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Abstract

The response of metals to high-strain-rate deformation is successfully described by physically-based mechanisms which
incorporate dislocation dynamics, twinning, displacive (martensitic) phase transformations,;grain-size; stacking fault, and solution
hardening effects. Several constitutive equations for slip have emerged, the most notable being the Zerilli- Armstrong and MTS.
They are based on Becker’s and Seeger’s concepts of dislocations overcoming obstacles th;o'ﬁghgl_:b'eﬁnal activation. This approach
is illustrated for tantalum and it is shown that this highly ductile metal can exhibit zéhe&ﬂﬁmlization under low temperature and
high-strain-rate deformation, as predicted from the Zerilli- Armstrong equation:-A ‘cpnstitutive equation is also developed for
deformation twinning. The temperature and strain-rate sensitivity for twinning are lower than for slip; on the other hand, its
Hall-Petch slope is higher. Thus, the strain rate affects the dominating deformiation mechanisms in a significant manner, which
can be quantitatively described. Through this constitutive equation it js“possible &' define a twinning domain in the Weertman-—
Ashby plot: this is illustrated for titanium. A constitutive descrjption “developed earlier and incorporating the grain-size
dependence of yield stress is summarized and its extension (o the, nanocrystalline range is implemented. Computational
simulations enable the prediction of work hardening as a functign of ‘@tain size; the response of polycrystals is successfully
modeled for the 50 nm-100 m range. The results of shogk cbr sion experiments at pulse durations of 3-10 ns (this is
two—three orders less than gas-gun experiments) are ptesewged iéy prove that the defect structure is generated at the shock
front; the substructures observed are similar to the ones at ﬁuch larger durations. A mechanism for dislocation generation is
presented, providing a constitutive description of iplastic..deformation. The dislocation densities are calculated which are in
agreement with observations. The threshold stress:for deformation twinning in shock compression is calculated from the
constitutive equations for slip, twinning, and.the .,Swégié’f'—’érady relationship. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction The current framework for understanding and quan-

titatively predicting the kinetics of the four mechanisms
of plastic deformation rests on the theory of thermally
activated processes. John Dorn, to whom this sympo-
sium is dedicated, applied this theory to creep and

Crystalline metals ca defofgp Ai;lastically by one (or
more) of the following“mechanisms: slip, twinning,
displacive transfoﬁpatiof;;, or diffusional creep pro-

cesses. Dislocaﬁ&nkﬂm.zﬁ pivotal role in the first three
mechanismsy singe they are the units of plastic shear. In
creep, a nam%er of mechanisms involve dislocations,
either: ,.direci-ly “or through pipe diffusion. Grain-
boundary. sliding and Coble creep may also involve
grain-boundary dislocations.

* Corresponding  author. Tel. + 1-858-5344719; fux: -+ 1-858-
5345698.

E-mail address: mameyers@mae.ucsd.edu (M.A. Meyers).

developed a quantitative, physically based underpin-
ning for the processes involved. The Sherby—Dorn [1]
equation for predicting the stress—rupture life and the
Mukherjee-Bird—Dorn [2] equation for creep are two
cornerstones of our contemporary treatment of high-
temperature deformation and creep.

The objective of this paper was to present, in a
synoptic fashion, the research carried out by the au-
thors over the past 5 years, with emphasis on high-
strain-rate deformation. For clarity, this contribution is

0921-5093/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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divided into four parts: (a) constitutive description of
plastic deformation by slip; (b) the slip—twinning tran-
sition; (c) grain-size effects; and (d) the upper limit:
shock compression. Thermal activation is central to
these processes and is briefly reviewed first.

2. Constitutive description of plastic deformation by
slip

The seminal work by Becker [3] and Seeger [4-7]
provides the underpinning for the contemporary consti-
tutive description of plastic deformation of metals. The
basic concepts of Becker and Seeger were further devel-
oped by Conrad [8-10], Krausz and Eyring [11], Ono
[12], Vohringer [13], Kocks and co-workers [14,15],
Klepaczco [16,17], and Zerilli and Armstrong [18,19].
There is a considerable number of assumptions underly-
ing the current constitutive models. We present below a
summary of the principal elements of this approach.
Greater detail is provided elsewhere [20,21]. The funda-
mental equation upon which these constitutive descrip-
tions rests is the commonly referred to ‘Arrhenius’
equation. It is instructive to analyze it into some detail,
since it is seldom if ever presented; the reader is simply
compelled to accept that dislocations obey this chemical
reaction relationship.

In 1889 Arrhenius observed that there is an ‘activated
state’ intermediate between reactants and products. He
suggested that the reaction rate was controlled by a rate
constant k' given by

k'=4 exp( k‘:ArE)

where 4 is a frequency factor and AE, is the activation®

energy for the process. This equation was based on
van’t Hoff’s equation describing the effect .of the tem—
perature on the equilibrium constant. for mac’ﬁons

ENERGY OF DISLOCATION, €

NUMBER OF DISLOCATIONS, n,

Fig. 1. Boltzmann's distribution of energy states applied to disloca-
tions.

However, the rigorous proof for this equation is rooted
in statistical mechanics and in Boltzmann statistics. The
movement of a dislocation requires it to pass through
an ‘activated state’. Quantum-mechanical calculations
are required to calculate the exact shape of the poten-
tial-energy barriers facing a dislocation, and many
shapes were proposed. Current models use the shape
that provides the best fit of macroscopic mechanical
properties. We will present here, in a simplified manner,
how these concepts are derived. The Boltzmann law of
energy distribution is the most important equation of
statistical mechanics. The basic premise is that energy is
quantized and that the smallest quantity is hv, where A
is Planck’s constant and v is the frequency of vibration
of oscillator. i

We consider N dislocations which are arrested by
obstacles; each dislocation is considered to be an oscil-
lator. The dislocations have different energy levels, and
the energy levels are quantized, . they are discrete.
Each level is filled up with a speciﬁg,ﬁumber of disloca-
tions n; It can be shown that. the distribution of n,
dlslocatmns at energy levels €, is;an exponential func-
tion that is represente;lm ﬁg b -and is given by

B

n;=Ae”

The prbbainhty .that a dislocation has an energy
equal to or; gteater than E (the hatched region in Fig. 1)
is given by °

o
. e P de;

=e~FE 3
e~ M dg

We now introduce the fundamental postulate of
statistical mechanics.

S=kinW 4)

where S is the entropy, k is Boltzmann’s constant, and
W is the number of ways in which N objects (in our
case, dislocations) can be arranged. If we consider that
dislocations can occupy i energy levels, and that all n,
dislocations at a level i are undistinguishable, we have:
S N! N!

T = P it ®

Using Stirling’s approximation:

an=%=N1nN——2n,-]nn,=N1nN—Zn,-lnn,-

(6

Using Eqgs. (2) and (3) and thermodynamic relation-
ships (see Meyers [21]), we show that f=1/kT and
arrive at the probability that a dislocation has an
energy greater than E:

Mon F
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A F where p is the dislocation density, b the Burgers vector,
orce . . . .
or T <T <T <T Al the distance between dislocation barriers, and M an
Stress o 2 orientation parameter. The total transit time of a dislo-
cation is equal to the sum of the waiting time (at an
obstacle) and the travel time between obstacles. We
F.t T,=0 now assume that the transit time is negligible. This
o waiting time, Ar=1,, is the inverse of the successful
F,t, jump frequency, »,. When Eq. (10) is substituted in Eq.
AG, (11), the strain rate becomes
F , T .o
L dy wvopbAld —AG
F 1 NP exp[ (12)
, T

Fig. 2. Schematic of a dislocation overcoming barriers with the
assistance of thermal energy.

pp=e~ ENT

M

We assume that the dislocation will overcome the
obstacle when its energy exceeds the height of the
obstacle, E. The PV (pressure multiplied by volume)
term is small in condensed solids and therefore the

internal energy E and enthalpy AH are approximately
equal. Thus:

