Critical Strengths for Slip Events in Nanocrystalline Metals:
Predictions of Quantized Crystal Plasticity Simulations
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This article studies how the monotonic and cyclic stress-strain response of nanocrystalline (NC)
metals is affected by the grain-to-grain distribution of critical strengths (z.) for slip events, as
well as plastic predeformation (ef,.). This is accomplished via finite element simulations that
capture large jumps in plastic strain from dislocation slip events—a process referred to as
quantized crystal plasticity (QCP).'"! The QCP simulations show that 7. and epre significantly
alter the monotonic and cyclic response at small strain, but only 7, affects the response at large
strain. These features are exploited to systematically infer the 7, and ef,. characteristics that best
fit experimental data for electrodeposited (ED) NC Ni. Key outcomes are the following:
(1) the t,. distribution is truncated, with an abrupt onset of slip events at a critical stress;
(2) ebre = —0.4 pet, signifying precompression; (3) there is reverse slip bias, meaning that reverse
slip events are easier than forward events; and (4) highly inhomogeneous residual stress states can

be enhanced or reduced by tensile deformation, depending on &f.
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I. INTRODUCTION

A quantized crystal plasticity (QCP) model has been
shown to qualitatively reproduce several distinct fea-
tures of nanocrystalline (NC) metals, including enhanced
flow stress, an extended elasto-plastic transition strain,
and a propensity for strain localization."V The model is
motivated by molecular dynamics simulations®® that
show dramatic jumps in grain-averaged plastic strain
and violent oscillations in local stress due to discrete slip
events. Prior application of the QCP model suggests that
an asymmetric grain-to-grain variation in the critical
resolved shear stress 7. is consistent with these unique
stress-strain features.

NC metals exhibit other distinctive mechanical fea-
tures compared to their coarse-grained counterparts.#
Recent reports for NC Al and Au thin films show that
more than 40 pct of plastic deformation is recoverable
upon unloading.>® The extraordinary plastic recovery
in NC metals is attributed to large residual stress, which
is enhanced in principal by the quantized nature of slip
and a typically large variation in microstructure, e.g.,
grain size.

Moreover, in-situ X-ray diffraction studies reveal that
peak broadening observed during room temperature
deformation of electrodeposited (ED) NC Ni is fully
reversible upon unloading.®'” Thus, the inhomoge-
neous strain induced during deformation appears to be
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recoverable, suggesting that no permanent dislocation
network forms during deformation. Also, strain-dip
testing of such samples shows larger values (~GPa) for
effective and internal stress compared to coarse-grained
metals (<MPa).''! These tests also reveal negative creep,
which is interpreted in terms of dislocation interaction
with GB ledges.['!

Underlying deformation mechanisms in NC metals
have been studied in detail using MD simulations.['>"1¢]
The observations show formation of dislocation loops
from GBs. Initially, they exist in an incipient state in
which grain boundary pinning prevents expansion.
Ultimately, they can unpin, expand through a relatively
clean grain interior, and absorb into the opposite GB.
As grain size decreases, the stress to unpin tends to
increase and interactions between dislocations and GBs
can become more important. Such a description suggests
that as grain size decreases, stress states can become
more inhomogeneous and strain relaxation processes

o L [5-7,10,11]
may depend on the kinetics of unpinning.

The present work incorporates reverse slip into QCP
simulations.!) This enables investigation of the com-
bined effects of plastic predeformation (&), grain-to-
grain distribution of critical strengths (z.), and bias
(Thias) In the critical shear stress for forward vs reverse
slip. A premise is that these quantities can be determined
via calibration of the QCP simulations to experimental
o—¢ data. An outcome is that both monotonic and cyclic
o—¢ data are needed to determine &, 7., and Tpj,s. For
ED NC Ni (30 nm), 7. is described best by an asym-
metric distribution, a noticeable ty;,, exists at small
plastic strain, and a residual stress state exists prior to
loading. The calibrated QCP model predicts enhanced
plastic recovery upon unloading, due to a very hetero-
geneous stress state. In special cases, deformation is
observed to reduce the residual stress state, as suggested
by recent X-ray diffraction studies.!'°
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II. A FINITE ELEMENT/QCP MODEL

