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Low strain-rate sensitivity (SRS) of nanocrystalline metals measured by experiments often leads
to the claim that grain boundary (GB)-mediated plasticity is insignificant, contrary to molecular
dynamics simulation results. Here, we develop an crystal plasticity model to rationalize the
important role of GB-mediated plasticity on the rate-controlling deformation of nano-grained
(NG) and ultrafine-grained (UFQG) face-centered-cubic (fcc) metals. Important phenomena such
as the GB strengthening, the stress saturation, and the evolution of SRS are well captured. We
show that the main reason for the low SRS measured experimentally in NG metals (several tens
of nm) is the dominance of the localized dislocation activities over the GB process on the overall
plasticity. Such localization of dislocation process may provide a reason for the formation of

shear bands/zones in NG and UFG fcc metals.
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IT is well known that grain size can significantly
influence the mechanical properties of polycrystalline
metals and alloys.!"! The conventional plasticity mech-
anism in coarse-grained (CG) face-centered-cubic (fcc)
metals, mediated by the nucleation and gliding of
dislocations in the grain interior,”) is expected to
become increasingly difficult with reduction of grain
size down to the nanometer regime characterized by the
abundant grain boundary (GB) atoms.”! Studies!*®
have shown that grain refinement in the ultra-
fine-grained (UFQG) or nano-grained (NG) regimes leads
to an obvious strengthening effect, which appears to
follow the well-established Hall-Petch (HP) relation-
ship!”* originally proposed to describe CG metals, i.e.,

0y =00 + kd™'/? [1]

where o, is the yield stress, o is the stress at which
yielding occurs at very large grain sizes, k is the slope,
and d is the average grain size. Such an empirical
equation has been explained mostly by disloca-
tion-based models including (i) stress concentrations
induced by dislocation pileupst”” and (ii) Taylor’s
relation ¢, oc \/p together with the assumption of p o
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1/d where p is dislocation density.!'>'") However, these
explanations suffer from the fact that metals either
without pileups or exhibiting the starvation of disloca-
tions!!?! nevertheless obey this HP form. This contra-
diction naturally leads to a new view that the hardening
of nanostructured metals may be induced by an addi-
tional deformation mechanism associated with numer-
ous GBs.

Molecular dynamics simulations ! indicate that
the GB-mediated plasticity (e.g., GB sliding!">'® and/or
diffusion’) serves as the cooperating/competing mech-
anism to the conventional dislocation slip when grain
sizes are reduced below a critical value. Although direct
experimental observations for such a transition are
lacking, indirect experimental evidences based on the
rate behavior of UFG/NG fcc metals hint at this GB
mechanism.!'”! The strain rate sensitivity (SRS) index m,
which serves as a signature of deformation mecha-
nism,!"™ is typically 0.005 — 0.01 for CG fcc metals such
as Cu," Ni,®% and ALPY Although m is generally
insensitive to grain size in the micrometer regime, it has
been discovered that further refining microstructures to
nanometer regime will lead to an elevated m. In
particular, the m value at d ~ 30 nm is measured to be
0.02 for NG-Ni®" and 0.035 for NG-Cu.?>*! Yet, these
values are still much lower than that corresponding to
the GB-mediated plasticity (m = 0.5 — 1), and this often
leads to the claim from some investigators®®*! that GB
activities are not important even in NG metals. Given
such a controversy between simulation results and
experimental suggestions, it is natural to ask to what
degree does the experimentally measured m really reflect
the GB-mediated plasticity. Surprisingly, until now no

[2,13,14
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well-accepted explanation seems to exist. Here, we bring
a new insight into the deformation mechanism of
nanocrystalline fcc metals by rationalizing the role of
GBs as an cooperative rate-controlling deformation
process subsidiary to the dislocation slip. The present
new crystal plasticity model allows us to quantitatively
predict the gradual increase of ¢, and m with decreasing
d, and also to capture important phenomenon such as
the saturation of yield stress and the rapid transition of
m at extremely small grain sizes (d< 15 nm). The model
may shed new light on understanding the occurrence of
shear bands/zones in UFG/UG metals.

The present discussion relies on the facts that (i) the
grain size as well as the spacing between neighboring
dislocations follow a statistical distribution rather than
one single value, and (ii) the GB-mediated plasticity
typically with m = 0.5-1 and higher mechanical thresh-
old stress,*¥ regardless of its specific form such as
sliding or diffusion, will eventually contribute to the
overall plasticity at small grain sizes due to dislocation
starvation.

