0s0d0.
7 F,,1°s

Then the mean value of the height of the sten will be:
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© 3 n/2
- dh —2——p°j cos 040 V"
0 2
haF 2 = /2 = T'pﬂi. (45)
[ a0 [ a0
§ 3
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In .ne general the general case we must allow for
the fact that the displacement in the track denpends on
the magnitude of the shearing displacement stress?d . If
we assume that the displacement is proportional toy, then
it is easy t. show that

pav': 2.3 hlv.‘ (uﬁa)

TR N RN SNST A RS e

TER FNTUREATTY

The magnitude of h is measured on the surface of the
deforncd +anple, Necause of the overall expansion the

. heigit ¥ che step is decreased by-Ji+€t°t times, Then

P SR RSPt

PN TIOWE TS

Pav= 23hy Y TFE oy » (47)
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Substituting (47) into formula (u3), we find the
final axpression for computing the deformation caused by
the coarse glide tracks

© st MR T

& -’:’l&&—*‘h_ 1 +etat.1000 = 1,62k, VIiFgge: (48)

Thus, after determining the number of glide lines
and measuring the height of the step on the tracks, we can
compute the deformation introduced by the glide tracks,
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The height of the steps can be measured usi; g an
MII-4 Linnik interferometer, which permits determining
the height of irregularities on the surface, beginning from
50 um, The error here comprises 3-5%,
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In those casaes when the height of the step is small,
vwe use a multibeam interferometer, the sensitivity of which
is one order of magnitude higher. The quite fine relief can
be investigated in an optical microscope by the phase con-
trast method [56].

Bxgansion Caused bx Boundary Deformation

Two methods exist for evaluating the amount of bound-
ary deformation., The first is based on a quantitative meas-
urement of the displacements in the boundary region (methed
of Maclean), the mecond is based on comparison of the defor-
mation of individual grains and that of the entire sample
as a whele (the method of Rachinger [129]).
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Just as in intragranular pglide, the displacement of
grains takes place not only in the lonpgitudinal direction
but also in the direction perpendicular to the surface. Heare
the amount of the boundary Aeformation depends on orientation
: of the boundary with resrect to the effective force, {,e.,
3 on the size of the angle . This can be explained by the
fact that boundu»y deformation, just as intragranular glide,
is accomplished under the sffect of shearing stresses which :
are maximal when J = 45°, ,

™

Having made the assumption as in the case of intra- i
granular glide, we find an expression for evaluating the
amount of the boundary deformation: .

pgb=[(Vx+§nﬁ+V2‘%ﬁ’i- 1)]- 100%, ;

and under the condition that pn¢ 1 :

£
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I3 b ® —t %, (49)
; £ J’ H
3 where Py is the mean displacement along the grain boundary; ;

i n is the number of boundaries per unit of length of the sample.

By measuring the mean vertical displacement component £
along the boundary hav’ we find :

-
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cav= 1620 VI F gy (50)
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The procedure describad was used by Rozenberg [59]
for evaluating the amount of displacement in the glide tracks
during creep.

In Rachinger's method [129], which may be used only
for uniaxial tension, it is assumed that the mean grain size
prior to deformation is the same both in the lonpitudinal
and transverse directions. The mean diameter of the prain
is equal to l/n, where n is the number of grains per unit .
of length of the sample,
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During mniaxial tension the grain is expanded in the
longitudinal direction and is contracted in the transverse, !
If the pirain were expanded in the longitudinal direction bv ' 4
a mapgnitude of £3, then its mean diameter would be increased :

by (l+£P) times, and in the transverse --‘it is increased by
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Jl+gg times, This leads to a change in the number of grains

per unit of length of the sample in the longitudinal and trans-
verse uirections:
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(51)
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The coefficient 1/k takes into account the possible
growth in grains at elevated temperatures., In the absence

of growth in the grains it may be aszsumed equal to unity and
then

N 2/3
8? & trans - lo. (52)

long

The deformation produced by the grain boundaries can
be computed as the difference:

tab=%ot™ g

Thus, in Rachinger's method, determination of the mean
deformation of the grain is reduced to measuring the grain
diameters in the longitudinal and transverse directions,

The complexity of this method involves the fact that
to reach the required accuracy it .is necessary to measure the
diameters of 1000 to 3000 grains. The number of required
measurements may be decreased if we determine the ratio of
the longitudinal and transvarse diameters of each grain; the
accuracy of the method increases in such case,

o

References [108, 109] studied the contribution of the
various mechanisms to the defermation of magnesium and the
MA-8 alloy during quasi-static and high-~velocity deformation.

Under the conditions of quasi-static loading (& = 0"3
sec'l) the plastic flow is basically accomplished by means of
boundary deformation and twinning. Even with a degree of
deformation less than 1% a relief appears on the grain bound-
aries., With growth in the degree of deformation the displace-
ments in the bhoundary region reach 2-3 pme The greatest
value is that of the junction of several grains (Fijure 43),
where the condition of compatibility of the prain deformation
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is éspecially hard to satisfy. The develonment of a hound-
ary deformation produces the appearance of microcracks, which
produce fracture of the magnesium and the MA-8 allov,

Figure 49, Quasi-static deformation of the MA-8 alloy. In-
terference lines are concentrated in the boundary szone and
at the junctions of the grains £ = 2%,

Intragranular glide is exnressed very weakly; even
with degrees of deformation near 10% the glide tracks pgive:
a quite fine relief that can be datected only with the aid
of an interference microscope. Here the displacement does

ot exceed 0,03 pme.

Such a character for the develonment of plastic de-
formation involves both the limited number of nossible rlide
systems and their their characteristics of the orientation

of the sheet material, As is clear from the pole figure

(Figure 50), the grain distribution in the MA-8 alloy is
such that the basal plane (0001) deviates no more than 35°
from the sheet plane. Here in the overwhelming majority of
grains the deviation does not exceed 15°, Thus, the zrain
is oriented unfavorably for basal glide., In pure magnesium
the orientation is still sharper.

Under conditions of pulsed loading the deformation
mechanism of these metals changes sharply. The quantitative
contribution of the various mechanism. to the overall deform-
ation also changes substantially., The density of the glide
line: and twins over the body of the pgrain i{s sharply in-
creased and the displacement in the boundary region is de-
creased,
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Quantitative evaluation of the amount of the various
types of deformation under hydrostatic and nulsed loading was
done in L108] by the MaclLean method.

Figure 50. Pole figure (0001) of sheets of the MA-8 allov
in the original state.
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The contribution of twinning was computed usinpg the
same formulas that were used to determine the amount of in-
tragranular glide ‘and boundary deformation, Here we meas-
ured the density of the twins per unit of lenpth of the
sample and the heipght of the step on the twin. The total
deformation was assumed equal to 100%,

PRI L L N o e
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. The results obtained for magnesium and the MA-~8 alloy
are sihown on Table 15,

PYRTRUL AT Sy ST ST PSRN

' If the basic contribution belongs to boundary deforma~
tion (more than 80%) in the hydrostatic loading of mapnesiun
and the MA-5 alloy, then by detonation loading the basic part
of the deformation is accomplished by means of intragranular

. glide (45%) and twinning (40%), and the anount cf the boundarv
deformation is reduced to 10%.
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The effect of rediszribution of the ccacvrisution of ¢he
various nechanisrs is so hiph :t sreatly excee.s vcossible
error. Iius, the density of wtae glide iracks ciring pulse!
deformation increases by 30-4) tines, and tho drosisy of the
twins increases by J3-U4 times,
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Table 15, Contribution of the Various !Hechanisms to the Overall
Deformation of lagnesium and the MA-8 Alloy
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(1) COY"™" | aenenoe g m)“ :
‘ Marunht 2,0 ( )rlmpm"ra. (8) 1 16 83 ,
{ THUCCKIT .
(2) ( § Yapuuwnof 4 40 15 '
: Cnauas MA-8 20 ¢ 4 r unpcm:&- 1 13 86 ; E
! P tuecky o 1 i
‘ (3) ( d )Bapuuuoﬁ 60 30 10 :
i 30 ) \ruapocra. =;
g Lo B
E‘E; 4 )Bspuauoﬁ 55 34 i 3,
’ 4.0 i Fuapocra. i 16 f
- (5 )mugcxuﬁ . 3
yapunuon 55 36 9 i
3
3 ;
] { 1, Material 6. Detonation *o
- 2, Magnesium 7. Contribution to total deform- ;
3 3., MA-8 alloy ation, % ;
4, Method of loading *8, Intragranular glide 3
5. Hydrostatic 9, Twinning )
10, Boundary deformation

Decreasing the amount of boundary deformation favor- 3
ably influences the plastic properties of magnesium and its k
alloy =- their plasticity more than doubles, g

arau
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Such a redistribution of the contribution from the
various mechanisms to the overall deformation can be ex-
plained by the characteristics of the intragranular glide
during pulsed deformation. As mentioned above, during pulsed
deformation of these alloys _multiple glide is carried out
over the planes (0001), (1010), and (10l1). The development
of multiple plide favors satisfaction of the condition of
compatibility of deformation of the individual grains, which
leads to a decrease in the stress pgradient at the grain bound-
aries, as a result of which the development of boundary de-
formation is slowed down and its contribution to the overall
deformation is reduced,
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CHAPTER 3

TWINNING UNDER CONDITIONS OF HIGH=VELOCITY DEFORMATION

Twinning is a process which competes with gliding in
the relaxation of externally applied stress, Just as the
gliding process, it is associated with restructuring of the
crystal lattice. In each specific case relaxation may take
place by one or another means or simultaneously by the two
mechanisms,if there are the proper premises for this both

from the viewpoint of geometry of the process and from the
energetic viewpoint,

1, Crystallography and Dislocation Twinning Models

Twinning can be represented as the uniform disnlace-
ment of one part of a crystal with resnect to another, par-
allel in some way to the rational crystallographic plane.
The spherical volume of radius R, separated from the crys~
tal as a result of the twinning displacement, is converted
into an ellipsoid, 1f one of the twinning planes coincides
with the twin-original crystal boundary, then the disvlace-
ment as a result of such shift will be that shown on Figure
51, The twinning process can be described by any pair of
components (Kl and nz or K2 and nl) and by the magnitude of

the shift S (for a single radius of the snhere) or the size
of the angle 2§ associated with it.

If the twinning plane is Kl, then the shift S must

lead to the formation of a rational crystallographic direc-
tion [2 (usually with small indices). By twinning alons

the plane K2 the rational indices must have the direction‘nl.
For highly symmetrical crystal lattices such as face-~

centered cubic, body~centered cubic, and hexaronal densely-
packed, the twinning process can be renresented schematically
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as a shift of planes lying to one side of a certain zpio
plane, taken for the twinning nlane Ky (Figure 52).,

"y
A

ql nK, ~ .
s P
(1) L .
loarno ‘Zw K, ~ T
Kpucmean- R, -
odmux e

Figure 51, Deformation of the spherical volume of a ¢rystal

as a result of twinning, Kl and K2 are the possible planes

of twinning, that are common for the ellipsoid of deforma-
tion and of the original sphere; nl and n2 are the direc=~

tions of the twinning displacement lying, respectively, in
the planes K1 and Kz. The plane K1 coincides with the boun=

dary twin-original crystal,

1, Crystal=twin boundary
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Figure 52, Diagram of the twinning process by means of a
simple displacement: a, original state; b, twins; c. rela-
tionship between the amount of the disvlacement S and the
parameters £ and d for the simple lattice,

The displacement as a result of twinning will be such
that the position of the atoms in the plane 1, 2, etcetera,
will become a mirror of the resnective atoms in the nlanes
-1, -2, etcetera, arranped below the nlane of symmetry, which
is the plane of twinning., Since the rlanes and the direc-

.tions of twinning may have only simnle crvstallopranhic indie

ces, from Figure 52 ¢ it follows that the amount of the dis-
nlacement T will he

Té -. F*— 443, {(53)
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where I is the modulus of the arbitrarily selected direction % f

in the crystal lattice, connecting the two atoms in the planes ¥ p

=1 and 13 d is the interplanar spacing of the selected system 3 ;

of varallel planes, H i

4

The amount of the single displacement S then will be g

S = T/d, vwhence :

4

Ft —4d

: A (54) !
. Replacing F by a shorter vector of the lattice b, using the

extreme value of S = 1, and solving equation (54) relative to
d, we find the inequality

(s5)

.‘ila

F<

Inequality (55), as well as the diagram shown on Figure
52 ¢, permit predicting the possible crystallographic indices
of the plane and direction of twinning for simple crystal
etructures [130],

Treating the twinning process as a uniform disnlace-
ment, Schmid and Boas [131] showed that twinning is associa-
ted with change in the size of the samnle in the direction of
applied stress, The change £ = flllo (where lo and ’1 repre~-

sent the distance between the two boundary planes of twinning, :
respectively, before and after deformation) depends on the :
amount of displacement S, During tension the maximal. expan- :
sion is ,

ANt e 1 o AR bt (a8 8.4 b L] B Wb 30 Ao Aae Al o kb s ABAS DALt |, et 8 o ity
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I A VR (56)

and during contraction the maximal shortening will be equal to

i s

-3

. cont s
pax =—3tyT+i1, (7)

P

1f the direction of the applied stress lies in the
plane of twinninp K1 or Kz' then the twinning does not lead

to change in dimensions, Thus, the sipn of the deformation
will depend on the crystallopraphic orientation of the samnle.
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3 Figure 53 shows the axis of the deformed samnle on a

3 sphere of projection, liere we can distinguish the rerions

5 in which the sipgn of deformation as a result of twinningp

will be positive (the unshaded nart) or nepative (the shaded
part). Such a conclusion follows from purely geonmetric
treatment of twinning as a process of displacement determined
by the plane and the direction of the disnlacement,

./.7\.»..\‘*: w o bewsan

At h Betnn 3.
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However we know that the final sign of the deformation
is determined by the directionality of the external stress, .
If a tensile stress is applied to the samnle, then r:pardless
of its crystallerranhic orientation the sample is increased
in the direction of the effective stress and decreased in .
3 cross section. During contracting stress the nicture will be
the opposite.,

RTINS

T
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In all metal crvstals possesasing a high symmetry of
the crystal lattice there are -about ten adequate twinning
3 systems from the crystallopraphic viewpoint, but differently
3 oriented with respect to the effective stress, Therefore it
is obvious that if a tensile stress is apnlied to the sannle,
those systems of twinning will act which give a vositive de-
formation, and during contraction =-- those which give a neg-
ative deformation.
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Figure 53, Regions of possible orientations for twinning on
a sphere of projection.
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The onset of twinning of a layer in a crvstal is as- ‘
sociated with the reorientation of the metal found betwveen K
the two extreme planes of twinning in comnzrison with the ma- i
trix, Let HKL be the indices of the twinning plane K1 or K2.
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and [UVW] be the indices of the direction n2 or nl' Then if i

some plane of the crystal prior to twinning had the indices :

(hkl), then following twinning the indices of this nlane be p

(h'k'€') (1317 o

K = h (HU + KV + LW) — 2H (Uh + Vk + Wi, 7

¥ = k(HU + KV 4 LW) — 2K (Uh + Vk 4 WL, (58) .

U =1(HU+ KV + LW)— 2L (Ukh + Yk + Wi 3

- _7'

4

The crystallopraphic direction [uvw] after twinning 3

. will have the indices [u'v'w']: %

'%

4 = u(HU 4 KV +7LW) — 2U (Hu + Ko + Lw), i

v = 0 (HU 4 KV + LW) ~ 2V (Hu + Kv + Lu) (59) .

_ w = w(HU -+ KV + LW) — 2W (Hu + Ko + Lu) 3
: Equations (58) and (5%) may be very useful for analyz- }
3 ing changes in the pole figure, After experimentally determ- ;
3 ining the displacement of the orientation maxima, we can con- :

pute the twinning systems associated with this orientation
transition.

The dislocation twinning mechanism was described by
Cottrell and Bilby [132]: later this theory was further de-
veloped by Venables [133, 134]. In accordance with the dis-
location mechanism, which in the literature is often termed

a polar mechanism, twinning of the layer is penerated under
certain conditions:

TV AT R T SE IR AT Y,

1, The twinning dislocation must be formed by dis-
placement in the plane which becomes the twinning plane,

Dlaaladk ur e var asrfian

2., The Burgers vector of the polar dislocation must
have a component that is perpendicular to the twinning plane ;
or, what amounts to the same thing, equal to the internlanar )
spacing for the twinning nlane,

3. Polar dislocation must be sufficiently well secure ) :
in order to resist stresses moving > the twinninpg disloca- : ;
; tion. The most reliable assurance is in the case if the polar : i
] dislocation is a sessile~-tyne dislocation, -

4, Twinning and polar dislocations along with the total
dislocation iine must form a site which is the nole. Twinning

dislocation must have the possibility o moving in the twinning
plane relative to the pole.
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Twinning Elements of Crystals With a Body-Centered Cubic Lattice ; f
After taking b = 1/2 [111] a, in ineauality (55) for k %
crystals with a bec lattice, we will have: ' B

ad _ 5.4
<3 ]
1
2,,2 2,.2,..2 -
Since a®/d” = H +K“+L", then the sum of the squares of .« ] ;

the indices of the twinning plane must be no more than six,

To select the twinning plane there are a nunber of limita-

tions: such a nlane for examnle can not be the plane of syme .
metry (for more detail see [130])). In crystals with a bec k
lattice the twinning plane is the planes of the set {112}. ;
The minimal displacement leading to symmetrical arrangement ;
of the sites relative to such plane will be 1/6 [111] a.
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Figure 54, Diagram of twinning according to the polar mech- ‘
anism in a bec lattice [132]: OA is the sinpgle dislocation -

in the plane (112) with a Burgers vector a/2 [1ll1]; OB is
the sessile dislocation with the Burgers vector a/3 [112];
OFEDB is the twinning dislocation with the vector a/b [1l1l1].

1IAPCA 5,
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If the single dislocation OA is found in the plane ;
(112) (Figure 54), then at point O it is split into two par- :
~ial dislocations according to the reaction

sl

PR DA PR Rl )

g %nmﬁ%mm+%um.

Then OB ~- the sessile dislocation a/3 [112]) -~ remains im-
mobile, and the loops OEDB may be displaced to the plane (112).
The Burgers vector for the dislocations in the plane (112) and
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(121) is one and the same. The segment of the mobile loop OE
may freely convert to the plane (i21). forming a contour,
which twins the dislocation OFEDB and is equal to a/6 [1l1ll].

st

Smnr

With complete rotation for one turn of the vector OF
around the point O a single~layer twin is formed with displace-
ment along OB by a magnitude of a/6 [I21], For twinning ac-
cording to the described mechanism it is necessary to have a
dissociation of the complete dislocations and consequently
the formation of a segment with a packing defect, The stress
which is necessary for the formation of such a segment is
proportional to §/b (vhere I is the energy of the packing de-
fect and b is the Burgers single dislocation 0A). With a

value of ¥ % 100 org/cm2 for the formation of a twin accord-
ing to the described mechanism in the bcc lattice there nust
be a2 stress that is near the theoretical strength,
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Reorientation of the crystal lattice as a result of
twinning is shown on Figure 55, The displacement of the
atoms led to their symmetrical arrangement relative to the
twinning plane (112), which is the interface matrix-twin,
S is the amount of the single displacement obtained by one
rotation of the twinning dislocation., The displacement in g
the other planes is a multiple of this value, <
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In cubic crystals there are twelve systems {112}
111>, by which twinning may take place., Realization of
one or another system depends on the amount of the cleavage i
stress proportional to the Schmid coefficient. In the stan- }
dard triangle it is difficult to determine the orientation ;
of crystals, for which only the twinning system will be ef- {
fective, lowever it has been proven that this is such an
oriantation for which the ratio of cleavage stresses (or
what amounts to the same thing, the Schmid coefficients)
for two of the most heavily loaded systems [135] is the . }
greatest, Figure 56 shows the contours of such a ratio for : 3
different orientations in the triangle during tension and 3
contraction. From these data in particular it follows that :
the minimal number of twinning systems is realized during

contraction in that case if the stress is anplied in the i §
direction [355], lying on the line [111]-[110], and during ;
tension this direction deviates by 6° toward the center of { 4

the triangle.

In reference [13C] single crystals of silicon iron :
were deformed in various crystallopgraphic directions. The
results are given on Table 16, (inder the influence of a ;
shock wave in the direction [111] during contraction three 1
twinning systems may be realized. Of the other nine svstems, 3
three have an orientation factor eaqual to zero, and the other
six svstems appear only under tension.
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Figure 55, Projection on the plane (1I0) of the matrix and
the twinned layer of a becc lattice, The twinning plane is
(112), direction of twinning is [1I1]): I, twinned 1aver;
11. projection of the twin; IIl. projection of the matrix;
0 = atoms lying in the plane of the drawinpg; 0 = atoms dis-
placed relative to the plane of the drawing above or below
by a value of a+/2/2.