AH AG—-TS
P =X\ =7 ) =P\ ~ 7

AG S AG
=exp—ﬁexp—E—A exp(——k—f) ®)

The term exp(AS/k) is designated A.
All the modern constitutive equations are reaﬂy
based on this expression. Basically, it says that, given :

barrier of a height AG, the probablhty that an enftity (m

our case, a dislocation) will jump over the barrier is |
As the temperature goes up, the probablhty m‘@gses

The Gtowaﬁ equation (with an orientation factor M)
can now be apphed to relate the strain to the movement
of the dislocations:

a~u’n an

The terms before the exponential term can be
grouped together and called 7,:

. - AG :
¢=yoexp[ = ] a3

By solving for AG, one can obtain the equation

AG=kT m% S (14)

Remember that there are dlffermt ‘barrier shapes that

Whereas Seggeﬁ Uahy proposed a rectangular barrier,
Ono [12}scompared: square, triangular, parabolic, expo-
nential, ete."Kocks et al. [14] proposed a generalized
equation for these shapes with two parameters, p and g.
'Bhey said that their equation could fit any shape. Their

& eqﬁ@non is of the form:

(1s)

By equating Eqs. (14) and (15), we arrive at a general
constitutive equation relating stress, strain rate, and
temperature. The stress is often decomposed into an
internal component due to long-range barriers, sg. that
cannot be assisted by thermal energy, and an effective
component, due to short-range barriers, s*, which is
thermally assisted.

In order to understand quantitatively the deforma-
tion behavior of metals, a constitutive description is
needed; the Zerilli-Armstrong model is used here for
illustration purposes. It has the advantage of being
simple and readily implementable, while capturing the
essential physical phenomena. Zerilli and Armstrong
[18,19] correctly pointed out that the activation vol-
umes in BCC and FCC metals are quite different, in
view of the different rate controlling mechanisms: in
FCC metals, the cutting of dislocations by forests is the
principal mechanism, whereas the overcoming of
Peierls—Nabarro barriers is the principal mechanism in
BCC metals. In FCC metals, the activation volume
decreases with plastic strain because of the increase in

Mon F
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dislocation density; in BCC metals, it is constant. Thus,
the constitutive equations take different forms. Zerilli
and Armstrong [18] developed a constitutive equation
for BCC metals and applied it to tantalum, based on
the results by Bechtold [22], Hoge and Mukherjee [23],
and Mitchell and Spitzig [24]. The constitutive equation
is given below:

0=0g+Bye Mo PAT 4 Ken 4 fed= 12 (16)

Og is the athermal portion of the stress, n the work
hardening, d the grain size, and B,, B,. B, K, and k are
parameters. Tantalum was also used in our research
[25,26]. Because of the different chemistry and process-
ing history of material used in our research, a new set
of parameters for this model had to be determined from
experiments. The thermal and strain rate responses
were experimentally determined and are given in Table
1, along with the data of Hoge and Mukherjee [23]. To
minimize the deviation at high strain rates, the strain
hardening parameters were determined at a strain rate
of 3500/s and room temperature.

At high strain rates, there are interrupted tests de-
scribed by Meyers et al. [25] which provide a quasi-
isothermal curve, from which the adiabatic curve can
be obtained. These interrupted experiments were intro-
duced by Wittman et al. [27]. Fig. 3 presents the
experimental results and Z-A predictions. The continu-
ous lines in Fig. 3 a and b represent the application of
the Zerilli- Armstrong equation to the various tempera-
tures and strain rates of interest. Fig. 3c shows the
stress strain curves predicted from the Zerilli-Arm-
strong model under both isothermal and adiabatic con-
ditions at various temperatures and 3500/s. The
adiabatic temperature of the plastically deformed spwx—

men was estimated by assuming the conversion Qt“ 90%a's,

p]astxc work into heat. The adiabatic curves goéfﬁrough
instability strain is taken as the maximuni m«iﬁé%dia-
batic stress—strain curve and is mathemanca&iy ex-
pressed by: o

do
dl' —-B (ﬁo

ﬂllné)%%e"“’ BT =1 =0

1n

This equation has to. be sﬁlved numerically. The
mstablhty strain irCreases s temperature, as shown
in Fig. 3c; this he direct result of the interplay

Table 1

Parameters of —Armstrong equation for tantalum

among the various parameters. In this particular case,

. both the higher thermal softening rate (do/dT) and

lower heat capacity, contribute significantly to a lower
instability strain at low temperatures. It also decreases
with increasing strain rate at 298 K, as shown by Fig.
3d. The Z-A predictions are corroborated by experi-
ment. Fig. 4 shows the cross-section of a specimen
tested at a strain of —0.6 in a Kolsky—Hopkinson bar,
at a strain rate of 5500 s~' and temperature of 77 K.
There is clear and irrefutable evidence of shear localiza-
tion, in accordance with the predictions of Fig. 3 ¢ and
d. The predicted strain for instability (a requirement for
localization) decreases with increasing strain rate and
decreasing temperature. It is concluded that physically-
based constitutive equations are essential components
of modern research on the mechanical behavior of
materials. The implementation of these equations into
codes, such as DYNA-2D, in the example shown in
Fig. 5, illustrates the realistic./éffegts obtained. The
break-up of the material rem: ?’Sy the cutting tools
into discrete chips, due to sadiabatictheating and shear
localization, is clearly shom)

At low temperatures “and High strain rates, the Zer-
illi-Armstrong modgl prediction of yield stress is
higher than thesex imental results; this is indicated by
an arrow mPY .a. M“f’ins is attributed to the change of
the predﬁﬁ\ ant ﬁnformanon mechanism from disloca-
tion slip te’'twinning at low temperatures and high
strgmg,rates\“Mechamcal twinning was observed in high
s;ﬁfaxn rate testing at both 77 and 190 K. The current

whggtuilve models do not take the slip—twinning tran-

ﬂnoﬁ*%to effect, and Zerilli and Armstrong [28] have
¢éntly discussed the importance of including twinning
into the constitutive response. The mechanical twins
formed at low temperatures are significantly different
from shock-induced twins reported by Murr et al. [29]
in the same tantalum. The low temperature twins are
usually larger in size and have a lower frequency in
occurrence. In shock compression, the high stress (45
GPa) provided a large driving force for mechanical
twinning which results in a high nucleation rate. The
size of twins was limited by the large number of twins
themselves (twin—twin intersections) and by the limited
time of pulse duration (1.8 ps); in contrast, the duration
of the stress pulse in the Hopkinson—Kolsky bar is
~ 100 ps.

r Og+kd='7 B, By By K n
Chen et al. [25,26] 122 1330 0.00525 0.000308 197 0.5
Hoge-Mukherjee [23] 30 1125 0.00535 0.00327 310 0.44

Mon F
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Fig. 3. Variation of yield stress (a) with temperature for tanlalum;»{b) wxﬂzﬁmm rate for tantalum; (c) isothermal and adiabatic stress—strain

curves predicted from Zerilli-Armstrong equation with mstg
adiabaticity).

4

3. The slip—twinning transition

A constitutive approach was receg:gy i @eloped
[31,32] that predicts the critical stress.for twinning as a
function of external (tempera_tm‘e é»
nal (grain size, stacking-f: é”nsi‘gy)”iﬁarameters Plas-
tic deformation by slip and twinning being competitive
mechanisms (it is, o dmse recognized that twinning
requires dislocationt acn\nt%st ‘the twinning constitutive
relationship is eqttg;ed to a slip relationship based on
the plastic fl thermally assisted movement of
dislocations 6ver“&bstacles; this leads to the successful
prediction of the slip—twinning transition. Using an
Eshelbystype analysis, the critical twin nucleus size and
twinning stress were correlated to the twin-boundary
energy, which is directly related to the stacking-fault
energy for FCC metals [32]. It will be shown here that
the constitutive description of the slip—twinning transi-

lity pmms marked; (d) instability strain as a function of strain rate (assuming

tion can be incorporated into the Weertman-Ashby
deformation mechanism maps, thereby enabling the
introduction of a twinning domain; this is illustrated
for titanium with a grain size of 100 pm. A summary of
the salient aspects of this work is presented below.