A. FEM Representation and Boundary Conditions

A polycrystal is modeled by a 10 x 10 x 10 array of
three-dimensional brick finite elements (C3DS8) using
ABAQUS software.'” The eight integration points in
an element are assigned the same initial crystallographic
orientation as to represent one fcc grain. Figure 1 shows
an FEM sample, with each grain shaded according to
the maximum Schmid factor S.ma.x among the 12
competing Y<110>/{111} slip systems. Uniaxial load-
ing and unloading is imposed via a macroscopic strain
rate (égobal = * 10’3/s) along the z direction, with free
surface boundary conditions on the +x and 4y faces
(Figure 1).

B. QCP Constitutive Relation

This work employs the QCP constitutive relation
introduced in Reference 1 and extends it to include
reverse slip during cyclic loading. Table I summarizes
the relevant notation. The nature of the QCP model is
that on a grain-average scale, the plastic shear strain
produced by an event on some slip system (o) with slip
plane normal n and slip direction s is

Vﬁgo{) = 9Vtarget [1]

The coefficient ¢ takes on integer values and
Vtareet o 1/(grain size). A forward event increases the
magnitude of ¢ and is activated when the resolved shear
stress satisfies 7-sign(y2*) > .. Likewise, a backward
event decreases the magnitude of ¢ and is activated when
tP-sign(y2$”) < —1,,. The critical stress for forward vs
backward events may differ by an amount Tty,s =
7. — T.p. Upon activation, the plastic strain increments
at a rate j, until ¢ reaches an integer value, even if the
activation condition is not satisfied continuously during
the process, due to stress redistribution. Equation [1] and
the activation conditions are implemented numerically,

maximum Schmid factor S

0.3 0.4 0.5

z,max

Fig. 1—Finite element model of a polycrystal with a 10 x 10 x 10
array of grains, each represented by an 8-node brick element. Uniax-
ial loading is applied along the z direction. Shading of each grain
indicates the maximum Schmid factor among the 12 fcc slip systems
in that grain.
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via an extension to conventional rate-dependent crystal
acticd [18]
plasticity theory' ™ (Reference 1).

C. Material and Computational Parameters

The material parameters are consistent with local
elastic behavior governed by anisotropic elastic con-
stants Cy, Cyo, and Cyy = 246.5, 147.3, and 124.7 GPa,
respectively,'” and random grain orientations consis-
tent with an untextured polycrystal, as in Reference 1.
Two distributions are considered for the nonuniform
grain-to-grain values of .. an asymmetric distribution
described by a Gamma function (Eq. [5a], Table II) and
a normal distribution (Eq. [5b], Table IT). Each of these
has two free parameters that control 7. mean and . min.
In general, the most severe slip events are modeled by
selecting yareer = min(1.2 b/d, ©.,/60 GPa), where the
Burgers vector magnitude b = 0.25 nm and a uniform
grain size d = 30 or 50 nm is applied. The first
expression for yy,reet cOrresponds to slip of a cubic grain
of edge length d on a glide plane through the center. The
second expression is an estimate of the largest yi,reec that
can be accommodated without reversing the sign of 7
during expansion of the loop across the grain. This is
termed the positive driving force condition.!! The first
expression normally applies, but there is typically a
subset of ~15 pct grains with smaller 7. values for which
the second expression applies. In addition, a variety of
Tpias Values are considered.