In the direction [112] the shock wave mav induce four
systems, for which the orientation factor is equal to 0,39
and 0,16, Of these four systems three ware determined metal~
lographically in the form of tracks on the plane (1I1), of
the other eipght, three have a displacement stress equal to
zero and five may act only under tension.
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1 Table 16, Twinning in Single Crystals of Silicon Iron, De- : g
: formed in Different Crystallographic Directions E
E [136] , ;
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Figure 56, Contours of the ratio of Schmid coefficients
for two of the most heavily loaded twinning systems {115}
{111) under contraction (a) and tension (b) [135],
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In the deformation by zontraction in the direction
(001] eight twinning systems appear. But on the plane (110)
they are detected in the form of four systems of tracks. The
; largest number of twins is found aiong the planes {113},
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Twlnning Elements of Crystals With a Face-Centered Cubic
attice

NOvTEN

Taking the minimal displacement in the fcc lattice in
inequality (55) as b = 1/2 [110] a, we find that the twinning
plane may be {111} with a displacemsnt in the direction {1129, .
The correctness of this statement has been proven in numerous
sxperiments.
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A nocessary premise for the formation of a twin in an
fcc lattice, according to Venables, is the formation of long
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Figure 57, Diagram of twinning according to the polar mech~
anism in an fcc lattice [137]: (111) is the conjupate plane; ;

(1I1) is the transverss plane; (l11) is the primary plide ;
plane.
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thresholds in the plane adjoint to the primary glide plane.
These thresholds are pgenerated when the dislocation Sp, move

ing in the transverse plane (1I1), meets a dislocation for- 3
est ln its path, that is located in the conjugate plane (1II1) 3
(see Figure 57). Then the segment of the dislocation AB un-
der certain conditions may dissociate according to the equa-
tion:

< [T01) =5 (111 -+

PRV LN U TR VS I ORI TR )Y

P

PGV

+ 5 [121)

with the formation of the twinning dislocation a/6 [121] and

the polar dislocation a/3 [1il]. As a result of the full ro-

tation of the polar dislocation the segment of the disloca-

tion in the primary plane b, is shifted to the transverse

plane by a value AB with fo%mation of the defect along (11l1). [
The new splitting will still give one jump similar to AB, ;
etcetera,

Reorientation of the fcc matrix as a result of twine
nin; was examined in Figure 58, where the projection of the
c¢rystal on the plane (110) is given., The boundaries of the ;
twins represent a track of the plane (111)., In the nlane of 3
the drawing (110) we see the atoms with coordinates of the . %
type [(000]] and ([1/2, 1/2, 0]]. The atoms with coordinates %
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Figure 58, Projection on the plane (110) of the matrix and
twin in an fcc lattice [138]. The twinning pliane is (111),
the displacement direction is [113]. The white circles rep-
resent atoms arranged in the plane of the drawing, The black
ones are shifted upward and dounward with respect to the plane

of the drawing by '.TE o I is the twinned layer; II is the
projection of the matrixg III is the twin projection,
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(0172 ¢ 17213 and [lO Y/
relative to the plane (1

2 1721} are shifted above and bhelow
® a
1

C) by a value of

4 i
As is n.avious frorm the diasram shown, twinning changes
the order of arransement of the atonic lavers, in the direct-
ion pernendicular to the plane (111). The usual order of
arransenent for fcc metals ARCABC is restructured into the
order ABC [BAC] ABC. The sepment of the crystal included in

tine brackets is a twinned layer with mirror arranpement of
the atoms relative to the twinning plane, .
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Twinning Elements of Crystals With a Hexaponal Densely-Packed
Lattice

Twinning in hexaronal crystals has no such uniformity
as in cubic crvstals. The nlanes and even the direction of
twinning may vary as a function of the temnerature and veloc~
ity of the deformation, the depree of doping of the alloy,
and the orientation of the grain,
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Figure 59, Planes of twinning in a hexagonal densely-nacked
lattice., ’

As yet we are unable to systematize and explain one
or another system of twinning in each specific case,

o e

Numerous attempts have been made to associate the be-
havior of hexagonal metals during deformation with the ratio
of the lattice constants c/a., However here also no orderly
system has been found. Twinning along the plane [1012} in
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g = A
3 the direction [1011], which is encountered most often, was p
E. found in cadmium (c/a = 1,886), mapnesium (c/a = 1,623), and )

in beryllium (c/a = 1,568), At the same time, as will be
shown later, titanium (c/a = 1.587)_ during static deforma-
tion is twinned along the plane t1012}, and during hiph-
velocity deformation furthermore along the nlanes {1121} [
and {1132}, Table 17 shows the twinninpg svstems for the
various metals with a hexagonal denselyv-packed lattice.
The twinning planes shown on Figure 59 are the ones most 3
often encountered. ;

Reorientation of the twinned segment with respect to §
the mati-ix during twinning along the nlane (1012) is shown 3
on Figure 60, Here the projection is given for both ses-
ments of the crystal on the plane (1210). If we take the p
hexapgonal prism for the unit cell, then .ie of the atoms 3
with the base [[000]]) &nd one of the thr.2 atoms with a i
base of the type [[1/3 2/3 1/2]] will enter the plane, The
other atoms, as is clear from Figure 62, are found ahove
or below the plane of the drawing. Analogously we can also
construct the twinning diapgrams aloip the other planes [139].,

2, Deformation by Twinning
Twinning in Metals With a Hexagonal Densely-Packed Lattice

IRRPPLT IR 1%

Mechanical twinning in metals and allovs with a hex-
agonal densely-packed lattice has been studied numerous
times in connection with the different conditions of nlas-
tic deformation, For example, twinning has been detected i
during tension, pressing, rolling,and detonation nunching {
of polycrystalline crystals of magnesium and its alloys,
Twinning exerts a substantial influence on the properties .
of metals., The stresses concentrated at the boundarv of :
the twin or at the point of intersectior of two twins, may :
be the reason for the formation of microcracks, and it may !
alter the level of the microstresses, As will be shown, !
the formation of twins substanially influences the strength-
ening process,

S PR R O TS

Reed-Hill [140] found a complex twinning in single
crystals of magnesium under tension parallel to the pnlane :
(0001). It was experimentally shown that the part of the :
twins forming first along the_planes (1011) and (1013) are .
retwinned along the plane (1012) in the process of plastic
deformation,

i At A Y a4

In the investipgations of Couling et al [lu4l] a sig-
nificant twinning was observed during rolling of an Mg-Th
alloy. Here the authors showed that when the degree of def-
ormation per operation does not exceed 2%, reneated rolling

ot mme sy rsrrn
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Table 17,
1. Metal
] 2,

Twinning plane { hkit}
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permits obtaining sufficiently larpe total degrees of deforme-
ation without fracturing the metal.

Twinning Systems in Hexagonal Denselv-Packed Netals

(1) Meramn " h,.&h’;.:f::s::“. Hunpanacune
Y hkil} (23 fuvtw)
Cd 1,886 {1072} 1ol
Zu 1,856 {1012} (1011)
My 1,623 {1072} (1011)
s} e
b (3032),
{121 (1i26)"
Zr 1,592 {1012} (10i1)
(121 (1126)
:“g; (1123)
a-Ti 1,587 {1012} (10t
(121} (1126)
| O
Be. 1,568 {1012} (1011)
Re 1,614 {121 (1126)
(1012} (1011)
{1122) (i123)
Co 1,623 {1012} (1011)
{1131) (1126)

Divection of displacement [uvtw]
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densely-packed lattice on the plane (1210).
plane is (1010) and the direction of the displacement is

[1011]:

I is the layer of the twin; II is the projection of

Projection of the matrix and twin in an hexagonal

The twinning

the matrix; III is the projection of the twin,
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Mechanical twinning takes place at stresses much less J
than the theoretical strength of an ideal crystal. Neverthe-
less, for the onset of twinning the stresses must be consid-
erably greater than for gliding, and further development of
the process may take place even at lower stresses, Unlike
gliding, for twinning it is difficult to establish the map-
nitude of the critical displacement stress, The values which :
have been derived for the actual twinning stress by various K
authors sometimes differ by 100 times [14], Such scatter is \
caused both by methodical errors and because twinning during
static deformation depends strongly on the presence of stress i
1 concentrators. Local stresses may be formed, for examnle, by i
3 . the pile-up of dislocations, Price [143], during the deform- ;
1 ation of zinc whiskers, found that the critical twinning i
. stress is equal to 100 Mn/m2 (10 kgf/mm2) during favorable :
¥ orientation and 600 Hn/m2 (60 kpf/mm2) in individual samples.
E If we eliminate the influence of the concentrators, then the

necessary stress is 400-650 Mn/m2 (40-65 kgf/mm2), Accord- |
ing to the data in [l44],for the onset of twinning in zinec ' g
whiskers there must be a stress of 500 Mn/m2 (50 kgf/mm2) * ;
and for growth of the already existing twin it is less than
5 Ma/m2 (0,5 kgf/mm2),

e,
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i Figure 61. Dependence of stress necessary for formation of
twins on energy of packing defects of copner alloys doped
with zinc, aluminum, and germanium [134],
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Reference (145] showed that by lowering the deforma-

tion temperature the resistance to twinning in zinc is in-

3 creased by four-five times, In titanium by lowering the

: temperature and pulsed load the twinning planes are modified.
All this indicates that determination of a critical twinning
stress involves considerable experimental difficulty.

E

3

By investigating transition metals and alloys on their b
base, in reference [146] it was found that the moment of ap- to4
pearance of twins depends on the magnitude of the effective !
stress., Twins are generated under loads which exceed a cer-

tain pgiven magnitude of twinning stress ?::. which is determ- 1

ined basically by the energy of the packing defects of the
alloy and depends on its chemical composition. The depend-
ence of twinning stress on energy of the packing defects Y was 3
also mentioned in reference [134], where copper, doped with
various elements that lower Y, was investigated (Figure 61).
The magnitude of the stress at which the twins are generated
depends on the purity of the crystal. Bochvar et al [1u47]
established that the stress necessary for onset of twins in
zone-refined bismuth is almost half that of technical bismuth,
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Figure 62, Schematic dependence of the critical cleavage
stress of gliding and twinning on deformation temperature,
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Decreasing the temperature and increasing the deforn-
ation velocity facilitates the development of twinning. With .
5 decrease in temperature a transition is observed from plid-
: ing to twinning., This involves a different temperature de-

SO T I R

pendence of the critical gliding stresses (?81) and twinning
stresses (T::) (Figure 62), The equation Tﬁr = ?:: is satis-
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fied at a certain temperature Td. then T ¢ Td-§2i >'2'z:,
nlastic deformation begins by twinning., TFor metals with an
fcc lattice,for example,'tzz must be less than the critical
cleavare stress alonp the plane {111}, VWhen T ) Ty rlidine
is preferred. Since ?2: varies more weaklyv with deformation
velocity than’rzi (1u8, 149], increasing ¢ shifts T, to the

repion of hirher temperatures,

d

Just as in all similar cases, in the shaoing of iew
formations it is interesting to examine the oripin and the
proyapation velocitvy of the twin, The secondary velocity
may he represented, for example, as the rate of displacement
of the twinning dislocation along the line OB (see Figure 54).
However it is extremely difficult to obtain such data exner-
imentally. 1In reference [150] an attempt was made to eval-
uate the linear densitv of twins, i.e., their number, or rate
of formation per unit of time as a function of the amount of
deformation, According to the data in [150], the linear den-
sity grows only up to 2% of the deformation, then remains
constant. These results, however, are contradicted bv nun-
erous experiments according to which a high stress is neces-
sary for the onset of twinning. Furthermore., direct metal-
lographic investigations show that it is mainly the number
of twins that grows with development of the deformation.
Takenchi [151] estimated the rate of propapatisn of the anex
of the twin in iron in the direction parallel to the shift
(111>, The value of 2,5 mm/pusec, which he found, is near
the rate of propagation of transverse waves. In the perpen-
dicular direction the velocity was 6 mm4psec.

In this case it is more proper to evaluate, as is
done in the majority of works, the rate of nroparation of
the twin by experimentally determining the time of its proon-
agation, Bunshah [152] studied the rate of propagation of
twins in bismuth, zinc, and iron at various temperatures.

In all cases this rate comprises a significant part of the
rate of propagation of the elastic transverse wave, Tlor bis-
muth it almost reaches this latter (1800 m/sec), and for
zinc and iron it comprises approximately half. The reason
for the rapid propagation of twins is the large difference
in the formation stresses and growth of the layer, It is
interesting that in the deformation of bismuth in the ranpe
from 420 to ~195° C, the rate of propagation of the twin is
practically identical., Analogous results were also found
on iron in the temperature range of «196 © C to +123° C at
a deformation velocity of 10-% sec-1 [151]., Thus, growth
in twins is obviously not a thermally activating process.
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At the present time there are no directlv exnerimental
data that determine the influence of deformation velocitv on
the rate of nropapation of the twins., LBut, as has been shovn,
the rate of propagation is near the velocity of the elastic
wave, At the same time, from Chapter 2 it follows that the
velocity of dislocation displacement hv increasing the ex-
ternal stress approaches those samne values but does not ex-
ceed them !, Consaquently, we can exnecct that the increase
in deformation velocity, just as the chanpe in temperature,
is not substantially expressed in the rate of nronaration of .
the twins,
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If we take on the averase the rate of twin nroparation
to bhe equal to apnroximately 2000 m/sec, and the length of
the twin to be commensurate vwith a srain size of 20 um, then
we find that the time of the formation of the twvinned layver
is about 10-8 sec, This time is certainly less than the tinme
of application of the pulsed load., !ore important, for the
formation of a twin, we nevertheless do not require a stress E
in the hundreds or even in the tens of kilobars, i
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The twinning characteristics in magnesium and the MA-8
alloy on a magnesium base (1.32% ln, 1.2% Zn, 0.32% Ce) were ?
: studied bu us (108, 109] in the detonation and hydrostatic ]
3 ounching of half-spheres, having a radius of about 150 mm,

3 In the billets we girew a grain of about 500 um in size; the
surface of the samnles prior to deformation was nolished in
15% HNO,. 3

The twins during quasi-static deformation of magnesium
and the MA-8 alloy are usually develoned from the grain boun-
daries (Figure 63), They have & lenticular loop and within
a single grain they are propagated in one or two directions,
Analogous twins were also detected in reference [126] and
identified as §10I2} (10I1). Although in the peneral case
twinning may be accomplished in all six pyramidal planes, in
static deformation it takes place only along those for which
the magnitude of the shearing stresses reaches a certain
value of‘rcr for the given twinning plane. Reachinr'z'cr is

facilitated by the presence of stress concentrators, which
in the given case are the grain boundaries. During pulsed
loading the role of twinning grows significantl; both in
magnesium and in the MA-8 alloy. Under these conditions the
twinaing takes place along a greater number of planes; the
number of twins grows by two to three times and thev are ar-

s

1 Supersonic dislocations in this case do not have to be ex- )
amined since for the movement of such dislocations we assume

the lack of barriers in the pglide plane and for the formation

of twinning dislocations there must be a fixed pole,
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ranged in three to four directions (Figure 64)., Here the
deformation twins appear both in the boundary region and di-
rectly in the body of the grain, i.e., their generation de-
pends to a lesser degree on the stress concentration at the
grain boundaries than during quasi-static deformation, The
density of the twins By {i.e,, the number of twins inter-

secting the straight line in one field of the thin section,

during pulsed deformation is increased by almost three times.

If during the quasivstatic deformation up to € = 4§, n__ =

tw
2.9, then during pulsed deformation with the same degree of
deformation, Bew * 6.6,

Figure 63, Twinning in magnesium by static deformation. The
individual twins come from the grain boundaries, Within a

single grain the twins are parallel, thus indicating a single
twinning system. X 300,

Twinning progresses with increase in the degree of
deformation regardless of the loading velocity, but this pro-
cess takes place more abruptly by detonation punching.

Joshinaga and Horinchi [153] observed a pile-up and
subsequent slow=down of the dislocations in the displacement
plane {1130} in the deformation of magnesium, Rather high
stresses were generated in the plane that were partially re-
laxed by bending the crystal along this plane and partially
by extensive twinning along the {1012} under conditions which
are completely uncharacteristic of twinning., This led to a
significant strengthening of the magnesium crystal, similar
to the strengthening of metals with an fcc lattice at the
second stage, although the strengthening for magnesium was

?/1030. which is several times lower than for the foc metals
154],
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Figure 64, Twins in magnesium during detonation deformation,
arranged along four different planes,
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In addition to the magnitude of the critical cleavage
stress, one or another twinning system is determined by the
! orientation factor, Reed=-Hill [155] studied twinning in
zirconium, whose grains had a different orientation of the
basal plane with respect to the applied load. Computation
shows that the maximum of the orientation factor for the
various twinning systems is found .t different angles to
the basal plane (Figure 65 a)., The identification of twins
made by the authors in the variously oriented grains, is
shown in the form of histograms on Figure 65 b, The results :
agree well with the computed coefficients., i
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If the twinned layer is oriented such that the glide
planes are favorably arranged to the effective stress, it is
possible to have a gliding process inside the twin, Such an

\ example is shown on Figure 66, Inside the forming twins we
g i can see traces of base pliding. Probably this may be an
' illustration of a specific case when, in spite of the nast
twinning, a stress level was retained that is sufficient for
gliding along the basal plane by favorable orientation of
the plane with respect to the applied stress,
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The denendence of the width of the x-ray lines of the
MA-8 alloy on the degree and type of deformation (Figure 67)
has a slightly unusual form., Even with small deprees of
quasi-static and pulsed deformation (£ = 2%) the width of
the line (0006) grows by almost three times in comparison .
with the original value and then nractically prows no nore,
At the same tire the width of the line (0002) is monotoni-
cally increased in the entire ranre of the deprees of defor-
mation,
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Figure 65, Change in the orientation factor (a) for the ; i
various twinning and gliding systems along {10103 and dis- ; ;

tribution of the number of grains with different systems

of twins (b) as a function of the angle of slope of the 3
basal plane [155): I. grains without twins with gliding é
along {10103; II, twins along the plane J1122}; III. _twins
along the plane {11313; IV, twins along the plane {10123.

1. Orientation factor 4, HNumber of grains
. 2, Gliding S. Angle between the axis
3, Angle between‘'the axis of of the load and the plane
the load and the plane (0001)
(0001)
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] Figure 66, [Iulsed deformation of magnesium, Visible are
tracks of the base glide and twins, Inside the twinned
layers is seen the base glide of a lower density than in
the matrix, X 600,
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Fipure 67. Dependence of the width of the x-ray lines ki
(0005) and (0002) of the MA-8 alloy on the degree and tyne :
of deformation: 1., dynamic deformationj 2. quasi-static :
deformation.
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The results of harmonic analysis on the shane of the

line showed that the size of the blocks of coherent scatter-
ing is decreased with increase in the depgree of deformation .
(Figure 68), Such a dependence was found repeatedly on many
materials, But the size of the microdeformations (Fipure 69)
is also decreased, and its drov is more sharply exnressed
during high-velocity deformation. This somewhat unusual re-
sult can be understood by exanining it in connection with

3 the deformation mechanism at the various stages of the pro=-

5 cess, With small deprees of deformation, althoush the crit-

ical cleavage stress of twinninp is not yet reached, all the
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Fipure 68, Change in the size of the exnerimental MA-8 allov
as a function of type and degree of deformation: 1. dvnamic
deformation; 2. quasi-static deformation,

deformation takes place by pliding along some single system
that is most favorably oriented with respect to the external
stress, During this period, in the absence of a sifficient
amount of the relaxation processes, the microdeformations
grovw rapidly. But after reaching a given magnitude the
stresses are relaxed as a result of the developing process
of twinning, As.is clear from Table 15, with an increase

in the degree of deformation, the twinning role is increased,
which also leads to the dependence shown on Figure 69, This
is manifested especially sharply during hipgh-velocity defor-
mation, Iohari and Thomas [156] mentioned that the density
of the dislocations is lowered by the apprearance of twins,

%ﬁuﬁ
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Figure 69, Change in the magnitude of microdeformations in
the MA-8 alloy as a result of the type and degree of deform-
ation. The symbols are the same as in Figure 68,

Titanfium is very sensitive to the loading nrocedure,
The mechanism of its deformation varies as a function of the
diagram of the stressed state [157, 158], the velocity [159],
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and the deformation tenperature [160]., If the deformation

is accomplished by gliding in the process of tension at room

temperature, then a large nunber of twins is observed durins

twisting., Increasing the rate of the tension from 0.8 to

%u mg/min sipnificantly intensifies the twinning nrocess
159],

In our work we investigated tvyne VT~l technically nure
titanium, The billets were subjected to quasi-static deform-
ation at a velocity of about 10-3 sec-l on a hvdraulic test-
ting press or on a 1000-ton hydraulic nress.