The conventional dislocation plasticity of CG fcc
metals can be characterized by the power-law behavior,
which connects the shear strain rate § to the applied
shear stress t according to /% = (7/7)",2% where 7 is
the reference strain rate, 7 is the mechanical threshold
stress serving as an internal variable, and m is the SRS
index for the deformation mechanism controlled by slip.
This power law is applicable when enough nucleation
and motion of dislocations occur in the grain interior.
Further reducing grain sizes to a certain level will
1neV1tab1y activate the GB-mediated plasticity,**% as
intra-grain dislocation sources are inadequate to accom-
modate the macroscopic deformation response. We
thereby formalize this rationale by consolidating the
two deformation processes into one general form, which
accounts for the coexistence of both the conventional
dislocation mechanism inside grain interiors and the
GB-mediated mechanism:

R p 1/mgisi R . 1/mgp
S5 _ 13 _ 1 —
Y Vdis ( Zdis] ) ¢ 7GB ( 2GR ) ( ¢> [2]

Tdist JGB

where the subscripts “disl” and “GB” denote the
conventional dislocation process and the GB-mediated
plasticity, respectively, and ¢ is the nondimensional
parameter reflecting the volume fraction of grains
deformed by dislocation slip. The form of Eq. [2] relies
on the fact that the coupling between dislocation-based
mechanism and GB-mediated plasticity enforces the
compatibility and equilibrium on the overall deforma-
tion. For CG metals at low applied stresses ¢ ~ 1 and
1/1gs < 1, Eq. [2] will be reduced to the original power
law.

Since the rate-sensitivity index m is experimentally
measured according to m=0Int/JdInyp, it is now
related to both mygg and mgp and therefore should be
regarded as an apparent value rather than the signature
of a specific deformation process. Based on Eq. [2], the
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general expression of the overall sensitivity index m,
which is measured experimentally, becomes

1+4
Mdis1 /MG + A

M) 3]

where the nondimensional index A responsible for the
final value of m is expressed as

1= ¢ (‘E )Umdisl(%G—B)l/mGB [4]
1 — ¢ \ aist T

Two cases of A(¢) are evident: ¢ =1 for CG metals
leading to A=o0c and m =mgy, and ¢ =0 for
extremely small grains (e.g., d a few nanometers) causing
A=0and m = mgGa.

The volume fraction ¢ of slip-controlled grains is
generally an increasing function of the average grain size
d. To derive the explicit expression of ¢(d), we consider
the real homogeneous crystalline structures in which the
accurate grain size d and the dislocation spacing / have
frequency distributions. In this case, the probability
density functions (PDFS) of grain size P(d) and dislo-
cation spacing P( ) follow a log-normal distribution, as
experimentally verified®” and extensively used in
numerical approaches!>?” ") that writes

. 1 In(d/dy)\*
)= \/ﬂsd p(—§< s )) B

R 1 {(In(/ly) \?
_msiexp( 2( P )) [6]

where s is the standard deviation calibrated as 0.1
by referring to the available grain size distribution
(Figure 1(a)), and dy and /[y are the median values
relating to the arithmetic mean values d and / respec-
tively by d=dyexp(s*/2) and [=lyexp(s*/2). For
simplicity, we assume here that P(/) follows the same
shape (s value) as P(d). Note that Egs. [5] and [6] can-
not be applied to heterogeneous materials with bimo-
dal grain size distributions or with grain size gradient
regions. For a single grain (denoted as i) with the size
d;, the conventional dislocation plasticity takes place if
it contains dislocations inside, which requires the local
dislocation spacing /; < d;. The probability p for such
a case (having dislocations inside a grain) can be

and

P()

expressed by p;(d) fo dl The volume fraction ¢,
according to its definition, can be derived by averaging
this probability p; over all the N numbers of grains as

| N o d
:sz,- 2“//19 N\dldd [7]
= 0 0

Equation [7] together with Eqgs. [5] and [6] gives the
analytical expression of ¢ depending on the average
grain size d and the average dislocation spacing /. For
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Fig. 1-—(a) Grain size distribution (bar) according to the data from Ref. [30] fitted with a lognormal distribution function (solid line) with 4y =
17.9 nm and s = 0.1. (b) Variation of ¢ with the average grain size d computed from Eq. [7].

undeformed metals with dislocation density p ~ 10> —
10'* m~2, the average spacing / ~ 300-1000 nm accord-
ing to [ ~ p~!/2.

Figure 1(b) shows the variation of ¢ with the average
grain size d, computed from Eq. [7] with /= 500 nm
(assuming p =4 x 10'> m~?). At relatively large grain
sizes, i.e., d close to 1 um, ¢ ~ 1 and Eq. [2] in this case
reduces to the conventional power law, suggesting that
intra-grain dislocation motions take place everywhere
and govern the macroscopic plasticity. With further
grain size reduction, ¢ starts to drop at d ~ 600 nm until
¢ reaches a small value of ~ 0.06 at d~ 400 nm,
indicating that the intra-grain dislocation activities are
now confined in a limited number of grains still
containing dislocations. It should be noted that the
parameter ¢ merely reflects the volume percentage of
grains deformed by conventional dislocation process. In
other words, the small value of ¢ does not necessarily
correspond to the dominance of GB-mediated plasticity
over the dislocation plasticity.®") Details of this aspect
will be discussed further.