Fig. 4. Tantalum specimen tested in compression to a total strain of
—-0.6 at 77 K and 5500 s—'.

Mon F
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Fig. 5. Computational prediction of chip formation through adiabatic
shear localization in machining.

3.1. Effects of temperature, grain size, stacking-fault
energy, and texture

Fig. 6 shows a compilation of twinning stresses ver-
sus temperature for a number of metals (both mono
and polycrystals). The striking aspect is that there
seems to be a critical stress that is temperature-insensi-
tive. This issue has been debated in the literature, and
there are diverging results. A large scatter has been

observed in single crystals. This could, however, be .~
attributed to stress concentration sites other than pile: -

distribution of twinning stresses, similar to a Weibull
distribution for ceramic strength, would be expected.
There are also reports of gradual decrease in the twin-
ning stresses with increasing temperature for FCC
metals. Christian and Mahajan [32] discuss this topic in
detail. Mahajan and Williams [33] suggested that BCC
metals have a negative dependence of twinning stress
on temperature, while FCC metals have a slightly posi-
tive temperature sensitivity. However, Reed-Hill [34,35]
concluded that whenever the deformation proceeds pri-
marily by twinning, the flow stress tends to have a
positive temperature dependence and a negative strain
rate dependence. For the purposes of the subsequent
calculations, it will be assumed that there is a critical
stress for twinning that is either temperature-indepen-
dent or has a very low temperature dependence. For the
FCC and HCP structures the strain rate dependence of
the twinning stress has not received the same degree of
attention, and the only account in#which the strain rate
is varied over a very broad rangeis to the authors’
knowledge the work of Hagdmgj%ﬂ] on monocrys-
talline iron, shown in Flg..z,b 'I'hez/twmnmg shear stress
at 10* s~' is approximately 220 MPa, whereas it is
equal to 170 MPa *. This result is used in a

simple constitutive n for twinning presented
%ﬂm&nts are clearly necessary

later, but additiona
to establish.the'strain tate dependence.

Another Hi%hli%tm:que characteristic of twmnmg,
first pommd ut by Armstrong and Worthington [38], is
the Jarger grain size dependence of the twinning stress,
as. _compared with the slip stress. For most cases, a

7 Hai&«-—Paich relationship is obeyed, but with a slope, &,
that i§ ‘higher than the one for slip, kg:

ups (surface notches, internal flaws, etc.). Henc,ef'?@ Cor+ krd= "7 a8)
500 " : :
& ok Fe-25%f‘£/(3CC-met&Mn) Fe - 3% SI X Lone & vormngen |
2’ +'—-——-—: A A{ A
2 * =3 -
E 300 - *?'3'3%9(“%&%
Lot v e
g \Fe-2.5%ﬂ-(mm&vam, '3' {PX, Song & Gray)
L O
o 200+ 3 ]
% ¢ F@ (S, Hording) Fe (X, 10%s°", Harding)
o—0,
i = CU {5X. Thointon & Mitchet) U - 20% 20 (5 thamion & Micher
2 100 L Ag (sx Nara & Takamuo) v d
I'd g - *
(o () - .
X % =
0 ! | Ag - 4% In (Naita & Tokamura)
0 100 200 300 200
TEMPERATURE, K

Fig. 6. Twinning stress as a function of temperature for a number of metals (both mono and polycrystals).
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0 5 10 20 40 60 sence of texture these differences do not manifest them-
800 f 2 - selves. The twinning and slip stresses are the same in
* © compression and tension. In the presence of texture,
200 b - however, the twinning stresses in compression and ten-
® o sion are different. The analysis presented here applies
§ " only to an isotropic (untextured) polycrystalline
. 300 | ° aggregate.
c
3.2. Constitutive description
200 +
Meyers et al. [30] and Meyers and Véhringer [31]
100 b arrive at a relationship between twinning stress, temper-
el ature, and strain rate, starting with the basic Johnston—
i Gilman equation. This equation is:
4
0 : " A
) 0.02 0.04 0.06 0.08

Fig. 7. Twinning stress as a function of stacking fault energy for
copper and copper solid solutions.

The Hall-Petch slope for twinning found by
Véhringer [39,40] significantly exceeds the one for slip
for copper; kr = 0.7 MPa m'? and kg =~ 0.35 MPa m'”2.
Table 1 is a compilation of data for BCC, FCC, and
HCP metals from a number of sources. The reason for
this difference is not fully understood, but Armstrong
and Worthington [38] suggest that twinning is associ-
ated with microplasticity, i.e. dislocation activity occur-
ring before the onset of generalized plastic deformation,
whereas the yield stress is associated with generalized
plastic deformation. It is very plausible that microplas-

ticity and overall deformation are controlled by differ- ‘

ent mechanisms, i.e. elastic anisotropy, mcompanbl'
stresses, and barriers to slip.

It is well known that the twinning stress m’cr&ases

with increasing stacking-fault energy. This is tru
mostly for FCC metals, where the classic: plot B? Ven-
ables [41] shows this effect very clearly. s

JOWS a
compilation of results by Venables Fan 'Vihringer
[39,40]. The twinning stress for a umber- of copper

alloys is shown to vary withfh&:square root of the
stacking-fault energy, Ysg. Re@\nﬂﬁ* “El-Danaf et al. [43]
and Asgari et al. [42] reaﬂ‘ﬂ?u&ﬁhe effect of stacking-
fault energy on the twu‘mmg s@ess

Gray et al. [44] have Myqythat texture is especially
important in low-ﬁ’y/mmeta'y ‘metals. They demonstrated

‘There is an intrinsic difference

i@e effect of texture. A dislocation moves
in opposite !*gn?és (one direction contains two senses)
when the, 2 ied stress sign is reversed; one can con-
sider the critical resolved shear stress to be independent
of the sense of motion of a dislocation. A twin, on the
other hand, has a definite twin plane and a twinning
sense (a well defined direction of motion). In the ab-

* Vm+1
Gor = M(nZIIIE> lim+1 g Qlom+ DRT

= Kglim+1 e @/m + HRT \ (]9)

where parameter m is the expenentsin the Johnston-
Gilman [45] dislocation dynamics equation. This equa-
tion is applied to iron in '%rder %ao establish the strain
rate and temperature depe zqncg of twinning. The ex-
perimental results of Stein and"Low [46] for Fe—3 wt. Si
are used for m ) ané Q (=51.66 ki/mol). The

The teng;ﬁ? ‘Mr*IE[24)"/"+ 1 is obtained by ﬁttmg
Eq. (19) to-the experimental results reported by Hard-
m’g?{,}gﬂﬂ] fae the twinning stress. The following equa-

! (20)
%c, +C exp(— CT+ C,T In &) @n

It can be seen that the slip and twinning response
differ drastically. Twinning exhibits a very weak tem-
perature dependence; below 20 K, the Johnston-
Gilman equation breaks down, because the stress goes
to infinity. We now establish the critical condition: the
onset of twinning occurs when the slip stress, oy,
becomes equal to the twinning stress, o

Oy =0y (22)

This rationale will be applied to typical metals repre-
sentative of the three crystalline systems of greatest
importance for metals: Fe (BCC), Cu (FCC), Ti (HCP).
It should be noted that no attempt was made, at the
present stage, to compare the calculated slip—twinning
transitions with experimental results on the initiation.