High-velocity deformation was done either accordinyg to
the detonation diagram (see Figure 4) or bv the electromage
netic method described in Chapter 1. In both cases the de-
formation velocity was about 104 sec~1l,

For the intermediate deformation velocity (about 10
sec~l) we used plastomere, whose design was described in ref-

erence (1611,

He grew a grain of about 200 am in size in the billets
with the aid of two-fold and three-fold deformation un to &
critical degree of 7-8% and subsequent annealing at 800° C,

The surface on which we studied the glide and twin tracks
was first polished in an electrolyte with a composition of 2
80% stou, 10% HF and 10% H,0, at a current density of 15 A/cem”,

Quasi-static deformation, as already mentioned, begins
from gliding (Figure 70 a). With increase in the derree of
deformation the number of systems included in the gliding is
increased, and only when & = 15-18% (I'igure 70 ¢) do individ~
ual twins appear in a single direction.

The mechanism varies sharply in deformation by deto-
nation and during electromagnetic punching., The deformation
is almost completely accompiished by twinning (Fipure 71).
Depending on the orientation of the grain with respect to
the effective stress, the twins have a different shane, which
anpparently is already due to the rate of growth rather than
to the conditiocns of twin oripin, But in either case quite
a few twinning systems are detected. In prains with wide
twins we can observe any interaction between them within
the framework of the classification sugpested by Startsev, : A
Kosevich, and Tomlenov [162],

Ul'yanov and Moskalenko [160] assume that the shape
of the twins in alpha-titanium depends on the twinning system,
But they made no identification, A different shane of the
twins under impact tension was also detected in reference
{163]. These authors assume that the shape of the twins is
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Figure 70. Deformation tracks in technically pure titanium
type VT-1l after quasi-static deformation: a. E = 5%; visi-
ble are tracks of prismatic gliding; b. £ = 10%; basal and
prismatic gliding are developed; c. € = 18%; twins appear
arranged in one direction., X 500,
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determined by the deformation velocity, assuming that at
small velocities the time of applying the load is greater

- and this. facilitates growth of the twin. Such an oninion
is not correct, since it is known that for the development
of twinning we need a significantly lower stress level than

. for the onset, and the time of application of this stress
is undoubtedly greater then the time of the non-diffusion
dis; .acement,
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The explanation suggested in reference [163] is not
confirmed by our experiments either, The twins shown on
the two photographs on Figure 71 have been produced in var-

ious grains on one and the same sample deformed by 12% de-
tonation,
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By carefully preparing the surface of the thin section
in samples of alpha-titanium it is possible to produce etch-
ing holes which permit identifying the twins and the glide
lines in the individual grains. Depending on the orientation
of the grain of alpha-titanium to the plane of the thin sec~
: tion the shape of the etching holes, as shown non Figure 72 a
1 may be different, T[For identificaiion on a great circle of
projections (Figure 73) from the microphotographs the etching ’
holes (shaded triangle in the center of the circle) and the %
twin tracks oriented toward them are shifted. Since the 3
sides of the isosceles triangle are tracks of the intersec~
tion of the plane of the thin section with the planes of the b
set {10103, then the gnomonic projections of these planes . 3
must lie on the normals to the sides of the triangle (the i

E
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thin dotted lines on Figure 73 b)., Then we can determine

3 the position of the gnomonic projection of the basal plane

g (0001), which is 90° away from (0110) and from (1010). Thus
3 the grain orientation has been determined.

Possible twinning planes, as we know, depend on the ;
type of crystal lattice. Therefore on the great circle of 2
projections in accordance with the grain orientation we 3
plot the projections of the planes which may be the twinninpg '
planes, For titanium it is_feasible to plot the proiections
of the planes {10123, {11213, {11323, ana {11233,

N

At the same time the stereographic projection of the
twinning plane plotted from the microphotograph must lie on
the normal drawn toward this nlane and passing through the
center of the great circle of projections. On Figure 75 the
twinning planes are identified as (1212) and (1012)., The
glide tracks may be identified analogously.

PRI SV T

Identification of a large number of thin sections
showed that during quasi-static deformation in alpha-titanium
the twinning takes place only along planes of the set {1oig},

for which obvioualy‘tzz is minimal. During highe-velocity

deformation titapium in addition is twinned along the planes
{11213 and {1152 « Fine twins, analogous to those shown on
Figure 71, were produced by Reed-Hill and Buchman [164] in
zirconium and called "zip~zap" twins,. Interpretation de-
termined the twinning planes as 11012} ana {11%13.
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Figure 71, Microstructure of type VT-1l titanium after highe
velocity deformation, In one grain the twins are arranged
along several crystallographic planes., &€ = 12%, Depending

on the orientation of the grain the twins have a different
shape. X 500,

e

Twinning in the VT-1l titanium and the OT=-4 alloy
(2.92% Al and 1.4% Mn) at various deformation velocities
was studied by Knizhnik [165]., For identification of the
. twins in single~-phase alpha-titanium type VT~l the method
; described in reference {166] was used also for the identi-

fication of twins in the 0T~% alloy and an assumntion of
erystallographic correspondence was made, according to
wvhich the particies of beta-titanium are arranged along the
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Figure 73, Identification of twins from the etchine holes: i 3
a. twins and etching holes in alpha~-titanium; b. gpreat H 1
circle of projections: triangle in the center is similar to H 3
the etching hole; the heavy solid lines are tracks of the 4 3

tvins; the heavy dotted lines are the normals to the twin-
ning planes; o are the possible twinning nlanes; e are the 3
indices of the twinning planes visible on the micronhotogranh, 3

tn

ALt dekrl

planes {10i0} of the alpha-phase., The deformation velocity
varied from 2,00167 to 6C0 n/sec., The author assumes that

by increasiup the deformation velocity the nunbter of twinninr
systems is decreased and the twinninp systems {12513 and
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Figure 74. Pole figures (0001) of the VT-1 alloy: a. after

rolling; b, after quasi-static deformation; c. after pulsed 4
deformation, : ]

Eliozl. appgaring statically are changed after_detonation into Co 5
1121} and {1152 for the VT-1 alloy and into {2301} and {23033 {
for the OT-4 alloy.

Twinning along the planes with such large indices is :
encountered very seldom, and as a rule, is not confirmed by
further investigations, In magnesium the twins which first
were identified as (303u) [167] were found to_be twins (1011)
and (1013) which are then retwinned along (1012) [140], 1In
reference [165] it would probably be necessary to confirm the
structural correspondence of beta- and alphi-titanium by

electron diffraction, which may change unde: pulsed loading
conditions,

PR 1o P TP TR O SN, 2T SN PR
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In recent years analysis of the orientation has been
made not only as a method of deszribing the isotropicity of
the properties of metals, but also as a method of investiga-
ting the elements of pliding and twinning [146]). Such a
relationship undoubtedly has proner structural nremises, but
as yet no overall diagram exists which permits making any
quantitative evaluation in each individual case.

D umle at ot e iR

-137-

L)

;e

N .. Laa wy
PP =X T e
JOFr ZTVVE X L g eyt

s i

e T UL j
. ) P




- ;- - - FGALET T 3G T T
- wiv [ it T LT A St Bl R e bt .
P - - v T T TR T TR T, TR TTVST T g

TR AT R T TP TR T T TR ORI AT = i

) e
3 Thé original sheets of the VT-1 alloy, which we de-
3 formed by detonation and quasi-statically, had an orientation
4 that is characteristic of many metals with a hexagonal densely~-

E packed lattice. The basal plane (0001) was turned by approx-
: imately 30° around the direction of rolling (Figure 74), Dur-
3 ing quasi{-static and hydrodetonation deformation the change

' in orientation has a common trend., With increase in the de-
gree of deformation a secondary orientation maximum (0001)
appears that forms an angle of about 20° with the plane of

the rolling. But, as we can see from Figure 74 b and ¢, du-
ring detonation deformation the secondary maximum appears sig-
nificantly earlier. An analogous change in the orientation
was mentioned in references [168, 169] by doping titanium

with zirconium., The authors associate the appearance of sup~
plementary maxima with change in the effective twinniny sys-
tens,

A Tiadin Btk

Twinning in Metals With an fcc Lattice
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Twinning in metals and alloys with an fcc lattice is
not such a common mechanism for the relaxation of stresses as
in hexagonal densely-packed metals. Analysis of references
(156, 170-172] shows that the onset of twinning in metals
and alloys with an fecc lattice depends mainly on the follow-
ing factors:

(1) The amount of energy of the packing defects in

the metal or alloy and correspondingly the degree of doning
of the alloyy

(2) Temperature of deformationg
(3) Velociy of deformation;

‘ (4) Original crystallographic orientation with re-
! spect to the effective stress,

i The curve for the tension of metals with an fcc lattice
i at low temperatures has a characteristic shane with a segment

i of the broken line where twinning is actively develoned (Fip-

' ure 75). The formation of twins is accompanied by character-

: istic cracking and propagation of Neumann bands over the en-

: tire deformed volume. Deformation curves analopous to those

. shown on Figure 75 were obtained for the tension of copper
{171] and of alloys of copper with pallium and germanium [172].

dith increase in the deformation velocity in several
metals, and especially in allovs, twins annear alons the nlane
of the octahedron at room temnerature and cven at elevate-
temnerature (173, 156, 101] and fron a certain value o¥ the
velocitv (or value of the peak pressure) this nrocess nro-
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Figure 75. Stress-strain curve for the Au+l0% Ag alloy at
77.3° K [172], -
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gresses: the contribution of twinning to the overall defor-
mation grows. The pressure, at which twinning begins, varies
in wide ranges for the various metals and alloys, A definite
relationship is seen between this pressure and the energy of
the packing defects (Table 18). On the Cu-Al alloy [156] it
is shown that the density of the twins is increased with in-

crease in pressure, and the thickness of the twinned layer
is decreased.

Table 18, Critical Pressure Corresponding to the Onset of

Twins During Pulsed Deformation for Alloys With
Different Packing Defect Enerpy

» ARR
Meraaa nan cnase ,’:/'“f ::.m::. : Jlmmp::::uu
(1) {2) e (3 (u)
Nt ~1%0 350 i)
Cu 70 1628 1
s | o8 owm ) ™
Cu+ 8,19% Al 28 T
l. Metal or alloy 3. Pcr for onset of twins, kbar
2. W evg/cm2 4, Literature source
=139~
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In accordance with the twinning model of Venables [133,
134] the critical cleavage stress of displacement during twin-

ning ?:: depends on the energy of the packing defects ¥, the
Burgers vector of the partial dislocation 51, the coefficient

of the stress concentration n and on the radius of the half- -
loop of the packing defect a,:

-
A
,‘ki
N, - PRI
A, Stk ROV WS P D

TP

L.

tw _ y , Gb .
wWer 5 T3, (60)

But the value of 2a° may be equated to the length of

the dislocation line ¢, the motion of which under the effect
of the applied stress is determined by the familiar relation-

ship ¥ = Gb/f. Substituting this value into formula (60), we
have

xS L L G A

tw _ v
T er ° Teb—3y " (61)
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The presence of the concentration factor explains why,
in the individual regions of the crystal, twinning is ob-
served and in others with the same density of dislocations
there are no twins. For quasi-static deformation Venables
assumes n » 3 wherein n may vary as a function of ¥. During
pulsed deformation [156], even assuming n = 1, the computa-
tional data are found to be slightly lower than the experi-
mental data (see Figure 76), In other words, under conditions :
of pulsed loading, the role of the stress concentrators is g
significantly reduced. :

vl

£ i £ 24 b

As follows from the dislccation twinning model, the X
formation of twins in an fcc lattice is directly related to 3
the activation of transverse gliding. Table 19 shows data
[137] on twinning in metals with an fcc lattice as a function

of the quantity Gb3/A (where A is the energy of activation of
transverse gliding).

PP TP

It is still difficult to establish from which of the ;
f values the better correlation is established for the criti- ;
cal twinning stress: with the energy of the packing defects .
or with the energy of activation of the transverse gliding.
But we do know that these values are interrelated.

Pt
\j
1
3

For single crystals the pressure necessary for twin-
ning depends to a significant desgree on the crystallographic
direction. According to the data of DeAngelies and Cohen
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Figure 76, Dependence of the critical impact pressure, nec-
essary for the appearance of twins, on the enerpy of packing
defects; the vertical segments are plotted from the experi-
mental data [156]; the points on the line are comnuted fronm
formula (61).

1. P_.» kbar 2, Y, erg/cm2

Table 19, Dependence cf Twinning on the Value of GSS/A

Mezana nan ciass Gb¥A OGpasonanne Rs0 thuxon
(1) (2) -
Al . 3
N lg He oGpasywrca
Pb 9.4 ( 3 )
Ni+ 40% Co 8,7 ?pa;ymcx np; HHs-
X0 ﬁmmmnwn(J)
Cu+ 1% Ge 7.5 Jlerxo 370 &t
Ag 5,3-7.6 . ' ?»ay
Cu 53 5)
Ni+4 5% Cu 4,6
Au 4,1
Cu+ 33% Ge 4,0
l. Metal or alloy 4, Formed at low temperature
2, Formation of twins 5. Easily formed

3. None formed

[174], if the deformation takes place in the direction [100],
the twins appear at 145 kbar; if this direction of deformation
is [111], then they appear at 200 kbar,

Verbraak [101] deformed copper under a pressure of
220 kbar, applying a load in different crystallogranhic di-
rections., The largest number of twins, arranged along the
octahedral faces, was seen in the deformation of copper in
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the direction [113], there were fewer twins and twinning svs-
tems by loading along the [100] and no twinninp took place '
under the effect of the shock wave in the direction [110].

Twinning by deformation along [113] is exnlained mainly by

the fact that in this case a maximal effective stress is

generated on the octahedral planes,

g
-14
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The opnosite result vwas found Lv Smith [175, 176],
who ohserved abundant twinning during deformation alony
[110] and an absen-e of twins under the effect of the shock
wave along [113]. The reason for such contradictorv results
becomes clear if we exanine the conditions of the experinents,
In Verbraak's experiments two samples arranred one on the
other were subiected to the effect of a shock wave. Under
these conditions the interference tension was comnletelv
damped in the lo'2v sanple, and the upper sample was sube
jected only to compression. In Smith's experiments the sample
was deformed actually under the effect of the expansion wave,
and as a result of the polar nmechanisn of twinning in these
tests the opposite result was obtained.
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"An effective method of studying the twinned layers is
analysis of electron~-diffraction natterns.

e
PP,

In nickel, because of the high energvy of the packing
defects, twins ave formed only under high pressures, and
the twins are so fine that thev are nct resolved under ordi-
5 nary optical maynification [177]. Illolder and Thomas [173],
under the same deformation conditions as in reference [177]
at a pressure ol about 350 kbar, detected in nickel a svstem
of very fine twine (about 0.05 um), which they were able to
see only with the ala of electron diffraction, The {ll;}
plane was the twinniag plane.
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In the developnent of plastic deformation the glide
bands or twins nust interact with one another or with the
Larriers existing in the grains. Pogrebnoy and Zhak [178]
assume that the twinning is accompanied by nore complex and
diverse local defornations that gliding, This assunes es-
pecially great significance during high-velocity deformation
since it is related to the larpe volume of twinning and to
higher peak pressure., The authors of reference [179] ob-
served, in stainless steel during loading at a velocity of

103-10“ sac'l, a transition of the dislocations and the

glide lines through the tuinned boundaries, arnd the onset
of glide bands in the matrix due to the high concentration
of stresses as a result of twinning.

Y.

k
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Subsequent deformation by twinning and gliding was
ebserved by Verbraak [101] on an alloy of iron with 29% Ni,
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This alloy with an fce lattice was deforred by a shock wave

at a nressure of 220 kbar in the direction [113]. As i3 clear
fronm the nicronhotosranh (isure 77) the twins travelinsg alonr
the octahedral nlanes, are intersected by the rlide lines,
traveling from the twin to the ratrix. Such a nicture vas
observed by us in narnesiur (sce Fipure 66), In all nroba-
Lility,the eglidine was forred. after twinning, At the initial
morent of loading the prain was not favorably oriented for
rliding., liowever as a result of tuinning the octahedral plane
AE is set un such that rliding is found to he nossible alonys
(110], and the externally anplied stress wvas partially re-
laxed, but remained 2t a level sufficient for grlidinsg. Glid-
inp reaches the twinenatrix boundary and continues in the ma-
trix along the line BC,

Fipure 77, Tormation of slide bands in twins of the alloy Fe
+ 29% i [101]. As a result of twinning a more favorable ori-
entation for gliding alonp {111} (llQ) was formed. ¥ 125,

The reverse nicture was ohserved on silicon iron [180]
-« pliding preceded twinning., Theoretically such a sequence
is possible at the proper temperature and deformation velocity

tw £l
when 'tcr > tcr’

It i3 interesting to note that the sipgn of the annlied
stress (contraction or exnansion) may abruptly change the
character of the processes taking place in deformation. In
the described works of Verbraak the samnles were sub’ected to
connression. By expansion in the same Te-=li alloy instead of
twinninp, and consequently rlidinf, a martensite transforma=-
tion was olbserved,
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Twinning in Metals Vith a bec Lattice

In metals with an fcec lattice, though twinning becomes
possible only under sharply limited conditions and is very
sensitive to the energy of the packing defects, in metals
with a becc lattice this method of relaxation of stresses is
encountered rather often and in a number of instances deter-
mines the properties found, Just as in the deformation of
metals with hexagonal densecly=-packed and fcc lattices, in-
creasing the deformation velocity facilitates the development
of twinning in metals and alloys having a bece lattice,

Tardif et al [181] deforned cylindrical sanmples of )
iron at a pressure up to 400 kxbar., ‘At a length of 5 mnm fron
the site of contact with the cast nlate a maximal hardness
was produced. Only the surface laver- itself had a slightly

. reduced hardness.

This may be due to the fact that in the contact layer
as a result of friction a rather high temperature is develoned
(according to Schekhtman's 2 data, during impact loadinsg of
copper and molybdenun up to 200 khar in the surface layver
with a thickness of about 0,5 mn the tenperature of recrys-
tallization is reached).

Hv 180 .
) %o
20 .o
220 S
100 3
180 E
60 S
"o s
.Zo g
190 rdp (2)
60 [] 1 § :] 1 ] ] J

(]
0 10 20 30 40 S0 &0 % 8 90
(1) Paccmonuue om nolepxrocmu ronmaxma,mm

Figure 78. HNardness of iron (1) and nunber of twins (2) at
various distances from the contact surface [181].