After knowing the relationship between ¢ and d
(Figure 1(b)), Eq. [2] is further evaluated by calculating
the yield stress ¢, for any fcc metal with different grain
sizes. For illustrative purposes we consider the most
widely used model materlal Cu.*? deformed at a fixed
strain rate y = 5 x 107* s7'®°! which is experimentally
accessible. The typical values mygg = 0.005 and
mge = 13 are chosen for Cu. The mechanical thresh-
old stress 7| and 7, are assigned as 40 MPal* and 600
MPa, respectively. To compute o, we use the relation-
ship o, = M1, where M ~ 3 is the Taylor factor for
polycrystals without texture.*”!

Figure 2 shows the calculated yield stress g, vs d~'/2
based on Eq. [2] for Cu. The values of j,, and 7, are
chosen in order to fit the experimental data, which are
also presented in Figure 2 for comparison. The best fit is
700 =107 87! and 7, =10"° s~'. In Figure 2, the
calculated @, vs d~'/? relation (solid line) exhibits a
nonlinear behavior, which deviates from the straight HP
line (dashed line in Figure 2) extrapolated from
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Fig. 2—The yield stress o, vs d~'/? (solid line) computed from
Eq. [2], in comparison with experimental data (symbols) from
literature for UFG/NG Cu. Dashed line: the HP reldtlonship
extrapolated from CG-Cul®*®; Dotted line: ¢, = g, +kd™' with

100 MPa and k = 0.013 MPa-um; O; 0P <>[*91 ﬁr[(’] ot
A[‘“] o2l 431, vml >[5 oMl (Tabor relatlon)[S] O (Tabor
relation). 47

CG-Cu.P® Despite this, it is seen that the both curves
are in good agreement with the experimental data,
indicating that the classical HP effect with the scaling
exponent of 0.5 may not be the only model for
describing the grain-size effect of submicron crystalline
materials. In addition, the present curve can be equally
represented by a similar relationship ¢, = 0 + kd™!
(dotted line in Figure 2). In fact, the power-law relation
0y = 0o +kd™ with d the governing size and n =
0.3 — 1 is widely used for the size-dependent plasticity of
metals when the governing size is in the submicron
regime.’”! For instance, the micromechanical testing of
micropillars shows that the yield stress of pillars scales
to d~! rather than d~°3 where d is the pillar diameter.**!
These observations lead to the suggestion that Eq. [2]
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may be capable for describing the generalized size effect
of crystalline materials.

The present model does not require extra assumptions
such as the existence of dislocation pileups or high
dislocation density, which nevertheless have been used to
rationalize the HP law."*8! In addition, the present curve
clearly shows a peak stress g, ~ 900 MPa at d ~ 15 nm,
matching well with the highest ever reported values (see the
data points in Figure 2). Further reducing the grain size
leads to a stress plateau in our modeling result, consistent
with the hardness (H = 3¢,, Tabor relation) data of
NG-Cu showing an unchanged yield strength with further
decreasing d below 15 nm. Such an observed phenomenon,
however, will never be captured by the HP relationship
(dashed line in Figure 2). Based on our modeling result,
the stress plateau is attributed to a complete shift of the
deformation mechanism, which will be discussed in the
following paragraph. Note that the highest stress o, ~ 900
MPa is only about half the threshold stress 6, = M7, =
1.8 GPa (see Eq. [2]) for GB-mediated mechanism. This
can be easily understood from the fact that 6, is the
mechanical threshold stress without the assistance of
thermal activation, whereas g, ~ 900 MPa is obtained at
room temperature. Indeed, molecular dynamics (MD)
simulations?”! for NG-Cu at extremely high strain rates
(thermal activation is suppressed) clearly demonstrate a
flow stress as high as 2.25 GPa for d = 15 nm, in accord
with 6, = 1.8 GPa in our model.