The primary computational parameters are the local
strain rate yy = 2 - 10/s contributed by an active slip
system and the macroscopic strain rate &gopat = 1 - 103 /s.
The former is an order of magnitude larger so that
deformation due to local slip is viewed as relatively
instantaneous compared to macroscopic deformation.
A maximum time increment Ar = 2 - 10 s is specified
to ensure that a quantized slip event is captured in
several time-steps. Prior studies!!! demonstrate that a
1000 grain model is sufficiently large so that the macro
g—e¢ response is independent of the number of grains. A
typical analysis with 1000 grains for 100 time-steps
requires ~4.5 CPU hours with the Glenn system at the
Ohio Supper Computer Center.!*")

Table I. Summary of Notation

Eglobal macroscopic strain rate along z-axis

Oglobal macroscopic stress along z-axis

a9 macroscopic stress for onset of the first slip event

7@ local resolved shear stress, slip system o

p() local plastic shear strain, slip system o

Ytarget local shear strain produced by a slip event

%o local plastic shear strain rate during a slip event

T, local critical resolved shear stress for a forward
slip event

Tep local critical resolved shear stress for a backward
slip event

Thias Te = Tep

o minimum additional 7, to initiate a slip event

At jump in local resolved shear due to a slip event

Ehre uniaxial plastic prestrain along z-axis prior

to tensile testing
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Table II. Multistep Process to Calibrate QCP Simulations to Experimental Data

Step Quantity Method to Calculate
1 At At = —cMb/d, ¢ =144, M = pu(7—5v)/[15(1 —v)] [2]
2a T¢,mean (TC - O'S‘Aﬂ)meanz SZ,max Oplateau SZ,max =045 [3]
2b T¢,min Te,min = O'OSz,maxy Sz,max =05 [4]
3 7, distrib candidates Pa(t.k,0) = (v = temin) ™ (C)0Y) ™ exp[—(x = emin) /0] (S0l
k=1,0= Te,mean — Te,min
Py(T, T¢.mean, 0) = (0 27‘5)71 exp[f(r - rcymean)/ZO'z], g=20/3 [5b]
Vtarget Ytarget = min(czb/d, T(‘/CzM)7 € = 12’ M= (See Eq [2]) [6]
Sa 1. distrib P(t.k,0) best fit to cyclic data at large strain
5b Thias best fit to cyclic data at large and small strain
6 Ehre best fit to tensile data at small strain
Eglobal III. MODEL CALIBRATION
-3 _10-3 -3
%:: 5 I tcm 43 I =il {s ¥ (MPa) A. Effect of Prestrain on 6—e Response
200 QCP simulations show that plastic predeformation
(epre) alters the macro o—e response primarily at small
0 strain (<1 pct) and less so at larger strain. Figure 3(a)
.200 shows the results for &p.. = —3 pct, 0, and 3 pct,
001 | — b 'n assuming an asymmetric 7. distribution (Figure 3(b))
’ : ~y(@ f1 and Tpas = 0. Square symbols in Figure 3(a) are the
(@ T = - experimental results for ED NC Ni with
ij 3 o TN diean = 50 nm.! Precompression  produces a
0'000 2 4 6 8 10 12 14 16 “rounded,” gradual approach to the plateau stress
time (s) (Gplateau), While pretension generates more abrupt yield.

Fig. 2—Evolution of the local plastic strain y® and local resolved
shear stress ™ on a specific slip system « in an arbitrary interior
grain. The applied global strain rate reverses sign at 5 and 10 s.

Figure 2 shows the evolution of 72 and 7?(MPa) vs
time (seconds) for a specific slip system o in an interior
grain with yreer = 6 + 10 °. Three periods are shown:
Eglobal = 11077 /s from 0 to 5 seconds; égigpal = —10’3/s
from 5 to 10 seconds; and &gobal = + 1073/5 from 10 to
16 seconds. During the first period, 7. is reached twice,
so that ¢ increments from 0 to 1 and then 1 to 2. During
the second period, —z., is reached twice, producing
g = 0. In the third period, two forward events occur,
producing ¢ = 2. Thus, 2 is quantized in units of
Ptarget- Note that 1. = 428.4 MPa vs 1., = 228.4 MPa,
so that Tpis = 200 MPa. In Figure 2, % sometimes
increases in a nonlinear fashion due to stress redistribu-
tion arising from slip events in neighboring grains.
About 15 time-steps (corresponding to 0.3 seconds) are
required to fully implement a slip event, thereby
ensuring sufficient computational resolution.