3.2.1. Iron (BCC)

The constitutive equations given in Egs. (19) and (21)
are applied to Eq. (22), with the addition of the Hall-
Petch terms for slip and twinning, kg and kr, respec-
tively. This leads to

Mon F
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0'G+Ki:”"'+ 1 pQ/tm + DRT _ Cl e—((ﬂ_(,‘ln,;.)r

+ (kr — kg)d ™' =0 (23)

Fig. 8a shows the slip—twinning transition for differ-
ent grain sizes. This plot, in the temperature-strain rate
space, defines two domains: slip and twinning. The lines

_ represent the boundaries between these domains. The

~ effect of grain size is clearly seen and is due to the fact
that kr > k. The values for kr and kg are equal to 124
and 20 MPa m'/2, respectively. This explains why the
twinning domain for monocrystalline iron is much
larger than for polycrystalline iron. An increase in grain
size predisposes iron to twinning.

3.2.2. Copper (FCC)

It was not possible to apply the constitutive equation
[Eq. (19)] for twinning to copper. Therefore, it was
decided to simply use the twinning stress determined
experimentally. Thornton and Mitchell [47] report a
shear twinning stress for monocrystalline copper of 150
MPa and this value is taken. The Hall-Petch slope for
twinning was obtained by V6hringer [39,40,48]; it is
equal to 0.68 MPa m'/2. The slip response was modeled
by the Zerilli-Armstrong equation for FCC metals.
The equation is:

g=0g + sz‘:” eXp( - C3T+ C4 In l‘:) + ksd_ 12 (24)
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300 ]
¥ um
o SLIP o
% 200 o
a
= 100 4 100um
=
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1E-7 1E-5 1E-3 0,1 10 1000 100000 1E7
STRAIN RATE, s™
(a)
. COPPER
550+ 10pm;e, =0.8
500 A
s SUP
x 400
ui ]
€ 3507 10um;e,=0.5
2 300
g
e & 200 '
s
w 150 ~ 1 oo =
) [ 1m: /‘//pm'ep.o'a
50 TWINNING
04
ﬂmmmmnm
1E-7 1E-5 1E-3 0,1 10 1000 100000 1E7
STRAIN RATE,s™
(b)

Fig. 8. (a) Calculated slip—twinning transition for iron of different grain sizes. (b) Calculated slip—twinning transition for copper (d = 10 pm), at

different plastic strain levels: 0.3, 0.5, 0.8.
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Fig. 9. (a) Calculated slip—twinning transition for polycrystal Cu-Zn -

brasses with grain size 50 pum; (b) calculated slip—twinning transm/gy
for titanium with different grain sizes.

The slip—twinning transition as a function %‘?ﬁ‘grain
size was also established [30,31]. The effect of g!:g,m s@c
is dramatic and it influences the occurrence o

) ng
in a significant way. The effect of plastic : steain islearly
seen in the slip—twinning transmgf{ plot ﬂflg. 8b.

These calculations were done for a eofi tarit grain size
of 10 pm and strains of 0.3,70. nd. 0.8. A plastic
strain of 0.3 is necessary to 1ﬁig.,a%e winning. At ambi-
ent temperature a stranm%raté*@ ‘§x 10* s~ ! and strain

3.2.3. Titanium: {ﬂﬁg‘)

Zerilli and

temperanire“ls increased. The equation is:

(25)

L\ =T
& ? C.
g=0g+ CI(’?) +e-<§.r‘:"+ksd'”2

&7

The term e~ “" decreases the work hardening as T
increases. The twinning stress is simply represented by:

U'T=0'Tg+k1d—”2 (26)

Gray [50] reported a greater propensity for mechani-
cal twinning of large grain sized (240 pm) than smaller
grain sized (20 pm) Ti in dynamic testing, in agreement
with the assumption that kr > ks. Conrad et al. [53]
report similar effects. The critical twinning stress is
reported by Zerilli and Armstrong [51]. It is known that
interstitials have a major effect on the mechanical re-
sponse of Ti [52]. For instance, the yield stress of Ti at
RT increases from 150 to 600 MPa, when the oxygen
equivalent (O + N+ C) percentage is increased from
0.1 to 1.0%. This effect is more important than the
grain size, where the yield stress increases from 450 to
600 MPa when the grain size is decreased from 1.5 mm
to 1.5 pm (for 1%0eq.). The Hall Petch slope for slip
was obtained by Okazaki and Conrad [54] and was
found to be relatively insensitive:.to interstitial content.
Conrad et al. [53] report. :wmﬁﬁg shear stresses in
monocrystalline Ti, for (1?.)12) aiad (1121) planes, be-
tween 420 and 380 MPa, isgspeqnvely These twinning
stresses decrease with decreasmg temperature. Taking a
value of 800 MPa fw the’ normal stresses, the slip—
twinning transitio timated for grain sizes of 3,
10, and 100.umsiThesé values are given in Fig. 9a. It
should be’noted that the calculations were carried out
for Marz ‘titanium, with 0.1% Oeq. and not with the
ngeﬂ by Zerilli and Armstrong [49], which has
%o and a yield stress at ambient temperature
=3 s~ of 400 MPa. The interstitial content has
cant effect on the twmmng stress, as discussed

#Conrad et al. [51]. The rise in the twinning stress
w:th interstitial content is more significant than the slip
stress; this explains why the tendency for twinning
decreases with interstitial increase. The effect of intersti-
tials manifests itself in both the thermal and athermal
components of the stress, and Conrad et al. [51] gives a
value of At = 0.02 C!” at 300 K, where C; is the atomic
concentration of the interstitials.

3.2.4. Brasses

Fig. 7 shows the significant effect of the stacking-
fault energy, v, on the twinning stress for FCC metals.
As an illustration of the effect of SFE on the incidence
of twinning, the Cu-Zn system is analyzed. Gallagher
[53] and Vohringer [55,56] correlated the SFE to the ¢/a
ratio in copper alloys and arrived at the following
expression:

2
Iny=Inyc, + K,( €/ Conax ) [e%))

14 C/Crax

where yc, is the stacking fault energy for copper and C
is the concentration of solute atoms. C,,,, is the maxi-
mum concentration of the solute. The best fit was
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obtained with K, =12.5; yc, =57 + 8 mJ/m?. Eq. (27)
can be combined with the mathematical representation
of Fig. 7:

L\ 172
ar= Kz(Gb) : (28)

A good fit is obtained with K, = 6 GPa. Substitution
of Eq. (27) into Eq. (28) yields:

K, C/Cnx YV "
or= (Gh) exp[ln Yeu+ K,(m) :l 29)

The effect of solid solution (Zn, Ag, Al, Sn, Ge)
atoms on the mechanical response of Cu has been
established quite carefully; the effects of these solutes
on the Hall-Petch equation has also been established.
Vohringer [13] proposed the following expression,
which is used for the yield stress:

os=0g+ o0* + ksd'?

= 0o+ Ky PC + [(a" + K4£,_C2/3)<1 _KIn &y ”)

AG,
ip /g
T‘”’:i t ked-" (30)

Eq. (30) is based on the overcoming of short-range
obstacles, that have the shape dictated by the parame-
ters p and q. The effect of the solid solution atoms is
manifested (both in the thermal and athermal compo-
nents of stress) through the C?? relationship and the
Labusch parameter g, which has different values for
different solid solution atoms. K, and K¥, are parame-
ters, and g, is a reference strain rate, that was taken by

Véhringer [13] as 10%° s~ *. This parameter is defined as;

&= /(ec) + (a8,)
where

r =190

¢ Gde

g =14k

*~hdc L
€. expresses the effect of ssthiteiw Qths on the shear

modulus (G) and g, the eft:% on'the Burgers vector (b).

The parameter o was foxmd t Kvary between 9 and 16

shp—twmnhzg transition plots of Fig. 9b, in which Eqgs.
(29) and.(30) were used. These calculations were carried
out for different Cu—Zn alloys: 5, 10, 15, and 20% at
Zn, for a grain size of 50 pm. It is clear that the
addition of Zn increases the propensity for twinning,
displacing the slip—twinning transition upwards. By

using Eq. (30) with the addition of the term C,¢” it is
possible to establish the onset of twinning after differ-
ent amounts of plastic deformation. Since Cu-Zn is
FCC, the occurrence of twinning can occur after signifi-
cant plastic deformation.