1, Distance fronr contact surface 2. Nurber of twins
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The hardness, maximal near the contact surface, drons
in proportion to the distance fron this surface (Figure 78),
and the number of twins in the srains is reduced, Obviously
in this case the level of hardness is penerally deternined
by the twinning process,

Fipure 79, Twinning in sinple crystals of rolvhdenur under
imract loading at a pressure of 200 kbary a. in the direc-
tion [110]; twinning takes place over two svstems; b, in
the direcction [112]s twins are seen that are arransed alene
four systems; A, B, C, and D are different tvinning systens.
X 200,

To realize twinning in crvstals with a bec lattice ve
nust have a significant pile~-un of dislocations in the nlane
{112}, one of the essentizl results of the effect of the
shock wtave consists of the crcation of a hirh dislocation
density along the twinning nlanc,

Verbraak [1012] deformed sinple crrstals of molrhdenur
at pressures of 20-30 kbar. The intensity of the twinnins
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under these conditions to a2 significant degree depended on
the direction of the effective stress, zlthough not a sinple

orientation was detected at which twinning vould commonly be
absent, k

.Y

dakinc sl

During deforn ion in the direction [110] in the two
twinning 4ystcna gi {111), the coefficients of orientation
were equal to O, u7 and in accordance with this the twinning :
took place along two systems (Fipure 79 a), By applying an . f
; impact stress alons the [112] it is possible to have an ef-
3 : fect from seven systems, of which two have an orientation 4
3 ' factor of 0,41, three have 0,32, and two have 0,16 (Fipure g b
72 b)., We kmow that the probability of twinning is decreased
as the tenperature is elevated, This is due not soc nmuch to

; the change in the kinetics of the twinning itself, as to the

sharn decrease in‘?gi. The samne dependence is also retained

at high deformation velocities, Twinning in molybdenun,
which is extensive at room temperature, sharply drops if
the deformation is carried out at 300° C, and ceases con-

pletely at 500° C, In this case all the deformation takes '
place by gliding. H

I,

O ST T R PET PP, R the
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-
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In 1958 Davidenkov [183] was the first to show on
armco iron that if two deformation operations follow one af-
ter the other, then the first to some derree determines the
mechanismn of the second. Single crystals of molybdenum [101]
prior tc¢ detonation deformation were loaded quasi-statically
with a small degree of defornation for identification of the
i gliding., During subsequent detonation deformation, at a
; pressure of 20-40 kbar, srliding vwas also observed instead H
‘ of the twinning that is usual for these conditions, ;
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Zukas and Fewlsr [184] subiected samples of iron to
impact loading after annealiny and after preliminary rolling
with reduction of 10, 20, 30, and 50%, A nressure up to 750
kbar was applied in the direction nerpendicular to the di-
rection of reliing, Illere repardless of the magnitude of ap~
rlied oressure the nunber of prains with twins vas decreased
with Iincrease in the depres of prelininary deformation (Tip-
ure 80), The authors also observed a denenrdence of the num-
ber of prains on the direction of tlie shock wave, vhich in

our view probably is determined by the orientation produced *
after rolling,

UG OSIRP PN U SIPRRIT SRR N
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In the twinning of.tvo-phase naterials a number of
\ spectific problens arise, On the onec hand the influence of
the secondary phase is manifested by twinning in the natrix,
' This is especially noticeaible in that casz when thc czecondary
phase has a hiph hardneas, On the other hand, the question
arises as to succession of the secondary nhase c¢f the stress
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selaration mechanism created by the external load, and the

siresses generated at the boundary of the two phases as a : 1
result of plastic deformation in the first phase, E
4
. :
" | :
. : ” ;
§1)) :

A\

¢ 4 8 N 4 5 " »n $?
(2) Cmenews. depopmayuu npu npoxamxe, %

Lt
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Figure 80, Influence of preliminary rolling at room tenper-
ature on the number of “winning grains of iron during deto-
nation [184]; pressure of the detonation wave: 1. 650 kbar;
2, 500 kbarjy 3, 300 kbarj; 4, u5 kbar,

RV

l, Number of twinning grains, % 2, Degree of defornation
during rolling, %

2us st Aun -

Bowden and Kelly [185] in the pulsed deformation of
steel with 0,99% C at a pressure of 200 kbar observed twins
of two ty s, Part of the twinned layers in the alpha-phase
led to a displacement in the neighboring cementite grains
(Figure 81 a), and part did not result in such displacement
(Figure 81 b), Crystallographic investigation of the orien-
tation showed that succession of the deformation by cementite
is possible only with a given crystallographic c¢orrespondence, :
In order that the displacement of the type shown on_Fipure 81 1 1
a_take place, it is necessary that the_directions [11ll]y and
{1113, correspend to the directions [Oillreac and [llllraac'

Mehl et al [i86], by examining the disnlacements in
cementite of perlite and in hypereutectoid cementite, canme
to the conclusion concerning the structural correspondence
of this phase found in various structural conponents, Prob-
. ably the method of dynamic loading with different deformation
stress may be used in two-phase naterials fcr evaluation of
the structural correspondence. For this purpose it is ex-
tremely effective to use electron diffracticn identification’
of the twins by studying the thin twinned layers,
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Figure 81, Twinning in steel with 0,99% € [185]): a. tuinnine

in the alpha~phasc leads to a shift in the cerentite; b, nro
shift in the cementite,
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Figure 82, Electron 1iffraction nattern taken from the matrix

and twin in low~carbon nmartensite. Accelerating voltare of
100 kv,

Figure 82 shows an elecctron diffraction pattern taken
fron quenched sanples of low-carbon steel, A certain volunme
of the matrix was .ncident on the cross section o the electron
beams the alphae-solution of iron and the twinned laver. In
accordance with this, on the electron diffraction nattern
(Fipures 82 and 83) we can discern the cell obtained fron - )
reflections from the natrix (sclid lines on Fipure 83), and
the cell produced fron the twin, With respect to the Fact:
that one of the twinning planes of the set {112} is conmon,
part of the reflections belonss both to the matrix and to the
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twin, A characteristic feature of the electron diffraction
pattern taken fron the tuwin is that the reflections fron the
tuin are shifted by a certain distance with respect to the
basic refle~tjons (in the first series by 1/3 of the size

of the matrix cell, in the second by 2/3, etcetera) and are
arranged symnetrically with the reflections from the matrix
relative to the track of the twinning plane, The comnuta-

tions of the electron diffraction patterns have beon studied
in detail in reference (1871,

Lred nnocwoeme
. (1) | douinunolanan(112)

X & O mo=fre0-m
A

Figure 83, Diagran of the electron diffraction pattern shown
on Figure 82, Axis of the zone [131]: o = reflections fron

the natrix; x = reflections from' the twin; p = reflections
obtained from double diffractiong

1, Track of the twinningy plane (112)

At the present time the majority of metals havins more
or less wide-spread practical use, have been investirated
under conditions of high-velocity deformation., levertheless
it is still difficult to create a classification that will
define the groups of metals characterized by identical be-
havior under conditions of high-velocity deforrmation., In
addition to the type of crystal lattice, the behavior of
netals and their alloys durinpg hiph-tennerature deformation

is determnined by the melting point and the point of recrvs-
tallization, the energy of the packing defects, the presence
or absence of a phase transition in the range of pressures
investinated, and by other factors. An attenpt to classify
metals based on their behavior under conditions of hiph-
velocity deformation was made by Dieter [188], However, in
recent years nuch new material has been accunulated., In Table
20 the metals and alloys are distributed in different groups.
e stress those which are most characteristic of their "struc-
tural behavior" duriny hiphe-velocity deformation,
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[Continued from previous parel

21,
22,
23,
24,
25,
26,

Fe+29% Ni [101] Hadficld steel [196]
Stainless steel [197]
Invar

High-velocity defornation exerts no influence
Honel [197]

Ni -« twins are formed only when P D> 350 kbar [173]
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CHAPTER 4
STRENGTHENING OF METALS BY HIGH-VELOCITY DEFORMATION

The characteristics of the nechanisn of high-velocity
deformation to a significant degrec determnine the formation
of the structure which to some degree differs from the struc-
ture of the metals deformed under conditions of quasie-static
loading., These structural differences deternine the proper-
ties of the metal in the process of high-velocity loading
itself (dynanic properties), and also the nroperties of the
deformed material (deformation strengthening). Thus, the
data riven in the present chapter should be treated in con-
nection with the processss deseribed in Chapters 2 and 3,

l, Basic Concepts of the Strengthening Mechanisn

A definite difference exists in the physical and en-
gineering concepts of the strength of metals, The first is
defined as the crystal structure of a metal, and in the ab-
sence of structural defects (or with a very small concentra-
tion of then) leads us to the value of the theoretical
strenggth, deternined by the interatomic bonds, With increase
in the concentration of defects, capable of beins displaced
alonpg the crvystal, the strenpgth dronas, But if the operation
of nlastic deformation is treated as the displacement of dis-
locations, then in principle we can renresent such a state
when the dislocations existing in the crvstal will be de-
prived of the capacity to travel, and in this case we can
find as high a strensth as ve uish, all the vay un to the
theoretical,

However, such a physical concent of strength (described
of course quite schematically for clarity of comparison) is
inannlicable in the enrineering sense, where hy strenpth ve
mean the canacity of the material to absorb an external load
without sipnificant nlastic deformation and fracture. But
the total slouw down of all the existiny dislocations in a
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conponent found in a real stressed state, lcads to its Lrite-
tle fracture and the avallabdle reserve of strenrti is not
useG, cCconsejuently, it does not Follow to attennt to reach
A state near the theoretical strencth in the ratoritr of
real obijeccts,

A )

e
PSR

To estinate the recal strenpth of netals and allecs 't
is not sufficient to Lnow onlv the concentration of defects.
In a nunmber of instances sucl characteristics as the distri-
. bution of dislocations, the anrles of disorientation of the
subrrains, the structure of the houndaries and the interaction !
of the dislocation with the extrinsic ators . deternine the real
. properties of the nretals even to a larrer derree than cocs the
density of defectu.

SXL

Lo > tut

Mechanical strenrthening in the rrocess of plastiec de- 1
formation is the end result of the relaxation of externally 1 ;
anplied stress, i.e., rlidins and tvinnine, and it is rani- :
fested in the change in nacrosconic nroperties, in narticular,
strenpth,
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Fipure 84, Typical stress-strain curve for sinele crystals
with an fce lattice: 1, elestic deforrmation; 2, stape I
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In describing the nrocess of strengthening it is nmost
convenient to use the wvell=known curve of.deforration in the
coordinates F~8 for single crvstals with an fec lattice (Fip-
urc 84), This curve describes three stases of defornmation:

. the stage of easy plide, vhen the strengthening is mininal,
then the stape of linear ‘strengthening vhen the coefficient
of strengthening reaches a naxinun, and the stare of para-

. bolic strengthenings., However, seldon does the defornation
curve for single crystals, let alone the deformation of
polycrystals, have the described classical shane., The temp-
erature and sveed of the test, the orientation and chenical
composition of the sinple crvstals, the state of the surface
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of the sarnle, and other factors mav subsztanially influence
the shane of this curve, levertheless, the Influence of
rarious faetors and conmparison of the hehavior of netals
vith different tvpes of crystal lattice can he done conven-
iently in the usual terns of this curve,

Stare I, Two anuantities characterize this ntape:
the extent and the coefficient of strenpthening dg/dE. lNu-~
rerous structural investigpations have shown that this staece
of defornation is accompanied bv the develonrent of elidins
over the primary svsten vith ererrsence onte the free surface
n¥ the crystal of fine rarallel rlicde tracks. The character-
istic parameters of rlidins at stage I are shouvn on Table 21,

Table 21, f5lide naraneters for Stare T of the Deformation of
Metals and Alloys Uith an fcec Lattice {60]

Pacc;ounue MeWRY
Ll S L P i
(1 ) ( 2 ) CKOABKEHNA, MM (A) (1& )
Ni (3)
~183 80 (800 1000
Ni ++ 20% Co 20 wfm& 1000
Ni+ 40% Co 20 22 (220) -
Ni+ 0% Co 60 20 (200 . 50
Cu —183 . 38(30; ! "0

l, NMetal or allov

2, Temnperature of deformation, °C o
3. Distance betveen effective plide planes, nr (A)
4, Length of path of the dislocation, pr

The amount of the shift in the plide tracks is aprroximatelv
3-5 nn (30-50 R), Seper et al [98], using electron ricro-
scopic investipations, showed that the length of the glide
lines and the distances betveen then are constant throushout
stase I. lere the average size of the loops coming fron

one source also renains constant, On this basis the conclu=-
sion was made that at the stage of easy slide the forming
loons can never be treated as a flat pile-un of dislocations,
Based on the described nodel, Seger rives a formula for de-
termining the slope of the curve of strenpgthening for stage
I: this slope represents the strengthening factor:
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: vhere d is the distance between nlanes, In vhich the sources
3 act or the distance hetween rlide tracks on the surface of
4 the crvstal; L is the size of the nath of the dinlocation
2 loonsy 5 is the shift modulus, %
j for conper the slore of the curve is equal to 0,7-0,75 %
kef/mnm, ]
%
%
Y340 47 52 42 kA 3
— 3
. % a0(-2)- P
3 3
S ,
X (1) 3
3 i
I .
3 wpo)- :
0 3
Figure 85, Influence of the orientation of single crystals ;
of silver (99.393%) on the extent of the stare of easy rlide
{201]. 4
. 2 2 i
1. ¥, tn/n® (kef/nn%) }

The stress at wvhich the stapge of easy erlide or 1~ins : :

corresponds to the stress of transition from the elast.. de=- ;
formation to plastic, The conditionality of this trausition
does not pernit uniquely determining the value of P "y Usu-

ally this value is assuned equal to (107°%-10"%)6., It is often
measured experimentally by extrapolation of the segrent of
the stage of easy glide on the ordinate axis.

From the above it follows that the necessarv conditions
for the formation of casy glide is thc efféct of sone single
preferential pglide systen, ji.,e., the assurance of a relatively
barrier-free displacenent of the dislocations alony the nlane,
llence it is obvious that the extent of the stape of easy
glide must have a clear dependence on the orientation cf.the
single crystal in the direction to the external applied stress,

0
i3

ﬁ!ﬁ@iwh’ﬁwww»‘wwu‘«mm&w Arsabtud s ©

Numerous experimental data confirm 'the validity of’

t:

3 ;

these definitions, TFipure 85 pives the curves for the defore 3 '

mation of single c¢rystals of silver, oriented differently in < ‘
a standard stereographic trianpsle. As is clear from Tables :
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12 and 14, in the orientations of the crystal [111] and [100],
eight glide systems are found under identical conditions with
respect to the applied load due to the equal orientation fac-
tor. It is natural that In these and similar cases we can
never expect any sizable region of easy glide; this is con-
firmed by the path of curves 40 and 49 on Figure 85, However
in the limits of the standard triansle there are fields where
the orientation factor is sharply differentiated, For ex-
ample, for orientations near [110], the orientation factor
for the majority of glide systens is equal to zero or very
insignificantly differs from zero. In this case (see curves
37 and 33 on Figure 85) the stage of casy glide may be suf-
ficiently large -- it has an extent of 20~30%., On copper,

at 93° K, it was possible to increase the easy glide unr to

40% [202],
~20(20,
P
i)
) vall]
5~
X
=~
W ~5(05)
1000
1 1
0 00 200 30 00 &%

Figure 86, Displacement stress-displacenent strain curves
for cadmiunm single crystals (99.9999%) at 77° K [203].

1. %, Mn/m? (kpf/mn?)

In the majority of hexaponal densely-packed netals
for which c/a is greater than or near the value of 1,633
(and also in beryllium with ¢/a = 1,568) the plide takes
place preferentially along the basal plane, as a result of
which the stage of easy glide may reach 500%. But also for
the hexagonal metals the extent of stage I is deternined by
the orientation of the crystal (see Figure 86), Ilost favor-
able for the basal glide is the deviation of the basal plane
from the surface of the sanmple by 10-20°, TFor such netals
as zinc and cadnium the deformation diagrams are hasically
similar to the corresponding diagrans for the fcec metals
and it may be assured that the strensthening nechanisn here
is also identical. The only difference is that in the hex~
agonal densely-packed cryvstals the strennthening factor is
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significantly smalle ' than in the fcc crystals, Consequently ]
a larger number of aislocation loops reaches the surface,

L

S
¥
£
w5

-

L
0 0 20 &%

Fipure 87, Influence of temperature on the stress-strain )
curves of copper [202].,

1. %, Hn/m? (kgf/nm?)

Analysis of the influence of deformation temperature
on the behavior of metals at the first stage is nore conmplex.

The most convincing data were found in reference [20]
on copper single crystals with an orientation near [110], i.e.,
with a relatively larsge region of easy slide. Fron the re-
sults shown on Figure 87, it is clear that by lovering of
temperature fron 823 to 93° K the repion of easv srlide is
greatly increased, but the strengthening factor is not
changed, Analogfous results vere found in other works [205,
206)., They nay be explain=1 in the followiny ranner, Ve
know that the critlcal cleuvasre stress srows with reduction
in temperature, At the sane tine, although during pliding
at the first stage the majority of dislocations enerse on
the surface of the crystal, part of them are nevertheless
slowed down near the barriers, creatine a field of stresses,
It is mainly this slowing down which determines the small but
final value of the strengthening at the first stare. The

. stresses penerated facilitate reaching the critical stress
in the secondary systens, the effect of which is necessary
for formation of*stable confipurations of the Lomer=-Cottrell
type and for the formation of thresholds., At louw tenpera-

tures a hipsher level of stresses must be created hecause of
the tenperature dependence of rcr’
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An analogy is usually nade between the effect vhich
the reduction in temnerature exerts on the deforration and

Pt Te i s LR S s

- el it Srmi S
s e PG e Bl v

RO

L. et CABRAIR 31501 A A e i 8 I PAS S sl S L kT Bt
R SGWVR b - '

DU U - R



UL ARG T NS CaRn oV R L B e TR ™4 ..'/.I NI AL S 7 T ém;:r;;gtv;twm TEITENR PRI BRI W T vy ":.Wm‘m"rj
&

L

O\ R

the increase in deformation velocity, In a number of cases

such an analogy is justified and often sunported by the iden-
tity of the structural changes taking place, lowever such '
similarity can not be assumed all the time and always be used,

Zit =5

(1) .
+00(40)
00(30)
200(20) .
#00(10)

PRI SRR TV Wy Y

G Mufu?(iclfrem2)
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vt n p .
(2) écex'+

ey .,.5 Sradiy

Figure 88, Influence of deformation velocity on thc strength-
ening factor of zinc [204], E
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Let us exanine the influence of deformation velocity
on gliding at stagje I, The strengthening factor at stage J
depends on deformation vclocitx. As follows from Fipure 88,
in the velocity range from 10-% to 10-3 sec-l, the strength-
ening factor of zine varies significantly less than in the
range from 10-2 to 10 sec~1,
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However the velocity dependence of the strengsthening
factor is deternined not only by the velocity range but also
by the orientation of the crystal. In reference [100] it was
shown that in nickel single crystals with orientation [110]
and [111] in the direction of the effective stress the in-
crease in deformation velocitvy does not lead to additional
strengthening, But with orientations of the type 7.12], when
the orientation factor has different values for the different
glide systems, the influence of defcvmation velocity is found
to be opposite to the effect of reducinp the deformation tenp-
erature, and nanmely, for produciny the same degree of defor-

E mation by high-velocity loading a hipher level of stresses is
required, In this case the first stagse in fact is virtually

absent., Thus, increasing the defornation velocity raises

the strengtheninpg factor but only in those single crvstals

in which the orientation factors are different for the dif- .
ferent glide systens,
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According to the data of Boas and Schmid [207] and
LUcke et al [208], increasings the deformation velocity also
increases the strengthening factor in hexaponal netals,
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The deforration diarrar of metals vith a lce lattice
is sinilar to the deformation diarran of fcc netals onlv in
that case wiien the licc nmetals contain vers “eur irpurities.
If the infcction impurities are present n these iice metals
in amounts that are characteristic of technically nure ne-
tals, then the diagran becores sinilar to the expansion die-
agram for polvervstals,

ZOTURNPR IO

st

. In the deformation of nolvervstalline samnles the
stage of easy plide is almost alwavs abksent, Tor the nlas-
tic deformation of prains found in contact with one another

. without the fornation of a band, in each srain, several
plide systems must act sinultaneously, in the reneral case
no less than five, accordinr to the rule of Tavler-l'ieses.

Such condition naturally contradicts the mechanisn of easy
plide.
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Stage 11, This stare of glide bepins at that monent
when a large nunher of systens are included in the plidinr
and are oriented differently with respect to the anplied
stress, The interaction of dislocations, belonriny to dif-
ferent planes produces the +ornatioa of stable confipura-
tions (sessile dislocations of Lomer-Cottrell, dinoles,
thresholds, etcetera). This involves a decrease in the lenpth:
of the free path of the dislocation L, which at the second :
stage, according to Seger, is determined by the fornula ¥ ;
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L= Afe—e, (63)

T e iS, e e

where A is a constant equal to about 5.10"" cnsy € is the ]
amount of deformation in the linits of stape IT; €% is the ; ;
amount of deformation corresponding to the end of stare I. . "

Although, as Klerboro and Kharsrivs [58] show, orien- :
tation influences the second deformation stape to a lesser ;
degree than the first one; the strenpthenins factor at the
second stage grows noticeably only in that case if the orien-
tation deviates from [110] toward [111] and toward [100] or
is near the boundary [111])-[100].
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Lindholm and Jeakley [209] studied strengthening of
. aluminun single crvstals haviny the orientatieon showvn on
Figure 89, waich also determined the nunmber of effective
nlide systems, Table 22. shows only such plide nlanes for
. thich the values of the orientation factor comprises no less
.ca. 90% of the maximal value, Tipure 90 sives the straine-
%% .38 furves, plotted for various deformation velocities,
v+ fering from one another by approxinately five orders of
magnitude. Analysis of these curves shows that in quasie-

static deformation (;.3-10'3 sec'l) the influence of orien-
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tation is in fact auite insien!“icant, the slone o' the curve
iz arproxinatelr identical, Iut at a defarration velocity of

aLbout u.5-102 scc-l the difference bLeaonras ruite subntantial,
The preatest effect of velocity is seen Iin sinecle cryataln,

in the orientation of which a larre number of rlide systens
act (A7, A17). Mith orientations of sannles AL and A31,

where the number of plide nvatemns is lov and the orientation
factor differs no nore than 0,01 =~ the effeoct of deformation
velocity was found to be mniniral. Thus, our rescarch on
nickel [100] and reference [209] on aluninum define the con-
ditions under which the ecfect of velocaity mav ¢ive additional
strenrthening in the deformation of single ervstals,

Figure 89, Original orientation of alurinun sinrle crvstals
(209],

£00(~60
o 400(~40) / -
§~' ] 7’ L~ 7
Sy 200(-20)} 22 e ﬂ
§& ) A4 Al? 423
&L (1) :
Yy
§§ £00(~60) T TT=F
S\ 400(~40) P i — —
§ /] J L L e 44
§ 200(~20) e (i — oad " -
A7 A20 7 jAn

0 002 G0 00G 003 010 0 002 A0 QUG QUS 010 0 Q02 0% 405 406010
- Hemuwnan depopmauus  (2)

FiFure 90, Stress-strain curve for aluminur rroduced at dife
ferent loading velocities, sec=ls 1, 425y 2, u35; 3, u50;
4, u65; 5, 4753 6, 5003 7, 3.33010-3.