D. Experimental Data

The QCP predictions are compared to data for ED
NC Ni from two sources. The first is monotonic tensile
data by Ebrahimi e a/.?"! on material with a mean grain
8ize, dmean = 50 nm (Sections ITI-A and B). The second
is monotonic and cyclic uniaxial data by Van Swg]genho—
ven efal. on material from Goodfellow!"” with
dpean = 30 nm (Sections III-C and D).
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A quantitative assessment is that the width of the
transition is Ag” ~ 1.6 pct for &, = —3 pct vs 0.05 pet
for &b,. = 3 pct, where A¢” is the plastic strain incre-
ment over which the flow stress increases from an initial
value g to approximately 0.9 opjatean-

Figure 3(a) also shows that the effect of predeforma-
tion diminishes with increasing strain. All cases ap-
proach Gpaean = 1200 MPa, regardless of ef... This
suggests that deformation history is ‘“‘forgotten” as
plastic flow develops. An important caveat, however, is
that the t. distribution does not evolve with plastic
deformation in these simulations. In reality, the 7.
distribution may change as the density and strength of
grain boundary pinning sites evolve with deformation.

Predeformation can be viewed in terms of the residual
stress state it induces and how this stress state biases
subsequent yield. Figures 3(c) and (d) show the distri-
bution of I, defined as the additional resolved shear
stress to initiate a slip event on the most favored slip
system at an integration point. Among the o =
1 to 12 systems, the most favored one renders

{‘L’C — sign (Sg‘))r,(ﬁ)} /’S(Z“)

(n, - 5,)* is the Schmid factor for tension along the
z-axis. Precompression tends to spread out the ST
distribution, so that regions B and C in the original
distribution (Figure 3(b)) shift, respectively, to regions
B’ and C’ (Figure 3(c)). This is consistent with residual
tension (g, > 0) for region B” and residual compression
for C’. The grains in region B’ readily yield as the tensile
test commences because 7 is so small. Analytic
modeling!"! demonstrates that the resulting “rounded”

a minimum, where S% =
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Fig. 3—(a) Predicted tensile stress—plastic strain response of an untextured polycrystal with 7. = asymmetric_distribution; &5, = —3 pct, 0,

and 3 pet; and Thips = 0. Square symbols denote the experimental data for ED NC Ni with dpean = 50 nm."! (b)) Asymmetric distribution,
(¢) Mdistribution after plastic predeformation e = —3 pet, and (d) ebre = 3 pet.
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Fig. 4—(a) Predicted tensile stress—plastic strain response of an untextured polycrystal for case A: (z.6p) = (asym, 0) and case S: (7., &pre) =
(sym, —3 pct). Tpias = 0. (b) Symmetric 7, distribution. (c) t=distribution after plastic predeformation ehe= —3 pct.

g-¢ behavior stems from the abrupt rise in the distribution
at B (Eq. [13]"). Alternately, pretension produces a more
symmetric ;- distribution (Figure 3(d)) that is associated
with a less rounded o—¢ response. In particular, regions
B and C in the original distribution (Figure 3(b)),
respectively, shift to regions B” and C” (Figure 3(d)).
Thus, precompression and pretension produce opposite
shifts in regions B and C and generate very different ST
distributions (asymmetric vs symmetric).

B. Nonuniqueness from Monotonic c—e Response Alone

Similar monotonic o—¢ responses can be achieved
with more than one combination of (z,, .). Figure 4(a)
shows that the asymmetric 7. distribution (Figure 3(b))
with 5., = 0 (case A: solid curve) and a symmetric T,
distribution (Figure 4(b)) with &, = —3 pct (case S:
dashed curve) produce similar o—e& responses. This
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observation, coupled with the discussion in Section I1I-A,
suggests that both combinations of (z., &h.) should
produce similar ¢ distributions. A comparison of
Fitgures 3(b)) (case A) and 4(c) (case S) confirms similar
7. distributions. Thus, a unique combination (., &p.c)
cannot be deduced from monotonic o—¢ data alone.