3.3. The Weertman-—Ashby diagram

An immediate application of the constitutive descrip-
tion presented here is in the Weertman—Ashby defor-
mation mechanism maps. In one of these maps, shown
by Frost and Ashby [57], the axes are the strain rate
and temperature; this type of plot is less common than
the stress—temperature plot. It is directly applicable to
the dynamic deformation of metals. As an illustration,
Fig. 10 shows a map for titanium (G.S. = 100 um). The
original map had a domain called ‘obstacle controlled
plasticity’. The use of the constitutive equatxon de-
scribed herein enabled the separ&ﬁ"on of this region into
‘twinning’ and ‘slip’ domains. ame procedure can
be applied to any defonﬁﬁtion-ﬁinchamsm map, It
should be emphasized that the calculated predictions
presented in this sectidn»w‘e not systematically com-
pared with experiméhtal r&ults since the emphasis of
this report is on: %hc mex,h@dology

4. Grain éizev‘*éffecm

Alfh@ugh consxderable progress has been made in

oth understandmg of the effect of grain size on the

gtrengﬁi’ of metals, the early ideas of pile-ups, proposed

: *’by»ﬂal] [58], Petch [59], Cottrell [60], and reviewed by
“Armstrong [61], are still widely regarded as correct.

Nevertheless, there are other effects of great impor-
tance. Four principal factors contribute to grain-
boundary strengthening: (a) the grain boundaries act as
barriers to plastic flow (the original pile-up mechanism
[58-61]); (b) the grain boundaries act as dislocation
sources [62]; (c) elastic anisotropy causes additional
stresses in grain-boundary surroundings [66,67]; and (d)
multislip is activated in the grain-boundary regions,
whereas grain interiors are initially dominated by single
slip, if properly oriented [65-68]. As a result, the
regions adjoining grain boundaries harden at a rate
much higher than grain interiors. A phenomenological
constitutive equation predicting the effect of grain size
on the yield stress of metals is discussed and extended
to the nanocrystalline regime in Section 4.1. In Section
4.2, computational predictions are presented.

4.1. Analytical modeling

We present, in a succinct manner, the principal ele-
ments of a model proposed by Meyers and Ashworth

Mon F



/typesetl:/sco3/jobsl/ELSEVIER/msa/week.05/Pmsal4557y.0011on Feb 19 15:04:02 2001

Page

M.A. Meyers et al. / Materials Science and Engineering A000 (2001) 000—-000 11

[67] and its recent application to the nanocrystalline
[68]. A polycrystalline aggregate, upon being subjected
to external tractions, develops a highly inhomogeneous
state of internal stresses, due to the elastic anisotropy of
the individual grains. Such inhomogeneous state of
stress can only be avoided if the anisotropy ratio is one.
For instance, for iron and copper, one has:

Fe Cu

Ejp0 =125 GPa E,p =67 GPa
Eyj0 =200 GPa Eyjo =130 GPa
E11|=272 GPa El|I=]90 GPa

Fig. 11 shows polar plots of Young moduli for iron
and copper. The effect of orientation on E is revealed in
a striking manner. This is a well known but often
ignored effect. This anisotropy generates additional
stresses in the regions adjoining the grain boundaries.

Plastic incompatibility [63,64] adds to the grain-
boundary constraints. As a result, plastic deformation
in the grain-boundary regions is more intense and
involves a greater number of slip systems than the grain
interiors. Fig. 12 shows a simplified schematic in which
the grain-boundary regions show closer spaced slip
bands and two operative slip systems, in contrast with
the grain interiors, which are undergoing single slip.
Mecking [72] developed the conceptual linkage of the
various regions within a polycrystalline aggregate and
there is a considerable experimental support for his
concepts. Recently, Gray et al. [73] observed a higher
dislocation density in the grain-boundary regions of
plastically deformed brass, supporting the ideas dis-
cussed here. Meyers and Ashworth [67] considered the
polycrystalline aggregate as a composite comprised of a
grain interior with flow stress s;5, and the grain
boundary regions with flow stress sjp. They assigned a
thickness ¢ to the grain boundaries. The thickness t was
assumed to vary with graims. D. The following
functional dependence was’ taken:
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(3D

The ranana%g,,&fo‘ this choice is as follows. A propor-
tionality betweett ¢ and D would lead to; t= kD'
fixed, grain-size insensitive 1 would yield; ¢ = kD°. The
geometric mean provides the 1/2 exponent, necessary
for the correct derivation, as will be seen below.

Substituting Eq. (31) into the composite equation,
with some orientation considerations, leads to:
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o)D"
— 16kyaX (016 — )D " (32)

For large grain sizes (the micrometer range) the
D~ ' term dominates and a Hall-Petch relationship is
obtained. The Hall-Petch slope, kyp, is equal to:

0'), =0pc + SkMA(afGB et

kyp = 8kmal(oras — 01g) (33)

As the grain size is decreased, the D ~' term becomes
progressively dominant, and the o, versus D~'? curve
goes through a maximum. This occurs at:

D, = (4kya)? (34)

For values of D< D,, it is assumed that the flow
stress reaches a plateau.

4.2. Comparison with experiments

The predictions of Eq. (32) are compared with the
most extensive expenmemal reSuits available in the
literature, to the authors’ know]edge~ Yield stresses for
nanocrystalline Fe and Cu, reported by Mallow and
Koch [69,70], and Weeftman=#t al. [71-74], respec-
tively, are shown in Fig. 13 The experimental results in
the nanocrystallifie: range sare complemented by Hall—
Petch slopes obtainéd. by various investigators in the
mlcrocrysm‘mhe nge. These slopes are reported in the
'or iron, experimental results reported by
Armstrong {§8] were used. For copper, experimental
rppﬁf»@%@y Feltham and Meakin [75] and Andrade et al.

["fﬁ] are used. There are other experimental results in

thc%wature that fall in the range reported in Fig. 13.
orsiron, Abrahamson [77] carried out experiments in

‘the large grain size range of the conventional Hall-

Petch plot and started to observe a deviation from the

Fig. 12. Schematic configuration of slip in polycrystalline aggregate,
at the first stage of plastic flow: notice activation of multiple slip in
grain-boundary regions and single slip in grain interiors.
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Fig. 13. o, versus D~ '7 relationship for (a) iron and (b) copper;
comparison of experimental results and predictions of Eq. (32).

Table 2
Parameters used for M-A equation

& physx

Gw; (MPa) oy (MPa)  kyp (MPa kma (B
ml/2)
Fe 100 2800 0.48 zmo—“
Cu 25 900 0.112-0.172 rw.z 4)mm -s

accepted slope. Two experimgﬁfﬁ
hamson [77] are shown m ig. i
slope starts to decrease.
It is clear, for both Fe an ‘,Cu that the o, versus
D~ 7 relationship wﬁnt“&wm over the range millime-
ter—nanometer. The Hall—Petch line is an approxima-
tion that is effég ny;fthe mm-pum range. There is
strong evidenee,.th mfhe slope decreases and that the
curve asym;) ; 'caTIy approaches a plateau when the
grain size is pr g'fesswely reduced. Eq. (32) is successful
in representing the principal features observed experi-
mentally. Three parameters have to be established: o,
Oige, and kya. Oggs is the saturation stress and repre-
sents the flow stress of the work hardened grain-
boundary layer. It is taken as the maximum of the yield

;{Vthe Hall-Petch

stress. ky, is obtained by conversion of kyp according
to Eq. (33). This ensures a good match between HP and
MA for large grain sizes. Table 2 shows the parameters
used in the calculation. The curves in Fig. 13 represent
the application of Eq. (32); a reasonable fit is obtained
and the principal features are captured. For grain sizes
below the maximum of the flow stress in the MA
equation, a straight horizontal line is taken; in this
regime, the grain boundaries (s;gp) dominate the
process.