1. True stress, @, r‘.n/n2 (krf/rnz) 2, True deformnation

-160-




ASr Tt L M A o i -t T il dite b bt ol AU L A YR

| |
r‘ o 2
1 e Table 22, Values of the Orientation Tactor for Glide Svs- %
F tens of the Hinrle Crvwatals Shown on Firure 89 ;
. - |
- F Oaptzed ""““"3&.2»2‘.‘.{‘"‘1?2";“)"‘ O.rpopoy Arogn | xs0cond :
At (1) (fo1) 65 3l 036 :
; (i) {ot1} 66 3 0,35 :
: (1) (To1) 54 9 045
. A7 (i {101 45 51 - 045
(I H A i 02 0,44
. (i) [o11( 56 38 0,44
2 . @ (o] 53 I 0.4
: : (1 {or1} 53 48 0,40
3 : I [101) 50 47 0,44
3 ; Al7 () (oT1) 50 48 0,43
3 > (i {011) 55 42 0,43
{ , (i) (101} 55 47 0,39
3 (i {ot1] 58 42 0,39
. (11p {101} 58 43 0,39
(111 1To1) 57 33 0,47
A2 Ty fony |- a7 59 0,42
(i) {o11} 55 35 0,47
A% (11 1101} 49 41 0,49
1) (101} 10 53 346
A3l {mn (011} 40 50 . 0,49
] « (i) (oit) 42 48 0,50
é 1, Sample 3. 6, dep
: 2, Plane and direction of glide by N, dep
3
The experimental data cited nertain to crystals with

an fce lattice. A sinilar analysis nay also be made for mee ;
tals with other crystal lattices. Ve must only discern in 4
the stereographic trlangle those regsions in vhich the ori-

entation factor for the various plide systems has different
nunerical values,

A
4 . Stape JII., The onset of rlide stage 1I1 is charace p
\ terized Dy the Tact that the metal is already found under ]
k the influence of a rather hirh stress with a hipgh disloca~- ;
) tion density, accunulated in the course of the second stare, s
;e Here a rather intense nlastic defornation bepins in the me=- :
X tal without further noticeable increase in the extwurnal load.

The strenptheninfg factor at this stare drons sharnly,
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It is obvious that the significant increasc in nlas-
tic deformation must be due to some nevw nechanism of disloca
tion displacement, One of the possible exnlanations of this
phenomenon is that under the influence of a high stress the
dislocations finally were able to overcome the barriers that
prevented their displacement., In this case the value of the
dislocation path must be increased, Ilowever such an exnla=-
nation is found to be in contradiction to the exnerimental
data. !lany investigators in studying the deformation pro-
cess showed that at the second and third stares the length
of the glide lines is also decreased with the development
of plastic deformation., But if the extent of the glide
lines is decreased, consequently the path of the individual
dislocation is also decreased,

Using direct electron nicroscopic observations on thin
foils, Hirsh [210] and other researchers showed that with the
onset of stage III a cellular dislocation structure is forned,
: Several boundaries of the cells are arransed parallel to the
3 A flide planes, and others in the direction perpendicular to
the glide plane.

An explanation which satisfies the experiment was given !
by Seger [211]., According to Serer, at stage III the disloca<
tions do not overcome the resisctance of the barriers, but a
transverse glide of Burrers dislocations takes place, as a
result of which first a cellular structure is forned and
second the Burgers comnponent, disnlaced to the parallel plane, ;
becomes the new Franck-Reed source, if the stress deternined . 3
by formula (25) exists in this nlane, '

o 2

LarhIe

Thus, at glide stage III under the effect of a hish
stress there is first of all a redistribution of the dislo-
cations called "dynamic recovery", The stress which i5 nez-
essary for dynanic recovery depends stronrly on temneratnure,
Analogous nrocesses, i€ they take place a¥fter unloading, are
E called static recovery. Since transverse glidinr is a thern-
ally activating process, the anount of the critical stress
of transition from the second stare to the third (¥;,,) has

a clearly expressed denendence on ternerature (Firure 91) and, ‘ i

as Sokolov [212] showed, increases with incrcase in deforma-
tion velocity,

Furthernore, for metals with an fcc lattice the de-
rendence of this value on the enerry o€ the rackiny cefects T :
is deternined: ;
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: mg where'tIII(o) is the stress at 0° K; n is the averape nunber § y
B of dislocations around the barrier; ¥ is the enerpy of the é
3 packing defects, i
e 4
E ﬁg The value Of‘rIII(O) nay be evaluated fron the exnerie §
B 43 &
g 4 mental deternination of tIII at a given temnerature T and the K
N 3 :
E\§= value of the enersy of activation of the transverse glide U(?), 3 .
: B which is connected by the exnression: § :
- i
g = T qr % 2
r §2 Ut)m—Aln [—2LD : ;
3'; . ( ) f"l (0) . ( 65 ) g i
: ;
b : :
- 2 Sometimes expressions (64) and (65) are used for eval- i :
53 uating the enerpgy of the packing defects, however this method 3 ‘;
i does not give reliahle results. Solokov, using this method i i
? B [212], obtained an energy of the packing defects for conper i ;
- £ equal to about 100 erg/cm2, 3 :
e B 3 :
3 :é :
2 i
3 _; ~40(¢) g :
& ~26(2) :
¥ {
Eﬂsw) :
E/ o i
E: $ Q) !
- T st
fy . ¥ ‘ﬁ
3 * ’
:p} »z L A ] 1 [ 2
: L M0 00 W 07
£
i Figure 91, Temperatiire dependence of the stress necessary ) 3
. for transition from the second stare to the third for rold . :
- K sinple crystals [213], : :
1. ¥..., tn/n® (kgf/on?) i
{ 111 : :
2. Strength Properties of lietals 3 5
' There nay be two approaches to deternininyg the prone § i
3 3 erties of netals duringy change in deformation velocitvy, One 8 i
: ¥ of them charactenizes the bhehavior of the netal in the nro- 3 i
S cess of deformation itself., In this case we are concerned 3 :
. with the so-called quasi-static or dvnarmic properties, Obe = :
viously we can never draw a sharp boundary, on one side of ~§ 1
which would be the aquasi~static nronerties and on the other % i
-3 the dynanic ones., As such a conditional lLoundarv it is feas~ 2 ¢
3
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ible to select a velocity of 4 nmn/min, vhich can be assuned
to be maximal for the quasi-static yield stress,

The second anproach involves evaluating the properties
found in the material after the deformation process. The
range of deformation velocities determining the post~defore
mation strenpthening is quite wide; fronm pnunching on hvdrau-
lic presses, where the rates of disnlacement of the instru-
ment comprise about 1 n/sec, to shapinsg throush the trans~
mitting mediunm or without it, where the ra‘: of motion of

the shock wave front reaches up to several hundreds or even .

thousands of m/sec.
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Fipure 92, Radiopranms taken fron a sinplie crystal of nickel
in the initial state (a) and after deformnation with a shock
wave pressure of 220 kbar (h),

The effect of shock waves alters the physical and
mechanical properties of netals and consequently their on-
erational qualities, TFigures 92 and 93 show radiopgrams that
indicate substantial structural chanpes taking place in nme-
tals in the process of nulsed deformation.

Because of the intense develonment in recent years -
of various methods of pulsed deformation, it is very impor-
tant to combine in the nroduction the pronerties of the tech-
nolosical prciesses and the strenpgthening of metals as a re-
sult of high-velocity deformation, In addition, in individ-
ual aspects of contenporary technolopy, it is necessary to
foresee the possibilitv of the collision of Fast-rmovin, oh=
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iects and the resultant alteration in thelr nronerties, At
the nresent time considerable fuctual natevrial has heen cor-
riled Lhoth on the dvnanmic rror- ties of metals and on their
aroperties after hirl-veloci= defornation. 4And althouprh
this naterial as vet has not lLeen comnletelr classi®ied,
these and other nronerties nust be esarined jointlv, since
they apnear as a result of the nechanism deterrined for nlas-
tic defornation,

Figpure 93, Radiorrams taken fron large-srained nagnesiun
in the initial state (a) and after deformation with a shock
wave nressure of 200 kbar (b).

The authors of reference [214], after reneralizing a
series of investipgations on the influcnace of deformation ve=-
locity on yield stress, assume that the increase in yvield
stress is caused: (a) by a decrease in the influence of
thermal fluctuations, which reduce the vield stressj and (h)
by an increase in the resistance of the lattice to motion
of the dislocations which in turn is associated with an in-
crease in the rate of displacenent of these latter.

The influence of these factors has been reneatedly
studied experinentally, Several asnrects of thi= question
were discussed oy us in Chapter 2,
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Tahle 23. Value of the Jvparic Strenrth Factor “or Various
' Degreces of Deformation [216]

SR A ol bt N R e A

OAHH G““
8% Ke 0?" e % K= a:‘ll‘
(1) : (1) b
lclb(,,:l uuuen!q Ilemalog .nm’
10 1,25 1,14 .
20 1,01 e 0 18 - .
30 1,17 112 I ' - ;
‘gyn
1. K= prrrey 2, Cobnper 4 |
v, , 3. liickel 3

) Sokolov assunes [215] that the hirher the loading ve=-
locitv, the lover is the tine for occurence of nlastic de-
formation, and consequently the higsher is the stress at
which the transition takes nlace from elastic deformation

to nlastiec. Another basis for the effect of dvnamic strengthe
ening, in Sokolov's opinion, is "that demendiny on the dura-
tion of the nlastic defornation the penerated strenpthening,
to one or another depree, is remnoved by disordering., As a
result the rapid deformation process is represented bv a
more ordered state of the metal than the slovw process, i,e.,
the stress is apain preater as the deformation rate is
higher,"

soedm sk
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The basic disadvantape of the exnlarnations given
above is the difficulty in abstractiny them by treating one
£ the most important connecting links, such as the mecha-
nism of deformation. Obviously there is no rnore sensitive
property to the deformation velocity than is the deforna-

tion nmechanisn,

ot Al

[T I

The influence of velocity on chanpe in the defornation
mechanism described in previous chapters nermnits us to ex-
plain a series of exnerirental data., Sokolov [215], for ex-

Aot w8

A

ample, found a decrease in the dynamic strensth factor K =

‘gynlcgtat (where that

quasi~static test, qun is the sane during the dynanic test)

is the tensile strensth during the

Tl RTTARS AN ) ST A S T TTIPAT

% as a function of the defree of defornation for conner and
nickel (Table 23),
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Tn Chanter 2 it was shoun that the spreatest increasc k ~
in strength oronerties during hislhevelocity deforration, A1
vrocuced L the cffect of a larse nurher of eclide srstens, E :
corrcsnonds to 10-20% of the deformation, iith increcase in 4

the derrce of deformation and vith cuasi-static deformation
the secondary systems come into effe ', and with increase 3
in the deprec of defornation their snec. 'ic weight becones ‘
even precater. liere the dvnanic strength factor rust in fact 3 '
be decreased; this is confirmed by Sokolov's data.

liotonly doe the strength characteristics denend on the
defornation velocity ranre but the dvnanic strenpth factor ) :
itself as well, By studyins the dvnanic coefficient of the :
vield stress for low-carbon structural steel in the ranse

- - ‘. -
from ¢ = 10 N sec 1 to & = 1,6410° sec l, the authors of
reference [216] showed that it mav be described bv the %ol-
lowing equation:

(I SN

PECTIREIY

kK and n are constants for the riven naterial. In nar-

rovwer linmits (from 200 to 1600 sqc-l) this dependence is
linear )

vhere

W P R a? B s ek By on e R e ke S A U I b e ety 2 220

dyn stat _
60.2 60‘2 = 3.2 + 0,001 &,

o Ahan o betaz pta R b aa M wan_ e e

All factors which influence the dvnamic pronerties

and the properties found in the naterial after deformation
may be divided into two froups,

e

1., General factors which to a sreater or lesscr dee-
rree annear for all netals, Included in these are the' ine-
crease in the force of friction during the motion of the
dislocations, the increase in dislocation densitr, and noint
defects, etcetera, '

E3 JORPPRPIL ISR R SUSPIC DR P

2. 1In this rroup belong those factors vhose annear-
ance is deterrined by the specific conditions o¢f deforna-~
tion and the naterial subiected to hirh-velnaitr deforration.
Hence we include the initiation of neu rlide svstens, the
initiation of twinninp, the fornmation of rackinr defects,
the onset of roint defects, etcetera, The anncardance or none-
annearance of these factors depends cn the cne *aned nn the
conditions ¢ defornation (velocitv ranre, dcfernation temna
erature, and defornation diarrar’, and an the cther hand on
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the properties of the material (type of crystal lattice,
melting point, and recrystallization, and cnergy of the packe~
ing defects).

Yakutovich et al [217], in analyzing the expansion di-
agrams of polycryvstalline cadmiun under various temperature
conditions, suggested the classification shown on P'ipure 94,

1 1 | i J
0 0 20 30 &%

Figure 94, Expansion curves for polycrvstalline cadmiun at
various temperatures [217].,

1., P, n (kgf)

In the first belong the curves obtained at low test
temperatures (1), For them ve find to he charaateristie
a continuous growth in the deformation stresses, airh strensth
nroperties of the metal, and a sharr drop in s¢rra..- after
reaching a maxinal value, The curves of the s..c:nd iyne
(curve 3) were obtained during hiph-temperature “‘efc-nationy
they are distinguished by the large yield regio. after reach-
ing a maxinal stress and then the sharp drop in the deforma-
tion stress due to the formation of a neck. Curves of the
third type (curve 2) are found in the intermediate tennera-
ture range and have a transitional character,

An analogous change in the deformation curve with de-
crease in temperaturec was obtained by Wessel [218] on zir-
conium, nickel, and other metals,

Change in the path of the strain-stress curve with ine
crease in the deformation velocity has been studied on mnanv
metals and alleys [2)9-223), In snite of the obvious dif-
ference in the diagrans nroduced Lv the temnerature tests,
the orientation of the sinrle crvstal, the chenical conmno-
sition of the alloys, the tvype of crvstal lattice, and other
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factors, a common trend for chanfre in the curves can be de-
ternined: with increase in the deformation velocitv the
high-temperature shane converts to the low-tenmperature,

RO

foh |

(1) - 2

& v AN N :

_ Y A R
'shmJ/ L1 ] | | l é

0 5 M 15 025 W% B

“

- b

Figure 95, Curves for the deformation of steel 1030 after !
strenpgthening by detonatiozs. The nunbers show the nunmber :
of plates of explosive with a thickness of 2.5 mn [223].

1. G, Un/n? (kgf/nn?)

SRRV NN L ATENOVE. DP  aR R

&, Mufn(xl/mum3)
=
s
]
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| [ 1
0 2w 60e%

Figure 96, Stress-strain curves for aluminunm [221]: 1, & =

100 sec-l; 2. £ = 2,4.10"° sec”?!,

1, @, Mn/m2 (kgf/mm2)

Based on the known nover dependence of the rate of
motion of the dislocation on the amount of stress anplied
(23), and taking into account the research of Johnston and
Cilman [4u4], the velocity of vlastic deformation ° can be
represented as a function of the overall lengsth of the no-

bile dislocations L with the Burgers vector b and the rate
of shift v:

2, 50

¢ = OLbv, (66)

g

where @ is an oricentation factor not exceeding 0.5,

Cottress [224] detern.nes the influence of de‘orna-
tion velocitr on stress by the equation:
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) t/m
0=qe+o.[m] ’ (67)

3 where q is the amount of deformation strengthening equal to
E dg/4¢E; ¢° is the stress necessary for shift of the disloca-

tion at a single velocity; C is the coefficient of propor- 3
tionality; &« is a constant equal to 0,7-1,5,

: The stresses computed from this formula pgave pood
: agreement with the experimental data obtained on germanium
1 £225], Let us note that the values of m and Lo in frrmula

: § (67) actually determine the shape of the deformati.an curve.
: In one case this may be a curve similar to that shown on
Figures 95 and 96 for steel wund aluminum with no well-ex-
pressed yield peak, and in the other it may be similar to
that obtained by Campbell and Harding [50] for armco iron
(Fipure 97).

In the majority of methods involving pulsed deforma-
tion the loading diagran corresponds to uniaxial comnression.
% For construction of the diagrams, in the coordinates stress -
strain, for low loadingy velocities as a rule the uniaxial
expansion is used, However this does not nrevent combined
f analysis of the ohtained properties, with the exception of F
those processes vwhich are determined by a polar, directed i g
mechanism, for example, twinning (see Chapter 3). ; ;

SRR R DY TR

EAETTPNCIN

Tests for exmansion and contraction have their own
disadvantares, which lead to a deviation from the ideal
diapgram of the uniaxial loading. During contraction forces
of friction are penerated at the sites of contact between
the sanple and the transverse component of the test machine,
During exmansion of the sample the axis is bent since the .
tlide plane tends to decrease in angle with the direction i
{ of load application.

v tadfmen

«
IS X IRTpRrT

Imai and Hashiwara [226] desirned a machine in which i
they were able to carry out expansion during the detonation i
of an exnlosive, using the reverse diarram. The exnransion
diagrams censtructed under these conditions for steel and ]
brass are similar to those which were obtained bv other au-
thors for pulsed contraction,

Ol S e A e s nF e,

o e e S
[

Tie characteristic chanre in the stress-strain dia- .
Fram for nrediun-carbon steel with increase in defornation
velocity is shown on Pirure 95, The defornation veleccitw
and corresnondinrly the armount of maxinmal nressure of the
shock wave varied as a “unction o0f the nunher of nlaten of
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explosive, whiech were aonlicd directly on the sannle., Yith
increasr in deformation velocity the vield stress and the
tensile strensth vere increased and the plasticlity drovpned

slif’htly. it 3
3
i
i I
. 53
{ 'wmpmof T
i . T (1) i3
& ooz 3 ]
: = ! 5]
1 ) X d0f-s0) ;
1 3 2 ;
. X E
3 © wof~40)

1 1 1 1 1
¢ w2 w0 W e

Fipure 97. Stress-strain curve for armco iron at a relative
velocity of 10-3 and 2.6+103 sce~l [50]: 1, dvnanic deforna-
tion; 2. quasi~static defornation,
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This diagran differs fron the low-temnerature one in
that the difference hetween the yvield stress and the tensile
strength is less than in the deformation of cadmiun at low-
ered temperatures. For aluninum [221] in the linits of the
deformation velocity from 2.,4¢107° to 102 sec~l (see Fipure
96) the diagram has an internediate character, Baron [227]
showed that in the velocity range from 10-3 to 102 sec-l in

N aat drere .
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all carbon steels with increase in deformation velocity :

3 : i
& the unver and lower yield stress annears, The diafsran of b
= technically pure copper varies anproxinately the same as for ;
: alunminum (see Figure 96) and for brass and an allov such as ; 3§
3 duralumin the expansion diagran varies verv insirnificantlv, : 3
5 : 2 1
2 . 4

Iy Even within one type of ervstal lattice the strensgthe < E
& ening as a result of the effect of the shock wave may he g k
& substantially different, .especially if the effect of the 4 ’
£ shock waves involves a phase transition in the riven nres- : 4
& i :
¥ sure range. As is obvious fron Figure 98, the strengtheninys 4 g
§ of niobiunm is significantly less than the strenytheninp of § ;
% . iron. The strenpth prorerties of iron are sharplv increased K $
& at a pressure on the order of 130 kbar, i.e., at such a pres- ] E
53 s i3
g sure vhich produces a polymorphic transformation. 3 4
i -
£ g
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g =171~ q
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3 _ Firure 98, Dependence of hardness on maxinal rressure of a i
4 shock wave for iron and niobium [177]. g
i
: 1, P, kbar .g
. i
: ' :
; The effect of sharn chanse in hardness durinpy nhase 3\
; transitions is also known with resnmect to the temperature t B
¢ chanfges. Bowden and Kelly [24] found a “unn in hardness at
[ the termperatures of the phase transitions in mansfanese and il
3 in other netals. 3

2z

The magnitude of the critical pressure of the nhase
transition and consequently the interval in vhich the sharnp
. increase for iron is seen_(for iron, 130 kbar) derend on the

composition and structure of the Steel, It was shown in
reference [228] that in lov-cargon‘&nj high-carbon steel,
. the distance betveen particles of the cementite znfluenre
the value of Pcr at which Gh and Tb.l Frov,

ek Sk sl
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Fipure 99 and Table 24 show the increase in hardness
and strenpth with pulsed strensthening of various metals and
allovs at a pressure up to 500 khar. As is clear fron Fisure

: 99, the proup of metals and allovs vith an fec lattice is

: strenpthened nore strongly than netals with a bec lattice,
Onc excention is iron and low-carbon zteel, vhere the hard-
ening rrovus as a result of the nhase transition,

PVEE T2 MO TOPLALSVRER S

PR 1Y

Of the group of investirated metals with an fce late-
tice, the rreatest strenpthening is reached in iadfield stecl
and in stainless steely this is obviouslr due to the energv

of the nackinpg defects and to the additional strenrtheninrs
during twinning,

St

Strengthening by hirh-velocity deformation of anv
retal is determined not only bv the amount of nre
the shock wave, One of the essential Factors

ssure fron
is the deforra-

.
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tion tervperature., as far back as 1387 Aubkin [230] shoved
thac the marnitude of the dvnanjc streneth factor denends
on the ranre of the defornation velocity in whichk the
Strenrthenine is studied and on the defornation tenperature
(Table 25),
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Figure 99, Dependence of srrowth in hardness on amount of
pressure from the shack wave for various metals and allovs
(229]): 1, iron and low-carbon steel; 2, Hadfield steel} ) .
J. austenite stainless steel; 4, monel; 5. copner; 6. nio=- ' -
biumy 7. nickel; 8, Au+l7% Ap; 9., alpha-brass; 10, tantalum,