C. Uniqueness from Monotonic and Cyclic 6—& Response

Cyclic data at both large and small strain enables
unique combinations of (z,, &h.) to be deduced, as well
as estimates of 1y;,,. Figure 5(a) shows the predicted o—¢
response when strained well into the plateau region
(eh10ba > 2.5 pet), and then cycled. The hysteretic o—eé”
response is relatively independent of efiopa and epye.
However, it is very dependent on the 7. distribution and
Thias- 1N particular, case A4 (t, = asymmetric, &b = 0,
Tpias = 0) has a very pronounced hysteretic width

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 5—(a) Predicted cyclic stress—plastic strain response of an untextured polycrystal at large strain, for case A (t,, &) = (asym, 0) and case

S (7, ple) (sym, =3 pct). Tpias =
(Ae” = 0.9 pct at ¢ = 600 MPa), while case S (. =
symmetric, &b = —3 pct, Tpius = 0) has negligible
width (Ae” ~ 0).

Some insight is gained from the 7. and " distributions.
During monotonic straining along the plateau, © is
expected to reach 7. in numerous grains, so that the t
distribution mimics the asymmetric 7. distribution
(Figure 3(b)) for case 4 and symmetric 7. distribution
(Figure 4(b)) for case S. Thus, the pol;/crystdllme system
reaches criticality along the plateau.”” Upon unloading
to points 4” and S” in Figure 5(a), the asymmetric
distribution offers a large fraction of weak (small 7.) sites
at the onset of reverse slip, and accordingly, there is a
large amount of reverse slip (region A”, Figure 5(a)). In
contrast, the symmetric distribution has a smaller frac-
tion of weak sites and, consequently, less reverse slip
(region S”, Figure S(a)) Upon reloading, the 57 distri-
butions (Figures 5(b) and (¢)) apply. The distribution for
case A has a larger number of sites at smaller ", so that
forward slip is more pronounced compared to case S.

A general characteristic of the asymmetric distribu-
tion (Figure 3(b)) is that a relatively large fraction of
weak (small 7.) sites are balanced by a relatively small
fraction of strong sites (Figure 3(b)). These weak sites
supply large amounts of forward and backward slip
events during cycling. In principle, symmetric (normal)
distributions other than Figure 4(b) can be considered.
However, the distributions cannot be shifted or widened
arbitrarily, since the mean controls the plateau stress
(Eq. [3], Table II) and the minimum controls the onset
of yield and also must satisfy the positive driving force
condition (Section II-C).

Figure 6 shows the corresponding outcomes when a
smaller plastic strain (egopa ~ 0.3 pct) is imposed, fol-
lowed by cycling. As before, case 4 (t. = asymmetric,
ehre = 0, and Ty, = 0) has a larger hysteretic width
(Ae? = 0.02 pct at ¢ = 425 MPa) than case S (z. =
symmetric, eb,e = —3 pct, and Tpi,s = 0). Compared to
Figure 5(a), the hysteretic widths at this smaller strain
are an order of magnitude or even smaller.

D. Application to ED NC Ni (30 nm)

The results in Sections ITI-A through III-C produce a
formal, multiple-step procedure to calibrate the QCP

METALLURGICAL AND MATERIALS TRANSACTIONS A

0. (b) Mdistribution for case A, after unloading to pt. A”. (¢) t=distribution for case S, after unloading to pt. S".

~ Case A Case S
1200 (&) = (TerEPpre) =
(asym,0) (sym,-3%)
—~ 800 A
[
o ‘/'
g "
@
2 400 e AcP
ol =0
Thias™= 0)
2 0 0.004
P b
€global (b)

Fig. 6—(a) Predicted cyclic stress—plastic strain response of an untex-
tured polycrystal at small strain, for (a) case A: (z., &) = (asym, 0)
and (D) case S: (7., ehre) = (sym, —3 pct). Thias = O.