The straight lines represent Hall-Petch fits. The
slopes k,c represent Hall-Petch values taken from the
literature for iron and copper. The line k,c in Fig. 13a
represents a Hall-Petch slope that is reported for the
nanocrystalline regime. The slope in the nanocrystalline
regime is obviously lower than in the microcrystalline
regime. It is clear that there is a continuous variation in
slope with grain size; thus, the Hall-Petch equation is a
simplified representation valid in-a limited range only.

There are many simplifications and assumptions in
this model. The most prominent are:

1. The work hardened layer r is assumed to have a
grain size dependence.of D~ ! 12 This assumption is
based on the o, ve:rsutzal)‘”2 dependence.

2. The flow stressxo this layer is constant. In reality, a
gradient of#work-hatdening is expected.

bqundar’y flow stress reaches the satura-

'Oy at an early level of global plastic

mwgnte ofthese drastic assumptions, a good fit is
aobtained and it is felt that the model captures the key
features.

Computational predictions

For computational calculations, realistic polycrystal
models were used and are shown in Fig. 14. Four grain
sizes were modeled: 100, 10, 1, 0.1, and 0.05 pm (the
latter not shown in Fig. 14). The thickness of the
grain-boundary layer, 7, was varied and the respective
values shown in Fig. 14 are 3.75, 0.75, 0.15, and 0.03
pm. The microstructures, already divided into grain
interiors and grain-boundary layers, are shown in Fig.
14. For the largest grain size modeled (100 pm), the
grain-boundary region is barely distinguishable,
whereas for the smallest grain size (0.1 pm), the grain-
boundary region occupies a significant portion. The
different mechanical responses of the two regions was
also incorporated. The grain-boundary region was con-
sidered to undergo a rapid work hardening, expressed
by a Voce equation, whereas the grain interiors were
modeled as monocrystals.

The crystallographic orientation and specimen di-
mensions have a profound effect on the mechanical
response of monocrystals. The different colors in Fig.
14 represent different possible crystallographic orienta-
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tions. Three crystallographic orientations for the grain
interiors were considered and they are shown in Fig. 15.
The respective elastic moduli are also shown. Each
grain was considered isotopic, but having its own
Young's modulus. Efforts at implementing fully an-
isotropic response are underway. The monocrystal
stress—strain response is taken from results reported by
Diehl [78] and extended from a best fit with data for
larger strains using results from Suzuki et al. [79]. The
corresponding stress—strain curves, for the orientations
C23, C26, and C30 are shown in Fig. 16a.

The rapidly work-hardening grain-boundary region
was assumed to respond by a Voce equation with a
saturation stress, s,, equal to 900 MPa. Four curves are

Fig. 14. Simulated polycrystalline aggregu& usegi anhc‘ putations;
D =100 pm, 1 =3.75 pm; (b) D =10 pmy( =075

um () D=1 um,
t=0.15 pm; (d) D=0.1 pm, 1 =0.034m ;

<t

c7
S scis
Ec3=164.3 MPa Y - L
cr7s
(]
o Clbsc,e
cc32  oca2s
Ec6=115.2 MPa
c29 & S 2cu
<100>LE8 2@ 0>
EC30=79.0 MPa

Fig. 15. Crystallographic orientation and equivalent Young modulus
of crystalline (Adapted from Diehl [85]).

shown in Fig. 16b represent four work hardening rates.
The curve with e, =0.01 was chosen for the computa-
tions. These two stress—strain responses were incorpo-
rated into the code Raven, developed by Benson [80.81]
and calculations were successfully carried out. The re-
sults of one calculation for a grain size of 1 um are
shown in Fig. 17. The deformation sequence is shown
for plastic strains of —0.009, —0.08, and —0.32. The
plastic strains are higher in the grain interiors. As
plastic deformation proceeds, the plastic strain in the
grain interiors tends to form shear localized layers. It
was possible to obtain stress—strain curves at various
grain sizes and the results are reported in Fig. 18,
together with the predictions of the Meyers—Ashworth
equation. There is good correspondence between the
two results and the decrease in the Hall Petch slope, as
the grain size is decreased.

This confirms that elastic anisotropic effects, grain
boundary sources, and the activation of two or more
slip systems in polycrystals ate responsible for the
formation of a work hardened.layer along the gram
boundaries, early in the mictoplamlc region. This grain
boundary work-harden@d Qah‘yergg; ‘becomes increasingly
important as the grain size is decreased. Polycrystals are
modeled (both analyti lly: ‘and computationally) as a
composite of :a w. rdened boundary layer sur-
rounding grair mtcrlors comprised of an annealed ma-
terial ba;fm a essenually monocrystalline response.

igt'h.;l/‘he{npper limit: shock compression

Wé”‘ﬁrst report on recent experimental results on

“ l;las@f-mduced shock compression experiments per-
formed on copper single crystals with orientation [100]

parallel to the shock front. These results, and the
associated analysis, will be reported elsewhere in greater
detail [82]. Copper has been the object of numerous
shock recovery experiments and its response is fairly
well understood. It has a stacking-fault energy of 57 + 8
mJ/m?. The shock-induced structure consists of disloca-
tion cells; at higher pressures, beyond a critical
threshold, twinning is prevalent. For single crystals, De
Angelis and Cohen [83] found that the twinning stress
was 14 GPa when the shock wave front was {100},
while it was 20 GPa when the orientation of the front
was {111}. This is consistent with the findings by
Nolder and Thomas [84,85] for nickel; they found a
threshold of 35 GPa. As will be seen below, the results
obtained generally confirm previous observations, albeit
at a pulse duration that is lower by a factor of 1000
than that applied by Murr [86].

After shocking to 10 GPa, the copper crystals exhib-
ited a cellular structure. Fig. 19a shows a characteristic
region. The dislocation cell size is approximately 0.4
pm, consistent with the results by Murr [86]): 0.5 pm

Mon F



o;-0

/typesetl:/sco3/jobsl/ELSEVIER/msa/week.05/Pmsald557y.0011lon Feb 19 15:04:02 2001 Page
M.A. Meyers et al. / Materials Science and Engineering A000 (2001) 000—000 15
250 .‘s.,._ [ v e reemsa
Cas
200 -
7 / CW
150
=
Nr
(7]
§ 100
& //:/“‘..»—“"’- Cas
50
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Strain
(a)
1000
900
800
700
8T oo / From Voce i
a. : .
g s 500 f
0 -~ /}[
400
300

= exp| - = |
Os=0, Ec

with os= 900 MPa

200 - =
100 and o, = 100 MPa 1
0 T T - + T
/] 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Strain
O]

Fig. 16. (a) Plastic behavior of the grain
by Voce equation.

with 10 GPa and 0.3 pm*With GPa They are also
consistent with Gray’s okservat’;ions [87): 0.5 pm with 10
GPa. However, tMK@ishgan@n density, i.e. cell-wall
thickness, seems fo be i?ower than in these previous
studies. < :

Increasing:the MSUN to 40 GPa revealed signifi-
cantly differen: eattires, as shown in Fig. 19b. Perpen-
dicular. tracé& of planar features are seen when the
beam dimctleﬁ is {001). These correspond to traces of
{111} on ﬁbO) These traces have orientations ¢220).
These traces are characteristic of stacking-fault bundles
and twins and are analogous to previous observations
by Murr [86], especially, Figs. 20-23 of Murr [86].

‘;:tﬁfee;"grain orientations were taken from Diehl [78] curves; (b) grain-boundary region, modeled

5.1. Prediction of dislocation densities

The observations made on recovered shock com-
pressed copper specimens can be compared with analyt-
ical calculations that use physically-based mechanisms.
Two aspects in particular can be predicted: the disloca-
tion density as a function of peak shock amplitude and
the threshold stress for twinning.