1, Increase in fiV, % 2. P, kbar

Baron [231] cites data on chanpe in vield stress, ten-
sile strength and narrovinr of the cross section with incredase
in deformaticn velocity fron about 4.10-% to 102 sec-l at var-
ious test terperatures (Talle 26), VFirst of all ve should
rention that the dvaanic coefficieont of the vield stress is
rreator than the dvnanmic coefficient of the tensile strengsth,
Yor arncn iron and austenita: stainless steel this difference
is esnecially hirh. Althourh in reference [231] the deforma-
tion was nect studicd, it is obvious that, at velocities of
about 102 scc‘l, the overvhelnins amount of the deformation
drons to a fraction of the glide,

The authors of :efecrence [221], investipating an al)loy
of alurinun with 8,65% !r, found %t:at approximately in the

w73~
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Table 24, Nechanical Properties of Several bcc lletals After
Pulsed Treatnent [177]
Meraaa 06padorks Hv Tog: Muiat | ay, A/t
(Wl (e o frim | fqmn
¥Keneso grmm' ....... 6¢ 131 (13,3) | 218 (2,2)
MALHN,
() p 0w ) | s | 7m0 . | 80t 8y
(Ocl?':’le) h‘r&lr ....... 85 246 (25,13 | 408 (11,7)
W 4 MaUHA:
’ o). | e0 | 435 e | 506 (.10
(3) P =220 x6ap . . 260 808 (82,4) | 879 {v1,6)
F{3%st{ Omxur . ...... 180 380 (38,8) | 520 (42,2
Redopuats: (9)
P = 95 xGap 300 583 (59,5) | 608 ('+,3}
P = 220 x6ay . . 380 984 (100,2) | 10G8 { 05)
T Or: e gty 120 197 (20,1 260 6.5
A llcqu:'rnaulm. (10) @l )
(4) P=215«bap . . ... 185 316 (32,3) | 337 (:4,6)
FwoOnh grmur e e s (1.1.) 68 183 (18,7) | 309 (-'1,6)
Manss, p
(5) | p=95 ;gap ..... 115 330 (33,7) | 358 (:6.6)
1, MNetal 8. Annealing, deformation, =
2. Iron 9% kbar, P = 220 kbar
3, Steel (0,17% C) 9. Annealiny, deformation, =
4, Tantalum 95 kbar, P = 220 kbar
5, MNiobium 10, Annealinf, c¢:xformation, P =
6., Treatment 275 kbar
7. Annealing, deformation, 1l. Annealins, deformation, P =
P = 220 kbar 250 kbar
12, GB 29 Un/n2 (kgf/nn2)
13, ., Hn/n? (kpf/nn2)

u

same ranre of deformation velocitles the vield stress is ine-
creased and the tensile strenpth is sliechtlv decreaserd, Freor
analysis of Table 26 it follows that in the ranre of deforna-

-u -
tion velocities from 4.l0 to about 102 sec 1
of the variocus netals is different,

the reaction

Davidenkov and Cht n:n [232] studied the influence o€
temperature on the chanre in vield stress of various netals,
“1969¢ -T 200 ¢

20° ¢
Fe) is 130-250, and for metals witn an fecc lattice (21, Cu,.
Ni) it i3 10«30, ©Such a sharn difference in the influence

ratic for netals with a beec lattice (Ta, o,

-l?u-
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] of deformation temperature is still caured apparently bv an
influence from indection inpurities on the strennth of the :
3 metals with a beec lattice that vas not checked by the authors, 3
3 1§
1 Table 25. Influence of Velocity and Temperature of Deformation i
on the Value of the Dvnamic Strenpgth Tactor K = 1
GaYREEtat [230) 1
b Tb [
X ) — o :
(3) K nps renneparype jl
k e, M/oex : — e :g
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Yipure 100, Riarran of the denendence of *iald ntvrenn of
suiet sheet steel on velocitr and ternerature of defrr~ntinon,
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FirFure 1C1l, Scheratic representation of the exnansion dia-
srams at tvwo different ternrveratures (7, D> Tl) after Cnttrell
4

and Stoxes.

l. 5tressn 2., Htrain

I‘aclonald et al [233] conntructed a ternare diarrvan
for quiet sheet usteel which illustrates the derendence of
vield stress on velocitv and ternverature of de‘orration
(Fipure 100),

In reference [234] it was established that the nensi-
tivitv of the vield stress of soft stecel (0,14% C) to defor-

mation velocitv (From 24107 to 4+10° cec” ') is decreased
with clevation in test temmerature and increase in derrec
of deformation. It will be shoun later that the dependence
of the prorerties of i tals on de‘ornation velocity is de-
ternined by the initia structure to a significant derree,

The larsre anount of cxnerinmental data concerning the
influence of deforrmation velocity on the nrorerties of netals
and allovs still does not permit us to establish the Factors
that determine the production of these propertics after
high-velocity deforration, {or the present, nosing thils
question requires the creation of certain nodeling concents
and their experirental proof,

In 1955 a namer was published bv Cottrell and Stokes
£235] that has become a classic, in wvhich the authors inves-

tipated the influcnce of tennerature on the amnunt of deforn-

ing stress at the third ;lidinp stare. The authors shoved

that if a temsile test is made at two tenmperatures (T, > Tl).
then one and the sane anount of nlastie defornation is reached

with an equal value of the stress (Firure 101),

The cause of this tennerature effect, fust aa the ef-
fect of deformation velocity, reauires snecial ntudv, It
wat nentioned that the anount of additional stress necessarv
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“or reachinpg the sane anount o!f defornation ins di"“erent
for the different metals, Thus, the ratio AP/AC Tor nolve
ervstalline aluninun is 0,4-0,%, for conver 0,6-0,7, with
chanye in the test tenperaturc fron 222 ta 78° I [230],

o o e A

<t

The differernce in stress (BC) is due to tuo srrouns
of factors,

Included in the first croun are the “actors that are
assocliated with the characteristics of shaniny the structure .
of a metal in the defornation nrocess, This includes the
densitv and distribution of dislocations, the concentration
of moint defects, and other elerents of the substructure. .
] ; The specific velrht of the individual elerents of the sube
atructure in turn denends on the material and the deforra-
tion conditions, Those structural chanres which took
nlace during prlastic deforration are irreversilile if the
annlied stress is reroved.

TSR TS
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Included in the second rroun are the temnerature .
chanres in the onroprerties of the crvatal itsclf, and ob-
viously of course the chanre in the arount of critical cleav-
are stress t;r' lith a reverse chanre in temnerature ¢

e

i

cr k
will have nrime sipgnificance. Those factors which rake a P
contritution to the temperature effect are called reversible.

If we bespin the tension at a hipher tenperature T2 and, !

by reduciny the deformation to a certain value B, abruntly N
chanfe the temperature to 71’ then the curve will have the

CE M L APLATRR VIS AT Y SR T SRS T TR

g Y b st £ s i el

i

form OBD (see Pipure 101), It is necessarv onlv to assure
that the change in temperature uwill not nroduce anv aring

of the allovs, nhasc recrvstallization, or othe. similar nhe-
nomnena.,

)

N L I A R T

The increase in stress BD thus obtained will be de-
termined by the proncrties of the crvatal at various tenn-
eratures, Accordiny to the data of Dorn et al [236], the
ratio AR/BD with chanre in temnerature fron 292° to 72° ¥
: is enqual to 0.7-0,8 for aluninur and 0.8«0.9 for conner.
e must nmentjion that this auantitative evaluation has an
esneciallv singfular character,

PRI TS AL F PTLYOL o BS R WP EEWUR P o7 TE R L L A

Cottrell and “.okes [235] nade a test using s slirhtlv
different diarran. In a wide ranpre of deprrees of deformation
thev deternined the ratio of chanpes in flow stress by trane-
sition fronm 293 to 90° K and fron 90 to 293° K, Bv varvinr
the test temperaturc alony with the stress and load, thev
were able to divide the effect fror the influence of terper-
ature into chanre in vield stress and into chanre in the
structure of aluninun for which the exnerinent was conducted.
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Firure 1C2, Dependence of the ratio of deforrinr stresses on
derrec of defornation with chanre in deforration temncrature:
1, from 2983 to 90° K3 2, fron 96 te 293° [,
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Firure 103, Tenperature denendence of the resistance to
nlastic deforrmation of several netals with an fcec lattice,
The data obtained on sincle crvstals and polvervstals of
aluninum lie on a single curve. Only single crystals vere
investipated for silver and copner [238],

The results are shown on Firure 102, Comron to both curves
is a veak dependence of the ratio of cleavasre stresses on
deformation. Tfron the experinent of Cottrell-Stokes it
follows that by transition fror low tenmperature to hirh the
increaze in strength is basicallv deternined by the stable
(irreversible) factors which characterize the substructure

of the metal, and the transition from hirh tenperature to

low is due to the properties of the lattice, and nrarticularly
to the deprendence of ?cr on tenperature, Cottrell and Stokes

showed that the ratio AD/AB rerains constant for crvstals
with di{¢ferent orientation in the stereosrranhic trianrle,
Thus3, this transition fron hirh temneratures to low is found
to be structurally insensitive.

tteLean [237) shows that such an exnerinent nav be
properly treated in that case if the flow stress deternined
at each tenperature ir divided into the value of the nodulus
of elasticity at the sane tennerature,

In reference [238] the temnerature dependence was
studied of the resistance to plastic defornation of a nunber
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; of metals with an fcc lattice. [Ironr the results shown on )
1 Fipure 103 it follows first of all that renerally for all ]

the investigated nctals the ratio /G varies verv little
and for metals such as copper and silver, is nractically
constant., Conseauently, the temperature denendence of de-
formation strengthening is almost conmnpletely determined bv
the structure formed.

In metals with a beec lattice on the other hand the
flow stress changes substantially with temnerature [239,
240}, In iron the anonnt of carbon does not influence this
dependence. Consequently the flow stress in bece netals is
3 much more sensitive to tennerature than in fcc metals, and
X undoubtedly nlavs a major role in the temnérature derendence
of deformation strenpthening.

TR

Any process involving nlastic flow stress mav he
treated as the overconing of an enersy barrier. Thernal ‘
activation which facilitates overconing this bLarrier is an .
operation that is carried out by an externallv annlied
stress, the anount of which is determined bLr the defornation
velocity. Consequently it is theoreticallvy rossible to studv )
the velocity denendence of dynanic strensthening “ron the '
rositions discussed in the vork of Cottrell and Stokes,
liowever a quantitative evaluation of the effect of increase
in stress AG, deternined by Cottrell and Sto' s in the forn ,
MNo/G@ = const, obviously has narrow boundaries o€ amnlication. j

R b AT

R b AL N T

Haasen [2u41], for examnle, rives the folloving exnres-
sion for the two tenneratures T] and T2

A

ra—as

: oy, —07,=a-+ bor,,

vhere a and b are constants,

; It is assuned that this fornmula best describer .he
available data for larre stress values, Basinski anc hris-
tian [239] assume that with an abrunt chanre in tenr tenner=-
aturec the nmarnitude of is penerallyv constant. ihe rule i
of Cottrell and Stokes is valid for nure netals with an fce

lattice,

At tlhc same time, attennts are already beinr rade to ]
evaluate the possible increase in flow stress of a metal
with increasec in deformation v-locitvy, Vada and 'linura
[220), studving the defornation of iren and its allovs with
vanadium, found that by chanriny the defornation velocitvy
by ten fold the followiny exnressions are satisfied:
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0 — “2 = A, .:;
03—(’3 = Ag. (68) '
Oy — Op== Ari=3

where A and r are positive coefficients and r ¢ 1; O, U},

;, and 0’n are the nasnitudes of the stresses necessary for pro-

|
Ry

3 ducins onc and the same deformation, and with increase in "
N n per unit of deformation velocitv thev differ bv 10 fold, ’

» Sunmming the ratios in (68) we can determine the d
B ference in flow stress for the tvwo deformnation velocitie
1 which differ by a factor of 10:

ifa
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4
;
:
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A=Y )
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Yarada and Koterazava [221] nroduced strain-stiress
diagrams for aluninur, %her not only used different defor-
ration velocities,but also varied the dcformation velocitv
after 20% exnansion., Thus, thev constricted curves for the

transition fron a velocity of 2.&-10'3 to 10'2 sec'l (curve
C-D on FigFure 104) and for the transition fron hirher ve-
locity to lower (curve =), Lased on the data in [221]

: 5 of * - )
w: computed the values o qgtat/chyn and Udyn/that the

ranpe from 25 to 50% defornmation, vhich are nlotted on Tir-
. ure 105, Let us turn our attention to the fact that the
} value of these ratios does not denend on the desrce of de-
formation, fust as in the exnrerinent of Cottrell-Stokes,
Furthermore, as follovws from P'irure 105, the ratios § /

stat
6&

LA it AR L e ateite aat Bt

ag e

ey

Sadine (v € i caf

T R TR )

fe Lo P st ey

. , s e
yp and Ghyn/U;tht nractically coincide.

It is still difficult to sav hov peneral these re-
sults are, Probably thev helonr primarily to netals with
an fecc lattice,s In retals with a bee lattice the behavioer
of the dislocations under conditions of hirhevelocity load-
ing differs fron the pehavior of dislocations in arvstals
s with an fcec lattice, TFurthernore ve nust take into account :

tiat the role of injection imnurities and dismerse senara-
. tions in thece né&tals s rather hiph, All this mav sub-
ctantially influence the relationshin of the reversible
and irreversible factors in the drnaric strensthenine of
retaln uvith & bee lattice, These conclusions to snore dee
rrec arz confirred excerinentallv hv referances 1238, 23%]
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where it was shown that iron is nore sensitive to chanpe in
deformation velocity than silver, conrner, and aluninun,

o

~§m~a a2

S

':’5,43('4; ¢ (

%

§za(~z)

w ! 1
n o 4 GGc, e

Figure 104, Ixpansion diasrams of aluninun obtained at a
variahble defornation velocitvy after 20% deformation [221];
the scquence: C-C = quasi-static = quasi-staticy D=D =
dynanic - dvnanic; D-~C = dynamic - quasi-static; C«D =
quasi-static & dynamic; ¢&stat = 2,4..0-3 gec-l, gdvn =
102 Sec‘l.

1. 9, Mn/n2 (kﬂf/mnz) 4, Cb
2, D 5, DC
3. b

I
I T X3

Firure 105, Denendence of the relative chanre in Fflow
stress on change in defornation velocity in the ranre

from 25 to 50% deformation: comnuted fron the data in
[22:]): x = transition fron quasi-static defornation to
dvnamicy o = transition fror dvnaric deforration to nuasi-
static,

Lo Cupae/Caun 2. @, /C

stat dyn’ Vstat

The deformation distribution and corresnondinply the
distrilution of deforration strenpthening in connonents is
deternined by the loading diapram, Durinpg the nunchine of
shecet billets throurh a transnittine nediur, according to
the diarran shown on TFipure 4, the naxiral dcfornation and
hardness are found in the center of the halfesnhere (sce
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Firure 8), Thiz distribution is analepens te that whichk is

cbhaerved durine quavi-sntatic Jdecep dravierr, the onlv di7fore-

ence beine that the hardness a“ter hircrhevelocitvy deforration
i¢ slifFhtly rreater,

Fv the contaect nlacenent of a charre, the raxiral
strenrthening is reached on the surface (Vieure 1N6), Pler-
son [242] varied the size of the charre durine strenctheninr
hv contact detonation of steels with different arounts of
carbon and corresrondingly with different initial hardnens,
The inercase in hardness during contact detonation strenrth-
eninr, as would be empected, is rreater as the Initial hard-
ness is lower, and this value denends little on the size of
. the charre (in anv case for low-carhon nteels), but the zZeone
of strenptheninr rrous nubstantiallv,

In a collision with a faste-noving nlate the size of
the deformation zone denends on the materlal, By varvinge
the collision velocity from several nmeters ner sccond to
20 rn/sec, ldzire and Sindz! [243] rroduced a defornation
zone in alurinur sraller than in coenmner (Vigure 107), Con-
putation thowus that with a rate of particle disnlacerent

of 1 m/sec, tangential stresses are Fenerated enual to 95

2 . 2 . . , . y . 2
dn/n (9.5 kef/nn®) in aluninun, and 20b “n/nz (20,4 kef/rn")
in copner,

The dependence of hardness and nechanical nroncrties
of conper on the derrce of defornation after various tvnesn
of punching is shoun on Firures 108 and 109, ironr the re-
sults obtained 1t follows that strensthening at one and
the sanme derrec of deforrmation is naxiral after dvdrodeto-
nation and electronarnetic runchine and minimal after hvdro-
static. When € = 10% the nmicrohardness of conner a“ter de-
formation under conditions of hvdrostatic loadins frows to

160 Hn/m2 (about 16 kg‘/mnz), after electrohvdraulic to 240
Hn/m? (about 2u krf/an), and after detonation and clectro-

magnetic punchinpg to 320 :lr./r\2 (about 32 krf/nm2). Thus,

a sipnificant additional strenpgtheninp of conner is observed
that is determined by the defornation velocitr., The chare
acteristic of this additional strenpthenine is that it iu
maxiral in the ranre € = 10-20%; with a larper derree of
defornation the differcncec is leus,

The nicrohardness of coarse-prain copper iu less in

absolute value, but the additional strenrtheninr after opulsed
deformation remalins the sare and we ean assure that it is
indenpendent of the size of the oririnal rrain. o

-
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g writa [17¢ ) showed on correr and arrer iron tih:t
3 strenpthe ninr b shocl vaves at o a rwenssure un to 664 - Larp ?
rives an increase In hardness that ‘s preater than rolline A
vith a reduction of (u and 9t (Taldle 27), :
E
"I
k.
3 8
L A
B R . J
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3 i
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3 g £ )
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P - L ! fe t 3
0 & L/ M ne § 0o ? ;
Ficemnanue om xowmaxmuod nodepxnsemu, mv (1 3
i irure 136, Curveus of the chanre in hardness of steeld =lates :
2 ' treated v contact detonation [H2]: A = 1020 steels o' = ;
10330 steel; & = 1050 stcely b = 4)30 steely T = Initial :
hardness. Thickneaz of the clarre, nmt o = 2,133 + = b,24; ;
OH=8,5; 8= 17.9, ]
1, PDistance fron contact surface, mn j
b
8% > - i
- A
7 ;
N % b
‘ -
0 § m
"
0 J
2 1
° 23 UTw
’ 50 w
’ 50 w (1) Peccmonnie om xowman nved
(1) _ Pacemenwu e am KnmewIwed nelcganacmy,
Aoleprnecot b
a

Ficure 107. Chanre in derrve of defornatinn alone the

lenrth of the namnle acter collisinn in alurinur (a) and

in corprer (b), The desrree o7 deferrmation {n the contact ’
zone rrovws with inerecasne in colliision velocitvy, The de-

forration velocity rrous with increatse ir curve nurter,

l. distance fror contact surface, nn
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irure 1 68, Influence of tie derrece of deforration and tyne

of punchins on the nicrohardness of cornNer: e = sannles

with 17 gt sraing ----- = 150 ang A = hrdrodetonation and

eicctrorarspetic nunehines o = Lvdrostatic: O = electrohyv-
drauliic,

Firure 109, Chanse in the mechanical nronerties of coonner
(rrain size 17 un) as a function of tvpe and derrec of de-
forration. The synbols are the sanc as on Figure 108,

1. @, 3n/n2 (knf/nnz)

Additional strernpthenine nav he due cither to size
reduction of the srrains or to chanre in the dislocation
structure., AOuantitative netallopranhic analysis showed
that the srrain size of conner is indenendent of deformation
velocity, It is5 rossible only to detect an increase in the
etchability of the rrains with increase in the derreec of
deformation which qualitatively indicates an increase in
the prain of the rnicrodeformations, Pashkov et al [273]
also nmentioned that detonation defornation of arrco iron
does not lead to srain size reduction.
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b Table 27. lilerohardness of Conper and Arnco Iron After
i Various Tvpes of Treatnent
i i
Taepaocrs 1ty (2) 3
Obpadorxa - i é
uean . .
(1) (3) ‘ apuxo m(e::‘a; 3
f Omnr . . ... .(5): o« .« . 54 % ]
nmlrn% (5) B
| poam W sy iy O = :
s P=3 » ...,..... 109 . -
P =425 » .. ,..... 132 _— E
b m P=0600 > .,,m“ — 284 5
‘ poxatka ¢ 1e¢opnnnel 109 212 ) i
[ %%(7) 129 250 X
1, Treatnent 6, Deformation, kbar
’ 2., Hardness tv 7. Polline with deformation 3
. 3., Couper of 60% and 95% {
L 4, Arnco iron %
S 5., Annealine 1
* 3
i
.14 7 B
ricr, ,/ : %p 180l
2
4
w :
. | %
e}~ L?* ‘L{ 1
I;’ x S| M o2 ;
150 R
¢ 2%
20 ;
> i
“5 ] » » £,%
Figure 110, Yependence o hardness of nfckel and nickel-
base allovs on derree of defornation after cctonat‘nn (1) 7
and hydrastatic (2) leadinr,
. i
Our investirations [2u4] on the hardness and mechan- 3
ical pronerties of nickel, nickrore, and LKh1B8iAT steel