simulations to monotonic and cyclic data. These steps
are summarized in Table II and applied to NC Ni with a
mean grain size of 30 nm 191 The first four steps
orlgmate from prior work.!" First, the maximum stress
jump At (Figure 2) associated with a slip event is
estimated from the mean grain size dp,ean, Burgers vector
magnitude b, elastic shear modulus u, and Poisson’s
ratio v (Eq. [2], Table II). Second, the mean of the
critical strength distribution 7, mean 1s estimated from the
plateau stress opatean and the polycrystalhne average of
the largest Schmid factor SZ max (= 0.45 for an untex-
tured fcc polycrystal) in each grain (Eq. [3], Table II). In
addition, the minimum in the critical strength distribu-
tion T.min 1 estimated from the initial polycrystalline
yield strength ¢y and the global maximum Schmid factor
S, max (=0.5) (Eq. [4], Table 1I). Third, 7. mean and T min
are used to generate two candidate 7. distributions: an
asymmetric Gamma distribution and a normal distri-
bution (Egs. [5a] and [Sb], Table II). Fourth, the
quantized jump 7yreer fOr each grain is specified as
discussed in Section II-C and summarized in Table II,
Eq. [6].

The remaining steps 5 and 6 identify the best
distribution (asymmetric or normal) and optimal values
of Thias and ehy.. Step 5 determines the best fit to cyclic
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Fig. 7—Cyclic stress—plastic strain results for the best fitting QCP
simulation (solid curve) vs experimental data (gray curve) for ED
NC Ni with mean grain size dpean = 30 nm. The simulation uses
T, = asym, &b = —0.4 pct. Tpips = 0, 30, and 90 MPa depending
on the imposed global plastic strain. Table III provides parameters.

o—&’ response. Figure 7 shows the QCP results (solid
curve) that best fit the experimental data (gray curve).
The asymmetric 7. distribution successfully captures the
hysteretic widths and also the magnitude of reverse
strain at unloading points 1 to 4 (Figure 7). However,
three values of 7y, are required: 90 MPa for e,
pal’ < 0.5 pct, 30 MPa for 0.5 pct < ehopar < 1.5 pet,
and 0 MPa for &hopa1 > 1.5 pct. The normal distribution
is unable to produce a sufficient hysteretic width and
reverse slip, even for large ty;,,. Finally, step 6 deter-
mines &, = —0.4 pct as the best match to the initial
yield and small strain monotonic ¢—¢ behavior. This is
generically consistent with experimental measurements
of very inhomogeneous stress in ED NC Ni.**! Overall,
the best fitting parameters are summarized in Table III
and include modest adjustments to the analytic esti-
mates from steps 1 through 4, obtained by iteration
based on repeated QCP simulations.

IV. PREDICTIONS OF THE CALIBRATED
MODEL

A. Fraction of Grains Undergoing Forward vs Reverse
Slip

The QCP simulations are capable of providing
statistics on the nature of forward vs backward slip.
Table IV shows the QCP simulation results, as cali-
brated to the ED NC (30 nm) Ni data in Figure 7.
The predictions for reverse plastic strain e, and the
ratio &.,/¢” of reverse plastic strain to imposed plastic
strain are within 10 pct of experimental values. A
qualification is that the e%., values adopted from
experimental data include the time-dependent relaxation
strain obtained after unloading to 10 MPa and holding
for 20 minutes.'” In contrast, the ¢, values from
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Table III. Best Fit of QCP Parameters to NC Ni
(dmean = 30 nm)

d 30 nm

Te asymmetric distribution (Eq. [5a])
Temean = 1050 MPa, T, min = 210 MPa

Thias 90 MPa, for Eglobal < 0.5 pct

30 MPa, for 0.5 pct < &piobar < 1.5 pet;
0 MPa, for &hjopar > 1.5 pet

Vtarget 3.5-107 to 1.0 - 1072 (Eq. [6])

Table IV. Plastic Recovery in NC Ni (djyean = 30 nm)

Model Fitted
Results Model Predicted Results

o, (MPa) &y ee/e”  fFF So** hlly

800 0.0007 40 pct 33 pct 20 pct 62 pct
1100 0.0013 33 pct 45pct 27 pct 60 pct
1400 0.0020 20 pct 70 pct 32 pct 45 pct
1600 0.0028 13 pct 87 pct 32 pct 37 pct