The first mechanism for shock induced dislocations is
due to Smith [88]. It assumed an array of edge disloca-
tions moving with the shock front. These dislocations
played a role similar to epitaxial films: they accommo-
dated the differences in lattice parameter. Hornbogen
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Fig. 17. Computation of plastic strains in 1-um grain size specimen deformed to strains of —0. 009 - 608 -0. 332 notice onset of shear localization

(red bands).

[90] provided a significant improvement by considering
edge and screw components of loops. He also consid-
ered the different mobilities of edge and screw compo-
nents, determining the residual microstructure. A
homogeneous dislocation nucleation mechanism [89]

has been proposed by Meyers [90]. It assumed that
dislocations are homogeneously generated at the front

to accommodate the deviatoric stresses. In contra:

with Smith’s model, however, they are left behind. *a

Weertman [91] proposed a mechanism for strong
shocks using both a Smith interface and. dlsf‘a,;;at'oﬁs
behind the front. The homogeneous dislacatioti genera-
_tion mechanism is being improved-‘by Me}m‘s and
Ravichandran [92] and is descnbgd here; a detailed
account will appear somewhere/else “The basic compo-
nents of the model are reprodgcedwhere for clarity. Fig.
20 shows an idealized gon tion of dislocations
when a shock wave propagatc hrough the lattice. The
planes are (111) an%theax_i'sloeatmns are edge disloca-
tions. As the shtabk frent atdvanoes the dislocation
interface is left 'bqlﬁad ‘A% this occurs, elastic deviatoric

it e initial calculations of resulting
dislocation; “é“’produced values orders of magni-
tude h;gher &;m&he observed results [90]. An improved
calculatmn. q&med out by Meyers and Ravichandran
[92], predicts values that compare favorably with dislo-
cation densities measured from transmission electron
microscopy observations. Fig. 20 shows several layers
of interfacial dislocations that were generated and left

behind the:shock: front. Not seen in this section are the
screw components of the loops. The insertion of dislo-
cations rel&xes the deviatoric stresses that elastically
dlswi‘f an idedl cubic lattice to rhombohedral. Hence, a
reduwd scubic lattice is restored by the insertion of
q;sfdgaﬁons in the near vicinity of the interface. The
ﬂls}gmtlon spacmg along the front required to accom-
1 odate this is d,. This situation is analogous to the
epitaxial growth of films, in which the disregistry is
accommodated by interface dislocations, creating a
semi-coherent boundary. The dislocation spacing along
the front is calculated from the ratios of the original
and compressed lattices. The initial and compressed

900 |
800
700
600
500
400
300 Meyers & Ashworth Eqn.
200
100 A

0

Yield Stress (MPa)

D2 (m/?) x10

Fig. 18. Yield stress variation with grain size D~'/2; notice decrease
in slope at smaller grain sizes.
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The dislocation density generated can be calculated
from d,, the distance between dislocations at the front,
and A, the spacing between successive dislocation loop
layers nucleated. Since each distance d, corresponds to
two dislocations [on planes (111) and (11-1)], the spac-
ing d,/2 is taken. Thus, the dislocation density, p, is

The spacing between dislocation loop layers can be
calculated by using the stress fields around dislocations
and summation at one point at the front over the stress
field of all dislocations. This is shown in Fig. 20. Elastic
distortion at the shock front is balanced by the stress
@ fields due to the dislocation arrays. When the deviatoric
elastic stresses at the front reach a critical level, disloca-
tions are again generated. In order to calculate h, the
superposition principle was applied and the total stress
at a point on the front due to the dislocation array is
estimated. Assuming edge dtslo@,;wns only:

_Gh2 /2

21:( 1- v)ndz

oy~

(38)

(39)

(40)

where n is‘an integer designating the position of the

dlﬁ%&uon (f= — 0...0). The series converge and
® ; Afa@d to {he estimate of the stresses.

Fig. 19. Defect structures observed in copper monocrystal ({100} . i

orientation) after laser-induced shock compression at (a) 10 GPa axy;l e 0 gy~ 0

(b) 40 GPa. Notice dislocation cell structure in (a) and twms/staclni@g A/,‘”L 2

faults in (b). s ) Gbh n3h

Oy ~ e —— (41)
; , /2(1 — v) 45d3
YYYYXYYYX

When the stresses at the front reach a level at which

Plastically

g 3 A A deformed homogeneous nucleation of dislocation loops can oc-
LN S cur, then a new layer is formed. The dislocation density
X\*(\X\ ’{ ) /,’<,>:,>( Elosti can be obtained from the stress for homogeneous nucle-
L NN 2 oy ation of partial dislocation:
SR S re o l on -
Shock -2

nock | G 0.054 42)

Fig. 20. Stress due to d:do&tléb;,pgm point at shock front. Substituting Eq. (40) into Eq. (41): _

' 1—-v

specific volumesf f%g lattlces being ¥ and V,, respec- hy = o d3 . (43)

for stationary dislocations. If the dislocation is assumed
V72 dz - di 35 to move at the shear wave velocity, under the influence
Vo z dy 33) of the high residual shear stresses, they try to ‘catch up’
with the front. This results in an increase in A, given by

d, is related to the Burgers vector by: the ratio between U,, the shock velocity, and V. the
component of the shear wave velocity in the com-
b\/— d, (36) pressed medium. It will be assumed, to a first approxi-
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mation, that the shock-wave velocity is equal to the
longitudinal elastic wave velocity in an unbounded
medium:

1/2
U=C= ('{ ;02") (44)

The dislocation velocity component along shock
propagation direction is ¥y

vp=Lic,- () 4s)

p

where p, and p are the initial and compressed densities,
respectively (equal to 1/V, and 1/V, respectively). Thus,
for dislocations traveling at the shear wave velocity:

_ VA2 14 2\ 12
menge=(TF) () e
P

The dislocation density as a function of V/V is
obtained by substituting Eq. (46) into Eq. (37) and Egs.
(35) and (36) into it:

e WY @

The dislocation density can be expressed as a func-
tion of pressure, P, through one of the equations
obtained directly from the Rankine—Hugoniot equa-
tions and the equation of state [20]:

b CL=(/V)
Vo[l = S(1 = (V[Vo)P
C, and S are the equation of state parameters specific
to materials. Eq. (48) can be expressed as:
V

(48)

2PV,S?
+ /(2PV, + C3)* — 4P?V3S57]

If Eq. (49) is substituted into Eq. (47), the dxslocatlén
density is directly expressed as a function“of ym;m
Fig. 21a shows calculated dislocation deisities t;gr sev-
eral metals: Cu, Ni, Fe, Ta, and Ti. é@xﬁ?ocanon
densities rise rapidly with increasing:préssiire and seem
to reach a plateau (except for Ti):> The significant
differences in dislocation denﬂ;y -observed for Fe and
Ta, both BCC metals, can“be, attributed to differences
in density and the shoc& pa:axi;etér S; the significance
of these dlfferences%iﬁf‘b&ag gvaluated One should be
careful in mterpreting thése results, since recovery pro-
cesses occur at® m&smw much lower than the maxi-
d these high dislocation densities
are not reash% The predicted dislocation densities are
plotted in Fim 2tb and compared with observations by
Murr [81}, Tgio configurations are shown: dislocations
moving at the shear wave velocity and stationary dislo-
cations. For the latter case, we just use Eq. (43), which
is substituted into Eqgs. (35) and (37), and then into Eq.
(48). This is given by Eq. (50):

- = ——L o+ - v g0
0 o

p = C31— (1 =/2(%0 — 0)p)/2n7 ™))
Voll = S{1—/2[(b¥(1 — v)p)/2n7'"}})
The results presented in Fig. 21b are encouraging,
since the calculated densities ‘bracket’ the experimental

results. This approach can lead to realistic prediction of
dislocation densities.