(Fipure 110) a'ao shoved the rain strearthenine after de-
tonation defo nation. (ichrore differs ‘ron nure niciel
and 1RKhl8l9T ..ccel ‘n the larre rradient of defornation
strenstherning. This relicionshin is retained also durinr
aquasi-static and hydrodetonation defornmation,
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The results of astudying the fine structure indicate
that chanre in the nhysical line width (420) of connepr as
a function of velocity and derrce of deforration (Iipure
111) arreces well with the chanpe in the strenpth nronerties,

bt b T e b 40T
S R

1

The stress necessarv for continuation of the nlastic
deformation is proportional to the concentration of defects,
includiny density of dislocations, lovever evaluation of
the dizlocation structure ls renresented onlv inadenuatelvy
by tie density, since “or anv dislocation densite such nile-
uns are nossibie wuliich lead to the formation of brittle
cracks, and a8 hipl strenpth can not ke reached., Therefore
. not onlv does the dislocation density have rreat sieni icance

but their distribution by volure of the subsrains =nd at srall-

anrle boundaries an well,

Atk Eapeinleets 50 VAN, 14 ¢ 20 Yot ot i 2nkis

P

In references L2245, 246] it vas shown that the nhvse
ical broadenine of the x-ray lines is due to the nresence
of defects, the ansular derendence of the bLiroadening ine-
volves distribution of the dislocations by volune, and the
ratic o the physical width of the two lines near the ratio
of the tanrents nay indicate a un’forn distributinon of dis-
locations and is most desirable,
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The concent of a uniform distribution of dislocations

% ie often"not unambiruous, I wve are sncakine about the dis- 3
3 g location structure, in which no space lattice is forned for i 3
. & the cells, then the difference in number of dislocations in f e
2 arbitrarilv gselected volunmes will characterize the uniform- § 4
% ity of the dislocation distributicen, ; 3
% After the fornation of a cellular structure the dis- ! E
& location distributicen is difSerentiated: larre nile-uns ;

are formed at the boundaries of the cells and rerions ane i
rear that are rore or less “ree of dislocatiore, In this :
cane the concent of uniformity in dislocation distribution :
involves the dinensions of the cells. The smaller the cell

dinension, the sraller is the stress rradient acting ner H
individual dislocation arranred inside the cell *n differa
cnt directions,
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1 : Fron the data of measuring the vidth of the x-rav ;
‘ lines piven on Table 28, it follous that with fnecrease in 3
2 o the deforration veloc?ty not only does the dislocation den- :
4 sitv srow, but alsoe their distribution is rodified. DBv 3
b
hrdrodetonation and uarnetonulsed deformation the ratio ;222 3

. tand, oo 200 ;

incrcases and in fact reacher the ratio
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Fipure 111, Change in the physical line width (420) of
copper as a function of tyne and depree of defornation. The
symbols are the same as on Firure 108,

3
1. P(“zo). t‘ad010

The harmonic analysis which we made for the shape of
the x-ray lines of nichrome [244] and the MA-8 alloyv [237]
shovwed a different denpendence of the size of the nicrodefor-
mations on the size of the rerion of averasging for the
Auasi-static and dvnanic deforaiations. The rradient of
chanre in the nmnicrodeformations is higher during dvnanmic
deformation and the nicrodefornations are distributed in
a smaller volune of the crystal. Thus it in obvious that
the fields of nicrodefornations from the nile~up of dislo-
cations duriny dynanic defornation act at a smaller distance
than during quasi-static, The authors of reference [2u8])
assume that this nust correcspond to the nore uniforn dis-
tribution of dislocations vhich they nroved on nickel,

There are also data that pulsed deformation facili-
tates the fornation of packing defects, Such results vere
obtained bv us on a nagnesium alloy [247], on the alloy Co-
Ni-llb, and also in reference [249] on austenite steel, How=
ever this question requires more careful proof,

The data of xe-rav structural analvsis have heen con-
firmed by electron microsconic investigations, After quasi-
static deformation of coprer up to & = 7% (Fipure 112) the
nadority of dislocations lie in the nlane (111) of the nri-
marv glide svstem. The dislocations are distributed with
snall nile-ups - tanrles, which are not visible on the orip-
inal samples, As was shown, up to ¢ = 7% of the aquasi-static

defornation, the rlide takes place alonr a sinfle plane., Here

no effective barriers are forned to slow down the notion of
the dislocations, ihen € > 7% a tendencvy is observed for the
onsct 0f a cellular structure wvhich corresponds to the hepin-
ninn of plide in the secondary svstens,
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Table 28. Results of Measuring the Physical Hidth of X-Ray

Lines (200) and (400) of Copper and Nichrome After
Different Types of Deformation.

cosazoo
(The Ratio is Lqual to 1.75 for Copper

€oS%400

tan’“no
and 1.85 for liichrome: The Ratio is 3,47

anda00

P K oy DX HART R 5, ¥

for Copper and 3,7 for lNichrone)

FRT ¥ oo Te Mg T Ty

g iiraunosxs é, o &"Lbnb
—— ) 1) E
L\ ¥ ¥4 14 3
Tuapocrarnvecxes |0,5—8¢10°¢ “’ §
(s) 4 :
Saenrpernspoany- | 10108 1011 4 | A :
oo » || 88|80
(6) 2 |548)| 10913400 :
Mass - ;
Tuaposspususn ~10t $ |822] 7,40 932 | 2,54 3
‘2) (N % |30 2% 30|78
4
Sasextpomermurnan | 8100 7 |108] 644] 347 | 231 3
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(8) 238883852 éﬁ
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(3) Hi{i-|~1383} -~
(10) Bl—-1=138] -
1. NMaterial 8. Electromapnetic '
2. Copper 9, liydrostatic
3, Nichrome 10, Hydrodetonation

4, Punching -
5, Hydrostatic il. &, sec 3
6. ELlectrohydraulic 12, ’200. rad.10 '
7. Hydrodetonation 13 3

. ’“oo. rad,10
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After pulsed deformation of copper already at € = 5-7%
the cellular structure is completely formed (Figure 113), At

the walls of the cells the dislocations form complex and ir-
regular configurations and it is not possible to deternmine
to which individual glide planes they belong.

Figure 112, Dislocation structure of copper after hydrostat
deformation: a., €= 7%; b, € = 12%; individual pile-ups are
visible with no formation of a cellular structure,

The difference in formation of the cellular structure
by quasi-static and pulsed punching is determined by the re~
spective deformation mechanism, For the formation of a cel-
lular structure it is necessary that there be an effect fron
more than one glide system and the greater the effective sys
tems the sooner the cellular structure is formed. Such a re
lationship was mentioned in reference [214],

Another characteristic of the dislocation structure

iec

of copper after pulsed deformation is the decrease in the ave-

erare size of the cells in comparison with quasi-static de~
formation, As follows from Table 29, with increase in the
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1 Figure 113, Dislocation structure of copper after hydrodeto-
. nation deformation up to € = 8%, The cellular structure is
3 fully formed. i
3 Table 29. Dimension of Cells as a Function of Type and Degree
1 of Deformation
Y
Pasuep Basuery tveet. 6 (5 :
1 Wrannosxa "o | % coennen | oxen- 1+ wnne :
(1) r o) PeRNOR | wambuunt | o avunt ;
i (o3 —(7) | (8)- |
20 10 0 [ 1,57 )8 :
(2) 2 o | 8 | 3%
Inapocraravecxan d 0,78 1,3 _%%

10 | 10 | o8 | 10 | 240 :

bl I I - R
(3) ) 03¢ | 044 3,08

Praposspusnss -
180 10 0,30 0,00 %8
1. Punching 5. Diameter of cells, pm
2, Hydrostatic 6. Average
. 3, Hydrodetonation . 7. MHaximal

4, Size of original grain, pm 8., Minimal

degree of deformation the average size of the cells is de-
creased both during quasi-static and during pulsed defornma-
tion regardless of tlhe size of the original grain, The av-
erage diameter of the cells after pulsed deformation is two
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to three times less than after quasi-static., This can be
explained by the fact that, as a result of the earlier de-
velopment of multiple glide, the barriers which exert resist-
ance to displacement of the dislocations are found at smaller
distances from one another. Such a dislocation structure pro-
duces additional strengthening of the copper,

Unlike copper and nickel, no cellular structure is gen-
erated [250] in aluminum by impact contraction, which is ob-
viously due to the low melting point of aluminum,

l W
[ XY
L 3
AR ANS Y AT

Figure 114, Propagation of dislocation loops in bece (a) and
fee (b) crystals during deformation by detonation (the ordi-
nal numbers indicate tlie sequential position of the loops)
[252].

St da nza

Several researchers [251, 106], based on the uniform
dislocation structure obtained in alpha-Fe after pulsed de~
formation, reached the conclusion that at high deformation
; velocities no dislocation reactions can take place, However
: the results described above and in references [252, 248] show
3 that during the pulsed deformation of fcc metals a cellular
structurec is formed, i.e., the interaction between disloca-
tions also takes place at significant deformation velocities.,
At the same time with the high-velocity deformation of iron
and molybdenum, Burgers dislocations are formed but there is
no cellular structure., According to Hirsh, the walls of the
k: cells are generated by the interaction betwveen Burgers dis-

] locations arranged along different glide systems as a result
; of their transverse glide reletive to the primary plane.

iyt X Sh o -

B i e 3

But as shown in [252] it :is namely such a displacement
in the crystals with a bec lattice that is difficult, And
with high-velocity and low-temperature deformation (4,2° K)
of molybdenum, regular Burgers dislocations are formed that
possess significantly lower mobility in comparison with the
edge components of the loop (the mobility ratio is 1:40),

As a result of this the dislocation loop consists of elonga-
ted Burgers components, not suitable for transverse displace-

=192~
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ment and binding of the cells (Figure 114 a), A large part
of the plastic deformation is accomplished because of the

movement of the edge dislocations at comparatively large dis-
tances,

In fcc metals the Burgers component possesses signifie-
cantly greater mobility, the dislocation loop has an almost
symmetrical shape (Figure 114 b), and the formation of a
cellular structure takes place freely.

AL LR B R 5PM N b o S E it

. The dislocation density Q during hydrodetonation defor~
mation of copper is one and a half to two tires greater than
during hydrostatic, and the grain size does not influence the

. dependence Q(8) (Figure 115), which in logarithmic coordinates
is linear. Using the method of least squares we found the
paranmeters of this dependence for both typas of deformation
and obtained the following equations:

cvano sk

et wve St e T
ke

Q= u.o*°'5.109-a°'3°*°'°“ (for quasi-static deforma-
tion) ’

SRR P S NP

e= u."f"°109°ﬁ°‘65¢°‘c“ (for dydrodetonation defor-
metion),

0 ] ) &%

Figure 115, Dependence of dislocation density in copper on
degree of deformation during hydrodetonation (1) and hydro- 3
static (2) loading; the solid lines represent the grain size
of about 20 um; the dotted lines reprasent those of 150 poe.
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- Trom the couations it follous that the dislocation : f
3 densitv uwith inerease in g durine hiphevelocitv defornmation, 4
: ] rrous significantly rore rapidly than during auacsi-static, ﬂ
3 The results obtained coincide with the x-ras data, -
1
3 :
5 |
: ar 3
.k
. nt ;
ol 1 A
i ] 3
§wf )
: \ 2 . ] E
T |
s i
3 : ' S DR B E
4 1 3 § 7 5ee% 3
E Firure 116, Dependence of diclocation density on desree of : ;
. , 3 - i 2
: deformation of molvhdenun [253]: 1. & = 2.10° sec 1; % ;
2. ¢ = 2.107° sec”?, P
} - € A 4
- 1. Q, erm 2-10J é 3
2 ]
P
"3 E
, Analofrous neasurerents on the dislocation density P
: durinr deformation at a veloeity of 2.105 and 2.103 sec-l g 3
1 were carried out on nolybdenun [253]. The curves €ound in i 4
this pamcr For the chanpes in dislocation density (Tipure .é 3
11€) dunlicate our curves obtained for conner auite vell, % %
_ In formula (66) the total lenpth of the nobile dis- § §
' locations L mav Le rerlaced by the densitv of the nohile dis- g 3
locations Q@ n, and @p mav differe substantiallv from the total ! j
dislocation density comprisine, in individual instances, all b F
of U.1Q. %

2

3 Let us tuvrn .our attention to the fact that by chanping

2 the deforration velocity hr seven to cirht orders of mapnitude,

i as in our exverinents uith copper, and in the exneriments of
Gilbert et al with nolvbdenur, the dislocation density is in-
creased altorcther hv several tires,
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- The authors of weference [253] tentativelv estinated ! *
the value of the offective cleavare strens for the defarration P, 3 E

_ L ¥.as computed Tror forrula (23) uhich 2nes not allow for
5 A rrecise cemnutation of thia value harause of variation in
; the lndex ©oin vide ranres,
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3 Figure 117, Influence of deformation velocity on yield stress 4

2 of 4340 steel as a function of original microstructure: E

J 7 1. fine-grain martensite; 2. coarse-grain martensite; 3. bain- ;

4 ’ ite, ‘
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Figure 118, Influence of deformation velocity on yield stress f y

of martensite aged steel (1) and type l-11 steel (2), ‘ 3

e

1, Wn.z, Mn/m? (kgf/nmz) 2, & sec™!
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From the results of this work it follows that the basic
contribution to increase in deformation velocity is made by
the second term, rather than their density. The authors as~
sume that the data obtained indicate a more uniforn distribdbu-
tiorn of the dislocations as a result of which the size of the
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path of the dislocations i: reduced during transverse giiding.
In turn the increase in velocity of the dislocation diesplace-
ment, as was shown earlier, is due to the increase in resist-
ance of the lattice to their displacement,

The influence of deformation velocity or the properiies
of the materials is found to be a selective one, liie rangy
of velocities in which a significant change is obssrved in the
; strength properties depends not only on the metal Jts-1f, but
3 also on its original microstruécture, and consequently, <n the
3 prelinminary treatment.

ke In reference [254] the influence of deformation veloc- 3
- ity was studied in the range from 10-% to 10 sec~l on the 5
yield stress Cb.z as a function of the original structure of :

1 type 4340 steel (0.4u4% C, 0,75% Mn,0,3% si, 1.65% Ni, 0,85% Cr,
. 0.21% Mo)., By quenching this steel from a tenmperature of

840° C in oil, a fine-grain martensite was producedj by quench-
ing from 930° a coarse-grain martensite was produced, and by
quenching from 840° C in a salt bath at t = 315° C, a bainite

v structure was produced, All three structural states, as is

. clear from Figure 117, act differently in the range of invest-
igated velocities, In semi-logarithmic coordinates the in-
crease in Wo.z of the flne-grain martensite takes place uni- ]

formly over the entire range of velocities with a relatively
small slope of the line, For the coarse-grain martensite at

a velocity of 0.,5¢10 sec”! a sharp break is seen, after which

At

s ‘;"»“-"‘

PR A R

ol S R Y

] the influence of defornmation velocity is expressed much more, }
< For an initial bainite structure this break appears at a lower )
3 velocity,

Martensite aged steel with 18% Ni in the state of
quenching from 815° and annealing (480° C) is strengthened
nore strongly than the others in the entire velocity range 3
(rigure 118). In type HN-11l steel (0.4% C, 5% Cr, 1.3% Mo, 3
0,5% V) the yield stress is increased practically at a defor-
mation velocity preater than 0,5 sec-l, !

E-
ke
&
v
+
e
o
&

Thus, from the examples given, it follows that the ef-
fectiveness of strengthening by highevelocity deformation to 1.
a significant depree is determined by the original microstruc- ;
ture, It is difficult .o unambiguously analyze the results ‘
cited, One of the possible explanations may be the follow~ .
ing. In the fine-needle martensite, where the distribution
of defects is most uniforn, it is more difficult to produce
additional strengthening factors than in the coarse-crystal- .
line martensite which is characterized by a pgreater hetero-
geneity in the defect distribution. In such a structure there
are fields where the blocking sources are not strong as in the
region of the martensite crystal, therefore the effect of defor-
mation velocity also appears earlier,
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Pigdre 119. 'Tompérature dependence of the impact strength of
steel after diffsrent types of treatment: 1. quenchings

2, impact loading at 95 kbarj 3, specific loading at 220
kbar. : '
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Figure 120, Temperature dependence of impact strength of
steel after deformation at a shock wave pressure of 1l-2 kbar,

1., Temperature, °C 2. ay, kJ/m2 (kgfm/cnz)

In martensite aged steel a quantitative rather rapid
pile-up of dislocations takes place as a result of precipi-
tation of the secondary phase as an effect of deformation
aging. This effect does not involve any effect from the new
mechanism in the examined range of velocities., We know only
that the increase in deformation velocity amplifies the ef~
tect of deformation aging [274].,

3. Plastic Progovtics of letals

It follows to distinguish the plastic properties of
metals appearing in the process of dynamic loading and the
characteristics of plasticity found in a metal after strengthe-
ening treatment.
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deformation is determined mainly.by the deformation mechanism

found to be significantly more plestic under highevelocity
loading, new glide and twianing systems come into play which
perait increasing the total degree of deformation,

Figure 121, Dependence of plasticity of stainless steel 303
on velocity and temperature of deformation.

1. 1log expansion 2. °, sec”?

Interesting research was done by Bogachev et al [255]
on a group of austenite steels having different points for
the onset of martensite transformation., Ouasi-static expan-
sion of the samples was done on the IM-4P machine at a con-
stant deformation velocity of 4 mm/min, the dynamic expansion
vas donc on a special device by means of detonating 1.75 ¢
powder. This suspension was found to be sufficient to frac-
ture the samnle:s of all the investigated steels, The veloc-
ity of impacr ( -.onation) expansion on the devices of this
type was 10-30 m/sec,

Before and after deformation the amount of martensite
vas determined using the magnetic method,

. The ;lastic properties during quasi-static and dynanmic
testa ar: :anown on Table 30,

. The maximal relative increase in plasticity during the
cynamic tests is seen in steels on a chrome-nickel and chrone-
manganese base, for which the increase in the martensite
phase was maximal, In the opinion of the authors, this e¢f-

fect is determined by the different drop in resistance to

The plasticity of metals in the process of highevelocity

or by those processes which this deformation induces. Ve know
that many hexagonal metals (titanium, magnesium, etcetera) are
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. dsfornation at the moment of the martensite transition, The
3 . authors assume that by the dynamic- deformation it is possibdle
3 to have the phase transitions ¥ <+ and ¥ €, since as a
¥ result of heating produced by dynamic application of the load,
4 ; the reverse transition § ¥ is accomplished. However, forma-
g tion of the £ ~phase is not very probadble at such relatively
low deformation velocities,

‘.‘ ‘ " 3
w w
(2) Cropecms degopmaysn,mmpoon

i s vt skl B EILA UL
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Figure 122, Dependence of temperature of transition to the :
brittle state during tests for impact strength of steel with !
0.14% C on the deformation velocity: To is the temperature

of the onset of transition to the brittle state; 70.5..‘ is :
the temperaturs corresponding to the half-value of the ngxi- }
mal impact strengthj Tsoo is the temperature corresponding ]

to a, = 500 kJ/n2 (s kgfm/cmz). The solid lines pertain to
the V-ghaped notch, the dotted lines to the U-shaped notch,

]
b e

Voot mitmnw

9,
1., Transition temperature, °C 2. Deformation velocity, mm/sec

e
4,

Obvidusly in these experiments also some kind of con-
tribution €o the increase in plasticity during high-velocity
deformation is made by changing the mechanism of the process
itself, which the zuthors unfortunately did not study. This
assumption particularly is confirmed by the authors' experi-
ment on 30Khl0Gl0 steel in which, by double quenching and
intermediate aging, the martensite transformation was delayed.
During dynamic expansion this steel gave a double increase
in the relative expansion and more than a triple increase in
the narroving of the cross section,

P e

I W 2 A

The brittleness of the deformed metal has a different
dependence on the conditions of pulsed loading. During contact
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detonation, as shown in the work of Dieter [l148], the temp- ;
srature of transition of steel to the ductile state is sig- A
nificantly increased. At a pressure of 25 kbar the tempera- ‘ R
ture of the brittle transition grows by 50° C, in comparison ;
with the quenched one, and at a pressure of 220 kbar the duce

tile state does not set in before 170° C (Figure 119),

A different picture is found by detonation strengthen- ¢
ing through a ¢transmitting medium when the pressure of the '
wave is 1-2 kbar. As is clear from Fipgure 120, the tempera-
ture of transition from brittle state to ductile is even
lovered., But with passage of a certain amount of time, the
temperature of transition again is increased which probabdbly
is due to deformation aging. In the range of deformation

velocities from 107! to 10" min~! the increase in yield
stress of steel, copper, and aluminum is not accompanied by
any significant reduction in plasticity [62],