S W -

*f;: fraction of slipped grains at ¢ = g,
**f,: fraction of backward slipped grains upon unloading.

simulations are time independent and are simply the
instantaneous values upon unloading to 0 MPa.
The experimental data (and simulations) show that
&l., increases to a peak of 0.28 pct and &b.,/¢” decreases
to a minimum of 13 pct as the stress ¢, at unload
increases to Gpiacau- The simulations predict the fraction

Jr of forward slipping grains to reach 87 pct at Gpateau-

Thus, there is a subset (13 pct) of grains that remain
elastic even at large strain (¢/ = 2 pct). After unloading,
the fraction f;/f; of backward-slipped to forward-slipped
grains decreases from >60 pct at small &’ to ~37 pct at
large &

B. Characteristics of Grains with Backward Slip

Grains with backward slip tend to have a relatively
small 7. and a relatively large number of forward slip
events compared to their neighbors. Figure 8(a) shows
the number of forward slip events ¢,(Eq. [1]) in each grain
at gg0pa1 = 800 MPa (pt. 1°, Figure 7). The plastically
deformed grains are mainly isolated and surrounded by
elastically deformed grains. Figure 8(b) shows the result
upon unloading (pt. 1, Figure 7). During unloading,
elastic-only grains attempt to return to their original
dimension, driving 62 pct of plastically deformed grains
to slip backward (Table IV). This leaves a small subset of
grains with a nonzero g after unloading.

QCP simulations reveal the nature of grains that slip
backward. Figure 8(c) displays the number of backward
slip events ¢, in grain i vs .. for grain i, for i = 1 to 1000
grains in the polycrystal, during unloading from
~800 MPa. The results show that backward slip tends
to occur in grains with 7, < 500 MPa, and the number
of backward slip events increases with decreasing 7.
Figure 8(d) displays ¢, vs the ratio (g7 /gp)so0o mpa Of
forward slip events per neighboring grain (on average)

METALLURGICAL AND MATERIALS TRANSACTIONS A



to forward slip events in grain i. The ratio is evaluated at
Ogiobal = 800 MPa, just prior to unloading. The results
show that the number of backward slip events tends to
be larger in grains with a relatively large forward slip

(ie., qf Jgr<1).

C. Plastic Deformation and Residual Stress State

Plastic deformation is capable of either reducing or
enhancing the magnitude of residual stress. Figure 9
shows the predicted distribution of residual stress o res
at three unloaded states: just prior to tension testing,
after unloading from ogoba = 800 MPa, and after
unloading from 400, = 1400 MPa. These correspond
to states 0, 1, and 3 in Figure 7. The state 0 distribution

g =0

(b)
5 5
4 4l -
- 3= s 3 |-
& L. S P -
[ mom—" [ [ P———"
0 0
200 600 1000 1400 0 0.5 1 1.5 2
T.; (MPa) (9" /91.)s00mPa
(c) (d)

Fig. 8—Grain-to-grain distribution of the number of forward slip
events ¢, obtained from QCP simulations for ED NC Ni with mean
grain  size  dpean = 30 nm  (parameters in  Table III) at
(@) Ggobar = 800 MPa (pt. 1, Fig. 7) and (b) after unloading to
Ogiobal = 0 MPa (pt. 1, Fig. 7). (¢) Number of backward slip events
¢p; in grain i during unloading from pts. 1’ to 1, vs the critical re-
solved shear stress 7., in grain i. (d) g5, vs the ratio (g7,/qs)s00 mpa
of the average number of forward slip events in grains that border
grain i to the number of forward events in grain i. The ratio is eval-
uated at ggopa = 800 MPa (pt. 1’, Fig. 7).