(50)

5.2. Prediction of threshold amplitude for twinning

The methodology to be used in the prediction of the
threshold shock amplitude for twinning was delineated
by Murr et al. [93] and Meyers et al. [30]. The proce-
dure presented herein can be used to predict the critical
pressure for twinning in shock compression experi-
ments. It is known that different metals have different
threshold pressures for the initiation of twinning; it has
been established by Murr [94] that this pressure is a
function of stacking-fault energy, for FCC metals. Fig.
22 shows a normalized plot adapted from Murr [94].
The pressure was divided by the:bulk modulus and the
stacking-fault energy by the Gb: gr&duct The Murr plot
(which assumes a linear rélatlonshlp between P and v,
predicts, for mstance, the. ngak“’tmnnmg pressure for
Al (y =166 mJ/m?, ;G =26.1 GPa, b=0.28 nm). This
value is Pc/H=05%0r Pc=38 GPa. The twinning
propensity is increasec by decreasing the shock com-
pression temperature and i increasing the grain size. The
following-can be proposed to verify the correctness of
this hypothcs s: a shock compression experiment at 40
GPay:on an “#luminum monocrystal with a [100] orien-

tzhon at 77 K.

%ls ;nethodology is extended and generalized here.
fihd twinning are considered as competing mecha-
ggrhs whereas plastic deformation by slip has a strain
rate and temperature dependence well described by the

theory of thermally-activated obstacles, it is assumed

that the strain rate and temperature dependence for slip
are much lower. This is corroborated by experimental
evidence presented in Section 3. Setting oy = o,, one
can obtain the critical twinning stress as a function of ¢,
4 and T. The application of this criterion to the shock
front necessitates the knowledge of the strain rate. The
strain rate at the shock front has been established by

“Swegle and Grady [95] to be:

P =kggé' (51

Fig. 23 shows a Swegle—Grady plot in which the axes
were normalized in order to provide a better superposi-
tion of data. The data has not entirely collapsed onto a
single line, but the scatter is reduced. One could, to a
first approximation, define a single ksg parameter.

Two separate aspects have to be considered in the
analysis: (a) shock heating and (b) plastic strain at the
shock front. Both shock heating and plastic strain by
slip (and associated work hardening) alter the flow
stress of material by slip processes and need to be
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. . . . C}(1—e"
incorporated into the computation. The total (elastic + = V=S —eF (53)
plastic) uniaxial strain, e, at the shock front is related to ofl =S =]
the change in specific volume by:
v The shock temperature is a thermodynamic function
7=e" (52) of pressure [96]. It is represented by a fundamental
0 formulation that uses the internal energy of the shocked
material and convert it into heat through the heat
Inserting Eq. (52) into Eq. (48), we obtain: capacity and density.
140.0
120.0
o 1000
o
(&)
9_3' 80.0
3
(7]
8 600
o
40.0 A
20.0
0.0 -

N A : =y
100? 10010 100‘1 10'12 100‘3 10416 10415 1o+‘lﬁ 10“7 10915

Dislocation density, m™

@

100 7— I 4 " :
90— @ Experimental Data - Murr / -
~#~Computed Data - No Dislocation l
80 4- - Motion :
“4=~Computed Data - With Dislocation / i
7201 Motion :
£ g / :
S 7' e
£ s0 - .
? * %
g 40 - S
30 o L

20

1000 100\0 10"' 10#12 1 0413 10414 10«15 10’“ 10017 1001!
Dislocation density, m?

(®)

Fig. 21. (a) Calculated dislocation densities as a function of pressure for representative metals; (b) experimental and computed results for shock
compression of copper.
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Fig. 22. Normalized pressure/stacking fault energy plot showing twinning and dislomtibﬁ@omins (adapted from Murr [94]).

Ll
=3¢ "
_ v
+°_’_‘PL3%Q{_VO_)K]_ P - expl(n/Vo)V]
v Vo

The constitutive response of the copper monociystal
is represented by the modified MTS expression below;
the parameters are taken from nglané]@,ec -and Gray
[98]. The MTS equation is obtained from Eq. (15), with

values of p=1/2 and g=3/2, respectively [97]. The
value of g, is 0.8 [98]. 8

o= ou 0 1~ (o (%) ”T (55)

The work ha.gg" ling (;%Xe)) was incorporated by tak-
ing a polynomial, réprésentation of the stress strain
curve shown for=grientation C30 in Fig. 16a. This
orientation is the closest to [100], which has the lowest
threshé‘ld‘ pressure for twinning. This polynomial is:
S&)
=45 510:% — 86 899 + 63 406£* — 21 83447 4+ 2901.8¢!

-1.92 (56)

“The %}‘am size effects were incorporated by adding a

' Halt=Pétch term to Eq. (55)

he procedure used in calculating the threshold stress
o first obtain the threshold stress through Egs. (22)

and (24), and Eq. (51). The value of this stress is then

el e

used to calculate the shock strain and temperature
through Eqgs. (53) and (54), respectively. These values
are then fed back into Egs. (22) and (24) and Eq. (51)

U 1] PR -5 Y i
e
0.1} B
g o o+
= o 4 ° Cu o
E . B
<} Al o
z Fe x
& Be o
U x
Ta o
0.01 = L . .
le-09 1e-08 1e-07 le-06 le-05
Normalized Strain Rate

Fig. 23. Modified Swegle—Grady plot with normalized axes (Adapted
from Swegle and Grady [95]).
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Fig. 24. Threshold shock pressure for twinning in copper as a function of grain size at different initial temperatures (00, 200, 300 and 400 K).

and a second pressure is calculated. This iterative pro-
cess converges to the critical twinning stress. Fig. 24
shows the application of this method to copper. The
plot shows how the initial temperature and grain size
affect the threshold shock pressure. There is a signifi-
cant increase in the threshold stress when the grain size
is decreased from 10 mm to 1 m. The shock tempera-
ture has a small effect on the threshold pressure. The
calculated thereshold pressure for a monocrystal (mod-
eled by a 10-mm grain size) shocked from an initial
temperature of 300 K is 17 GPa. This compares favor-
" ably with experimental results by De Angelis and Co-
hen [83): 14 GPa. This approach, which was not ¢
optimized here, yielded results that are close to actml
observations. They represent the first predlctlon b§
twinning threshold in shock compression. It is expected
that in the near future we will be able to predict the
effect of other mlcrostructural parameters, suphf;as the

6. Conclusions

We presented, in Sections »«»5 four interrelated re-
search lines in wh:eh«we‘mpp}y or develop constitutive
descriptions for predictirig the mechanical behavior of
metals. The fdﬁomag aspects were investigated: (a)
instability (Secti ; (b) the slip—twinning transition(-
Section 3):. ( »grain-size effects (Section 4); and (d)
shockwcornp?ésswn (Section 5). The rapid development
and dissemination of computational capabilities in-
creases s1gmﬁcantly the usefulness of these constitutive
equations and guides the evolution of research themes.
The quantitative treatment of mechanical response of
metals is evolving into accurate constitutive equations.

The constitutive descriptiongis: moﬂmg away from phe-
nomenological equations toward’ ghy‘s:cally-based equa-
tions, as the computatmn&l bilities increase.

The following prmcxpal“ gp mena and effects are
currently captured;
work hardening/s ffcn{ng,
thermal saﬁenmg, =
strain rate effects;
grain size effects;
,tgz&ture effects;

e %esgyre dependence; and
& fraéture.

“,,E?fforts are underway to incorporate the following
effects into codes:

dynamic recovery and recrystallization;

dynamic strain aging;

twinning;

alloying effects; and

environmental effects.

It is the feeling of the authors that physically-based
constitutive equations, incorporating a greater and
greater complexity of the physics of deformation and
damage, will evolve in the near future. It behooves us
Materials Scientists and Engineers to transform our
intuitive ‘feel’ into quantitative analyses that can be
effectively implemented into large-scale computations.
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