To further understand the role of GBs on the overall
strain rate for a given value of d, we denote fgg = 7gp/7
as the portion of strain rate contributed by the GB-me-
diated deformation mechanism, where jgg and 7§ are
defined in Eq. [2]. Similarly, f4is = | — fgp is the strain
rate contribution from conventional slip process.
Figure 3 displays the variation of fgg vs d based on
the previous results (Figures. 1(b) and 2). When d> 600
nm, the overall strain rate } is contributed exclusively by
the dislocation activities, as clearly demonstrated by
foB ~ 0 in this range. Due to the rapid decrease of ¢
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Fig. 3—Influence of average grain size on the fraction of strain rate
provided by GB-mediated plasticity. The change of fgg with d leads
to three possible deformation behaviors roughly separated and
shown in this figure.
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starting at d ~ 600 nm (Figure 1(b)), fGg starts to
increase but reaches only ~ 0.18 at d ~ 400 nm, fol-
lowed by a plateau with relatively unchanged fgp in the
UFG regime (d> 100 nm) despite further decreasing d.
Meanwhile, the ratio fgq/fgs is as high as ~ 4.5,
suggesting that the conventional dislocation process still
plays the dominant role in UFG metals. Interestingly,
for UFG metals with d <400 nm, the volume fraction ¢
is negligibly small (Figure 1(b)) compared to the large
value of f4, suggesting that a small fraction of grains
will deform much faster than the majority of grains in
UFG metals. In other words, the dislocation activities
and plastic strain will become inhomogeneous and
locally favored in UFG metals, and this possibly
corresponds to the formation of shear bands/zones
during the straining of samples. This finding agrees well
with experiments observing the shear localization in
UFG/NG fcc metals.[>-3244

When the grain size d finally shifts from the UFG
regime to the NG regime (d< 100 nm), fgg appears to
“take off”” and eventually reaches fgg = 1 for d < 15 nm
(Figure 3), indicating a complete transition of deforma-
tion mechanism from dislocation slip to the GB-medi-
ated plasticity. This result is supported by MD
simulations!'¥ showing that the majority of plastic
deformation of NG-Cu with d ~5 nm is due to GB
activities, with negligible part being caused by intragrain
dislocation activities. Note that the dominance of GBs
with fgg = 1 also corresponds to the peak stress and the
stress plateau in Figure 2. Therefore, our modeling
result clearly demonstrates that such a dominant role
played by GBs leads to the deviation from the tradi-
tional HP law, contrary to many proposalst®#*->%
attributing this deviation to the material defects such
as porosities and impurities.>!

Unlike the HP law incapable of predicting the SRS,
the present work also captures the evolution of the
overall value of m with grain sizes. Since the d-dependent
¢ (Figure 1(b)) and o, (Figure 2) are known, the values
of m at different grain sizes can be calculated using
Egs. [3] and [4]. The result of the predicted m vs d,
including the available data from the literature, is shown
in Figure 4. The m value has only increased slightly from
0.005 at CG scales to ~ 0.01 at UFG scale (d = 100 nm),
despite ¢ ~ 0 at this point. Again, this is due to the
dominance of dislocations over GBs in terms of provid-
ing the strain rate (Figure 3), as discussed previously.
With further decreasing d into the NG regime, GBs
become increasingly important and as a result, the value
of m starts to increase rapidly and reaches ~ 0.25 at
d ~ 25 nm. Despite a little scattering of experimental
data due possibly to the difficulty of accurately measur-
ing d, the agreement between the experiments and the
predicted trend of m is certainly satisfactory.

Figure 4 highlights that even the GB-mediated plas-
ticity characterized by mgp = 1 becomes activated, the
experimentally measured m can still be significantly
small. For example, fgp~0.25 for d=50 nm
(Figure 3), but the corresponding m is as low as 0.02
(Figure 4), which is almost two orders of magnitude
smaller than mgg. In other words, the overall value of m
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is hardly able to reflect mgp unless the grain size d is
truly controlled to be less than 15 nm (difficult to
synthesize). This finding is not trivial, as it may provide
the possible reason for the discrepancy between exper-
iments (suggesting GBs are not important) and molec-
ular dynamics simulations (observing the overwhelming
role of GBs) on the deformation mechanisms of NG
metals. Therefore, to experimentally probe the GB-re-
lated mechanism and properties in NG metals, one must
ensure with carefulness that the grain sizes are truly in a
few nanometers.

In summary, we have developed a crystal plasticity
model incorporating both dislocation slip and GB-me-
diated mechanism to understand the rate-controlling
deformation mechanisms of UFG/NG fcc metals. Grain
size-related phenomenon such as the GB strengthening,
the stress saturation and the evolution of strain rate
sensitivity are all predicted well by this model. At small
grain sizes, i.e., several tens of nm, the statistical
distributions of length scales (dislocation spacing and
grain size) still allow room for localized dislocation
activities occurred in some larger grains, which may lead
to the low SRS and the shear bands observed in UFG/
NG fcc metals. High SRS (e.g., >0.1) seems unlikely
even in NG metals unless the mean grain size is truly
controlled below ~ 15 nm. Thus, the low SRS measured
in NG metals may not indicate the absence of GB
activities, and this result challenges many existing
conclusions in literature.
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