IR T RUrTY

LARY

However in a wide temperature range the dependence of
plasticity on deformation velocity is not monotonic, On Pig-
ure 121 a spatial diagranm is given for the dependence of
plasticity of stainless steel on deformation velocity and
temperature [256). For this steel a drop in plasticity is

seen in the region of deformation velocity of 10 soc'l. and
this drop is more abrupt at low tenperatures,

Interesting results were found in reference [257],
where the authors studied the influence of deformation veloc~
ity on impact strength and determined the temperature of the
onset of drop in impact strength, the tempsrature at which
the impact strength reachad half the maximum, and the temper-

ature at which the impact strength was equal to 500 kdlﬁz

(s kgf-a/cmz). The results shown on Figure 122 show that
the temperature of the halfe-value ay and the temperature at

which a, = 500 kJ/n2 (s kgf-n/cmz) depend on deformation ve-
locity. The tenmperaturs of the onset of transition to the 1
brittle state does not change. Hence, wa can obviously make 3
the conclusion that deformation velocity does not influence

t?o formation of cracks but rather influences their propaga- ;
tion, 3
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CHAPTER 5
HIGH=VELOCITY DEFORMATION AND PHASE TRANSITIONS IN METALS

. -~

‘The use of quasi-static methods for producing high .
pressures has permitted observing phase transitions in var- 1,
ious materials [258]; here for a noticeable determination of .
the transformation several hours are sometimes required. At
the same time the phase transitions are noted during passage
of shock waves for a time measured in several nicroseconds,
It is interesting to note that using both the quasi-static
methods of creating high pressures and in impact loading,
reversible and irreversible phase transitions are observed.
Tests on impact loading of graphite permitted establishing
the possibility of producing diamonds by retaining the piven
modification of carbon after unloading [191]. However the
phase transition of iron under the influence of shock waves
has a reversible character and it is not possible to deter-
4 mine the highe-pressure phase at atmospheric pressure,
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The works of Bancroff et al [192] were the first to
show the possibility of observing a phase transition under
the influence of shock waves, They observed a bend in the
Juygens curve for iron at a shock wave pressure greater
than 130 kbar. Then the nhase transitions under the influe
ence of the shock wave were determined on bismuth [194],
antimony [193], and other naterials [259].
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The generation of new phases disrunts the monotonic }
path of the curves for impact contraction. The presence of
phase transitions in the process of inpact loading is de-
scribed in the P=V coordinates by the line with the break
(Fipure 123), '

To interpret the results describineg similar curves we
can briefly examine the structure of the waves induced in
the material subjected to impact contraction, If there is
no bend on the Huypens curve, then this corresponds o the

.
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- case of propagation in a material of a single shock wave with
3 s stable anmplitude. A bend on the Huygens curve corresponds

: to the case when the shock waves in a given pressure range
become unstable and several waves are propagated with dif.
ferent amplitudes,

The phase transition begins at point 1 at a pressure
Py (see Figure 123)., Between point 1 and point 3, which

lies on the intersection of the adiabatic curve of the sec-
ondary chase with the wave line 0-1, a decay takes place in
the shock front. A wave of critical amplitude P, moves ahead
of it, and behind it at lower velocity the wave o} the phase
transition P, is propagated; here st) Pye On the segment

l=1' after passage of the secondary wave there simultaneously
exist phases of low and high pressure., The segmant of the
1'=4P-V diagram describes the state of the high pressure
phase., At point 3 we observe an insignificant bend associa-
ted with the weak entropy discontinuity, generated by the
disappearance of the two~wave configuration and by the re-~
covery of the single discontinuity surface.
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Figure 123, Huygens curve for a material undergoing poly-
morphous transformation.

. The reverse recrystallization of the material when

the high pressure is removed leads to a break in the isen-
trope of broadening and to the appearance of expansion

shock waves, From a certain state m on the adiabatic curve
of the secondary phase a broadening takes place in ths un-
loading wave along the isentrope mn. Then there na; ic
either a sudden reduction in pressure in the expansic: - .o
wave converting the material from state n to state k, has.. .

«203=

P - o e ) akataC Ak A *




S -~ B R ] - T TTETRNT, TTOLR TN RO L A
T TR IO S Y A B R A ST T Tl T ST A TR S AT R T T SR B Al Lt Lag 03 il ol i AN AN e O S g S e L B IR B - it
s dssor il Bl ATV =R

;

through the segment nrk, or an insentropic broadening is ob-
served up to zerc values along the curve mnf. In the second §
case the expansion wave is adbsent, Intermediate variations i
are also possilble.

[

2 dar o 3 e on)

Phase transitions (including melting and evaporation)
3 may also take place after removing the pressure. In this
4 case the shape of the Huygens curve does not change. The
phase transitions may be determined by measuring the veloc-
ity of the free surface and by constructing the adiabatic
curve P-V, But this involves considerable experimental dif-
ficulty. *
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The phenomenon of polymorphism in the shock waves is
determined from the Huygens curve for many metals,salts, and :
rocks., Below we give the materials for which the phase trans-

) ition was observed and also show the amount of pressure de-
1 termining the transition.
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Pressure of the shock wave of the phase transition,

it Lok d gl

d
kbar#: 3
» Antinony-cecccanee - about 115 f g
2 Bismuth at a temperature, °C : i3
-28 cvncne - - 31,3 .
% ; 10- - - - 27,2 g
1 : 236- -- 17.6 P
Alpha-iron at a temperature, °C e
POOMreowovssovrrnarrorersorneoanames 32 b
195 - - - eoveoseoneoos 50
884 cere e 19
¥ Nickel and chrome steels 100-180
= 36% Ni + Fe (invar)-e-- wmoe 60
30% Ni + Ferroveans - -- 25
Carbon (graphite)reccevecncsnccvaccncnnna 300-4003 %
600-700 3
Phosphorous ;
red- - oo 25-35
y‘llow------------------------o------ 70-80
Sulfupre- - - cececscanneen 67=106
Iodin.--.--.-u--.------------—---------- 700
Cermaniunececccccas wecnsccescecee=  about 125
Marble- - - - 150
sand‘ton.------------------------------- about 70
Quartss
m.lt.d------------.------------------ 250
N‘Cl <1°°>b--.----------------------- 29
KC1 <100) S — 20£0,8 !
KBr {100)=corcnccnss - 18,520,.8 i
Cds---------------------.--.--------- 29-32 %
InSb----------.-.----.----—--.------- 17-20 !
n‘riuﬂ t1ta’n.tQ-.--------.--c'-------.--- 8 f
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¥ Where the temperatuse is nct shown, the material is at the
temperature of the surrounding temperature,
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The fact of phase transition under the influence of
shock waves has also been established repeatedly by x-ray
and metallographic investigation,

o
i

k2
s
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Iron has been studied most fully. The first systematic ’
i investigation of iron fo-lowing impact loading was done by '
Smith [176) who showed that the microstructure of irom sub-

jected to the effect of a shock wave at presaures greater

than 130 kbar, is similar to martensite obtained by abrupt ¢
quenching fron the gamma-region. The phase transition is
accompanied by a sharp increase in har"ness (see Figure 98),
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. The structure of the steel after pulsed loading, pro-
ducing the phase transition, differs significantly from the
structure after deformation., Figure 124 a shows the micro-
structure of a deformed single crystal of iron after the ef-
fect of the shock wave at a pressure less than 130 kbar, where
the deformation twins are clearly visible. With loading by
shock wave at P > 130 kbar along with the twins a ribbon
relief reminescent of the martensite structure is formed
(Figure 124 b),

LT R SR T VAN C g ro
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Figure 124, Microstructure of single crystals of iron follow-

ing impact loading [101): a, P € 130 kbar; b, P > 130 kbar;
X 400,

In this paper the difference in the structure of the
crystals deformed at pressures, smaller aand greater than the
critical, wvas established radiographically. Figure 125 shows
the pole figure (211l) for two crystals., The crystal, deformed

. at P £ pcr’ has a pole figure on which along with the reflec-

tions from the planes of the primary orientation there are
reflections from the deformation twins (Figure 125 a), The
ecrystal, deformed at P > Pcr has no twin reflections on the

§
pole figurej; the structure consists of martensite and the %
pole figure corresponds to an almost idesl lishiyama orien- 3
tation {(Figure 125 D). 3
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Figure 125, Pole figure (111l) of single crystals of Fe+29%
Ni, deformed [10]): a. at pressures less than Pc’; b, at

pressures greater than Pcv' §
X
It ¢ ¢ important to mention that the composition 3

and tempera.’ vf the original metal influences the amount

of critical pressure adbove which the phase transition is ob-
served, Fowler et al [172, 199] studied the dependence of
critical pressure on the composition of steel. It was found
that doping iron with chrome up to 10% (by mass) changes the
value of the critical pressure very little, however with a
large amount of chrome, Pc’ grows and reaches 130 kbar at

208 Cr. Nickel on the other hand slightly reduces the value
of P .
cr

R EACR A2+ I0 TN LR R BT PY

The temperature dependence of the phase transition
in iron induced by detonation, was investigated by Johnston
. et al [260] in the temperature range from 78 to 1158° K,
The results which they found are shown on Table 31,

S I v 5

From Table 31 it follows that by increasing the temp-
erature, the amount of pressurs necessary for the transition
in iron is lowered., Along with tris the authors turned
their attention to the fact that the structure of iron at
T D 775° K differs sharply from the structure at lower temp-
eratures., After impact loading at temperatures less than
775° X, in the annealed grains of ferrite twin formations .
appear as observed by Snith,

R a2 D TP PP FICLIE T PP

Above this temperature the transition in iron is ac-~
companied by a sharp reduction in grain size. The average
dianmeter of the grains in the annealed iron was 250 um and
1.5 pm after the transition. Such a reduction in grain sise
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may be due to recrystallization, since for the occurence of
recrystallization at T € 1100° K, at least one hour is re-
quired,

A

Table 31, Critical Pressure of the Phase Transition in Iron
at Various Temperatures

7, l(l)r,,.m r.°x (1)Pq <o g

3 3

7 150 878 .

208 130 978 13 K

o 1a4 ] 2

™ i ?

v j g

1. per. kbl!‘ X

0 100 500xckep (2)

Figure 126, Diagram of the phase state of iron in the coord-
inates temperature-pressure. The dotted lines show the the-
oretical computation after Kaufman,

l. Temperature, °K 2. P, kbar

=207~

S —— TR N R e b s e e i e K

ke s,




e SR ORI MR RO S SRSt L R o At 2 S i 4 A S T 1 S AU e e R L i A e

. .

Based on these data the authors assume that a critical
point exists at T = 775° K and P = 115 kbar, which separates
the region of existence of iron into the various modifications.
This can be shown schematically in the form of the diagran given
on Figure 126, The authors compared their experimental data
with the theoretical computations of Kaufman [261], The
agreement was found to be good for the of -+ ¥-transition, At
lower temperatures where discrepancies exist between the ex-
perimental and computational data, the alpha-phase transforms
into another crystal modification..

In later investigations [262, 263] it was shown that
at pressures above P = 130 kbar and T € 770° K, the alpha-Fe
traasforms into a hexagonal densely-packed lattice (€-phase) .
rather than into the fcc lattice. This same phenonenon was
detected during the static increase in pressure which per-
mitted better determining the characteristics of the E-phase
[{264-266), Jameson and Lawson [265] were the first to radio-
graphically establish the existence of a hexagonal phase in
iron under the effect of hydrostatic pressure.

LA AR R R i S

. Belchan and Drichamer [267] measured the critical
pressure for the transition of alpha-Fe into the high-pres-
sure phase. According to their research the pressure of the
E transition was found to be equal to 130 kbar under these con-

ditions as well, which agrees with the data found in the ex-
periments on shock waves, At the moment of transition of-Fe
+ £-Fe a fourfold increase in electrical resistance is ob-
served,

AT C N T ik i)

In reference [266] the lattice constants of the hex-
agonal densely-packed modification of iron were found and
it was shown that up to 300 kbar at room temperature the
ratio c/a does not depend on pressure and has a mean value
equal to 1,60320,001, Change in the constant is described
by the empirical formulat

8(hdp) = 2528(1+) """,

The constant of the bec lattice of iron varies as a
function of pressure according to the expression

& (bee) =2866(1 + Pj275)-om,

The crystallographic transition of alpha-Fe into the
hexagonal modification is accomplished first as a result of
the small change in the interatomic spacing in the direction

=208~
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£581D of the uec lattice and secondlw as a rezult of the shift
in the nlanes (110) in the direction [110] or [119])., The
ratic c/a for the hexasronal densclv~nacked lron in less than
for the ideal dense nacking, but the interatomic spacing in
the nexaronal denselvenacked iron is rreater than in the
airha=iron, Thus, by such phase transition (as by the way

in other cases as well) a rrovwth in the coordination nurber

is acconnanied by an increase in the Interatomie spacing.
Increasing the interatonic snacing “(110) of the bee lattice

heinr equivalent to d(002) for tis lLexaronal denselv=nacked
lattice,
in a nurnber uf canes a corresnondence s noted betveen

the c¢ritical nressure of the transition during static and ire
pact loadins,.

Table 32, Critical Fressure of the Phase Transition in Rige
ruth by various !lethods of Treatrent

Hasenenne yaens- ( 6 )
(_]_.l'u ncnuraxuit . t‘.(xgj (npx 25 °C) ::‘l;g :::::: m'e::;
Yaspnoe n eHNe ANTOrO MOAH. .
up;t,mm R e 259+:1,2 0,939+0,003
ASPHOC HA WEHNe N Hren
A :upomux;u%yro nom:xm&m 3) 284=x08 0,940+0,002
TATHUECKOE HArPYMCHNE (g4 ) . o 25,40, 0,900,001
1. Tvne of tests 4, Static loadinyp
2, Innact loading of a moltemb, T, kbar (at 25°C)
npolverystal 6. Chanse in snacific volune
3. Impact loadinpg of a prede- at the noment of the trans-
formed polyervstal ition

In -efarence [268] this question vas investirated for

the nhase transition of bisnuth, 1In the oniniom of the author,

the non-arreenent observed in a nurber of naners is due to
strensthening of the netals by imnact loadinp, If the
strengthening is taken into account, then the amounts of the
critical pressure deternined from the dvnanic and static
data anrce rather well (Table 32),

In snite of such arreenent, it is difficult to supe
rest in both cases that the nechanisn of the transition is
the same. 1t i3 not clear how this nechanisn ensures a hirh
velocity of the transition for a time less than 10-6 sec.
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Probably the shock waves create high displaceneat stresses
which are localized in the narrow front of the shock wave.

Nuite interesting results were obtained in reference
[26], where various materials subiected to immact loadinyp
were investipated by the methods of x-ray structural analv-
8is, In the powder-forn and molten samnles of nanfanese
and cobalt they detected a polymornhous transformation,
After the impact effect an irreversible transition of the
powder of alpha-Hn (cubic complex lattice: a = 8,9 kX, 58
atoms per cell) into beta~iln (cubic conmplex lattice: a = 6,3
kX, 20 atoms per cell) took place and the molten sannles as-
sumed a two-phase structure ol+p.

The original nixture, consisting of two modifications
of cobalt, alnha (hexaponal denselyv-nacked) and beta (fec)
with predominance of the hexapgonal densely-packed nhase as
a result of the imnact effect, had a srreater amount o¢ the
cubic nhase, and in the zone with maximal temnerature and
pressure (2000° K and 1600 kbar) the alnha-ohase disanneared
comnletely.

Under ordinary circunstances the single-nhases state
¢f the beta=cohalt can not be determined even with abrupt
quenchiny in water. This gives a basis for assuning that
the polymofphous transition olserved durinpe detonation load-
ing is not the result of purely tennerature chanpes, rener-
ated in the zone of the shock vave, but is due to the ef-
fect of high pressures.

An analopous effect is also ohserved on larpe-scale
samples: when P = 420 kbar and T = 470° K, a sirnificant
transition of the of-Co - B-Co takes place,

Ir. reference [26] the svnthesis of nowders in the
shock wave was also studied: The comnosition of nowders of
iron and vanadium of equiatomic comnosition under the in-
fluence of impact loadinr converts to the solid selution on
the base of the bee lattice, The lattice constant of the
solid solution is equal to 2,90 k¥, which accordine to the
literature data, corresponds to a solid solution on a base
of iron with 40-50% (atonic) vanadium, llerec no lines of
the §-phase, correspondine in the siven svaten to lowetenn-
erature equilibriumn, were detected,

In the other composition of the ecquiatonic corrosition
nanpanese-tunrsten, vhere both cormnonents do not interact une
der ordinary conditions ecither in the liquid or in the solid
state, under the influence of shock waves a solid nolnution
is forred on the base of tunpsten (Fifure 127)., Here alone
with the solid solution there arc the oririnal connonents.
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Evaluation of the lattic® constant of the solid solution plves
a value of a % 3.14 ki, 7The decrease in the lattice constant

to 0,02 kX the authors belleve to he due to the dissolving of

about 20% (atomic) lin, :

.
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Fipure 127, Interaction of manganese and tungsten under the
influence of a shock wave: a. radiosran of the nixture nrior
tc testinfr; be. the same, followins testins; the arrows in-
dicate the lines of the solid solution of nanranese in the
tungsten.

a2k Mol o

The equiatoric connosition in the systen iron-silicon
corresnonds to tirc chemical conround FeSi vhich is stable
from room tenperature to the neltins noints. Xeray investi-
ration showed that as a result of dvnamic loadine of the
nouders of these components an iron silicide TeSi with a
cubic lattice (Pz 33 = 4,473 k¥) and a silicide with a hexe
aponal orinitive“lattice (P, /nmnn, a = 2,69 k¥, c = .11 k¥)
are formed. A slipht amount of the origrinal connonents is

retained, }

. The authors of [26) studied also the recrvstallization
of the solid phase under the influence of shock vaves in the
systen l'e=Fn, where it is usually done bv the martensite
mechanism. In this svsten it is nessible to nrodice the &~
nhase as a result of heat treatmnent., The authors invectirae=
ted an allov with 24,8% I'n, consisting of tuo nhases T+eE
(allov 1) and a sinple-phase (§) alloy with 39,.8% I'n (alloy
2), After loadins Dy, the shock wave at a nressure of 800
and 1600 kbar in alloy 1 the anount of the £-nhane-was in-
creased and in alloy 2 lines of the § =nhasc anneared (Vipure
128), Thus, the nresence of a nha<e transition durinr ine
‘ nact loadinsg uas confirmed by dir«ct xerav structural invese
tiration,
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? The passage of the shock wave n solid bodies nrnduces
a4 whole series of interesting cffect:. Uithout nausing to ex-
anine them in detail, let us simnly loock at several of them,
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Figure 128, lormation of the <phase in an-alloy of iron and
39,8% Mn: a. radiogsran of the samnle nrior to testing
bs same, following inpact loading.

Under the effect of the shock waves,invar and an alloy
of iron and 30% li, undergo a nhase transition of the second
kine from the ferromasnetic state to the naranmagnetic [200].
In a number of semiconductors and insula%crs under the ef-

. ¥ feet ¢. impact loads, the elecirical conductivity prrous
A ' aharplv. This effect was observed at rather hirh quasi-
static pressures [269],

Shoek waves may alter the desrree of ordering of the
sol@d golution., In reference [270] the alloy CuaAu was in-

vestirated, After rolling, recrvstallization at 565° C, and
slow cooling from 380° C, lons-range ordering was deternined
in the allov, In this same alloy, but after annealinsg at
460° C for a neriod of one hour and quenching in water, the
short-range order was cstablished, Investigation of the
influence of the sho¢ck wave on the structure o the alloy

. in the two different oririnal states pernitted establishinp
g several lavs, Beginning from a certain pressure, a digorder-
3 ing of the allovs takes nlace in both states. Thus, fron a
nressure of 290 kbar the electrical resistance of the ini-
tially ordered alloy grows sharply, then P ) 290 kbar the
snecific electrical resistance is decreased in the disordered
allov which is also due to the disruption in short-ranse
order.,

InterestinF r~.».ts have been obtained in recont vears
on the nulsed effect ¢! iaser radiation [271], Irradiation
bv a laser of a sample of technical iron, on the surface of
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which carbon was deposited, leads to a broadening of the x-ray
lines of the alpha-phase and to the appearance of lines of K
the gamma-phase. §
Consequently, under thase conditions a saturation of
iron with carbon ug to comparatively high values takes place
for a teime of 10~3 sec., After such treztment it was possible
to metallographically observe segments having a eutectic struc- :
turs. The hardness on the surface is increased up to 1400 HV, : 4
whereas the hardness of the irradiated iron, which melts under - E
the effect of the ray, is only 170 HV,

In several cases after irradiation it was possible to
find a martensite fine-needie structure that is characteristic
of medium~carbon steel.

The greatest hardness is that of the white layer form-
ing on the surface of the sample similar to the layer of the
solid melt in the high-carbon steels and cast irons, Prob-
ably the saturation with carbon takes place basically in the
molten metal, :
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