(Figure 9(a)) is due to predeformation (e =
—0.4 pct). The state 1 distribution is very sharp,
indicating that the residual stress is dramatically reduced
if the sample is stressed to 800 MPa and unloaded. This
is achieved on a local grain scale by reversing slip events
produced by predeformation. The state 3 distribution is
very broad, indicating that the residual stress is dra-
matically increased if the sample is further stressed (to
1400 MPa) and unloaded. Such a large stress induces
more slip events, beyond that needed to reverse the
effects of predeformation.

V. SUMMARY AND CONCLUSIONS

A QCP constitutive relation is implemented in a finite
element model to study the monotonic and cyclic
response of NC metals. Key model parameters include
the grain-to-grain distribution (t.) of critical strength to
activate slip events, a bias in the critical strength to
active forward vs backward slip (tpias), and the amount
of plastic pre-deformation (f,.). A principal outcome is
a six-step process (Table 11) by which to extract these
quantities from experimental measurements of mono-
tonic and cyclic —e response. This process is applied to
data for ED Ni with a 30-nm mean grain size. Several
observations are made.

1. Plastic pre-deformation (eh.) induces a residual
stress state that enhances or suppresses slip events
during subsequent loading. This creates an effective
distribution of critical strengths () that can
increase or decrease the macrostress for yield
and make the elastoplastic transition abrupt or
extended.

2. Similar ¢ distributions and thus similar monotonic
responses can be achieved by more than one combi-
nation of (z, &p). Thus, 7. and &, cannot be un-
iquely determined from monotonic o—¢ data alone.

3. A less redundant determination of 7., &h., and Tpjas
can be made by fitting the QCP predictions to
monotonic and cyclic o—e¢ at small and large strain.

4. The best fit for ED Ni (dpean = 30 nm) has a trun-
cated (asymmetric) 7. distribution, .. = —0.4 pct,
and tp,s = 90 MPa at small strain and 0 MPa at
large strain. The asymmetric distribution is consis-
tent with an abrupt onset of slip in a large fraction

State 0 State 1 State 3
< 800
o
=
B 400
: L
0
-1500 0 1500 -1500 0 1500 -1500 0 1500
0, res (MPa) O, res (MPa) 0y res (MPa)
(a) (b) (c)

Fig. 9—Distribution of residual stress o. .. at different states in Fig. 7: (a) initial state 0, prior to loading; (b) state 1, after unloading from

Ogiobal = 800 MPa; and (c) state 3, after unloading from oyopa =
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of grains at a critical resolved shear stress ~1/grain
size. The bias is consistent with backward slip
requiring a smaller mechanical driving force (stress)
than forward slip.

5. The simulations capture the large reversible defor-
mation observed in experiments and predict reverse
slip to occur in relatively soft grains having smaller
7. and more slip events than their neighbors.

6. The QCP simulations predict that quantized slip of-
ten induces very inhomogeneous stress states. These
inhomogeneous states store large elastic energy that
can drive reversible deformation.

7. The QCP simulations also show that inhomoge-
neous stress induced by prior deformation can be
reduced, in principle, via subsequent deformation.

8. Despite the capacity of the QCP simulations to cap-
ture monotonic and cyclic o—e data, there are
important qualifications. First, the distribution of
critical strengths (t.) is quite simple. It does not
evolve with deformation and all slip systems within
a grain are assumed to have the same 7. In reality,
the nature of grain boundaries (and thus t.) is ex-
pected to evolve with deformation. This is reflected,
in part, by a fitted value of 7y, that evolves from
90 MPa at small strain to 0 MPa at large strain.
Second, one cubic element is employed to represent
each grain so that specific grain geometries, con-
straints from neighboring grains, and stress concen-
trations from localized slip are captured in a grain-
average sense. Third, only the largest slip events are
modeled in these simulations, leaving out numerous
smaller events associated with slip across corners or
smaller cross sections of grains. Fourth, there is no
explicit time or temperature dependence to the slip
processes. Finally, there is no explicit modeling of
grain boundary sliding or grain growth during
deformation. Despite these deficiencies, the QCP
simulations capture a unique characteristic of plas-
tic deformation observed in MD simulations, allow-
ing NC deformation to be studied at length and
time scales not accessible to MD simulations.
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