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Understanding the underlying physical mechanisms of grain growth/reﬁnement in materials, in particular for nanotwinned (NT) metals with high stacking fault energy (SFE), to
manipulate their microstructural stability for performance optimization is a grand challenge in the material community. The characteristic stable grain sizes of metals have been
modeled in terms of various physical parameters, whereas there remains a lack of quantitative information regarding the correlation of stable grain size with the underlying
mechanism(s) in the light of competition between effective and internal stresses. In this
work, we systematically investigated the microstructural evolution of high SFE NT Ni at
different loading rates during room temperature creep. It is found that both grain growth
at low stresses and grain reﬁnement at high stresses achieved via (de)twinning-mediated
processes emerge in NT Ni. Unlike the general belief that the steady-state grain sizes are
characteristics of single-phase metals, it is appealing that the stable grain size is strongly
dependent on the effective stress. The effective-to-internal stress ratio hStress plays a critical
role in the grain size evolution: grains grow at hStress < 1, while they reﬁne at hStress > 1. A
stable grain size is reached at hStress ¼ 1. We further developed a dislocation-based uniﬁed
model to quantitatively predict the stable grain size of NT Ni achieved in steady-state creep
and the steady-state creep strain rate from the perspective of effective stress, which gains
insight into plastic deformation processes associated with growth or reﬁnement of grains.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Nanotwinned (NT) materials with twin thickness (l) < 100 nm, are particularly attractive for structural applications
because they possess high strength and simultaneously considerable ductility (Anderoglu et al., 2010; Lu et al., 2009a; Zhu
et al., 2015; Wang et al., 2012), two characteristics that are traditionally considered to be mutually exclusive and are
closely correlated with their internal microstructures, such as grain boundaries (GBs), twin boundaries (TBs) and dislocations.
To date, some investigators reported the superior stability of medium stacking fault energy (SFE, g ~45 mJ m2) NT Cu with
grain size (d) in the submicron regime (Lu et al., 2009a), whereas others uncovered the (de)twinning-mediated grain growth
via GB and/or TB motion/migration in nanocrystalline (NC) NT Cu (Brons et al., 2013; Wang et al., 2013), even in fatigued NT
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NieFe (Cheng et al., 2010) and tensile deformed NT Ni with high SFE (g ~125 mJ m2) (Li et al., 2015). Compared with NT
metals, similar phenomena have been unambiguously conﬁrmed in their nontwinned siblings (Gianola et al., 2006; Rupert
et al., 2009; Li et al., 2009); namely coarse-grained (CG) and ultraﬁne-grained (UFG) materials are more favorable to suffer
from grain reﬁnement dominated by dislocation activities and deformation twinning, while NC materials are more prone to
suffer from grain growth via the formation of nanotwins, in particular under severe plastic deformation. However, no detailed
micromechanisms at the physical level are available to illustrate how these GBs migrate through twinning as well as its
reverse process, i.e., detwinning, to achieve the coalescence of nanograins in these nanostructured (including NT and NC)
face-centered cubic (FCC) metals.
Most importantly, these results mentioned above suggest that both NC and NT metals have a stable grain size (ds) at steady
state, which is generally believed to be a characteristic of each metal and very important to engineering materials. To date, the
stable grain sizes in NC metals achieved during plastic deformation can be predicted by some theoretical models using
material parameters (Mohamed, 2003; Edalati and Horita, 2011), such as hardness, atomic bond energy, melting temperature,
diffusivity and SFE. Speciﬁcally, Mohamed (2003) proposed a dislocation-based model to quantitatively capture the correlation between ds and physical parameters for pure metals processed by ball milling, given the similarities of ball milling and


creep. Therefore, it is normally anticipated that ds can be obtained once the steady-state creep strain rate (εSC ) is reached
during creep. More details are shown by Mohamed (2003) and will not be presented here. Moreover, Mohamed's model
seems to be applicable to predict ds in other deformation processes, such as HPT and ECAP, because the occurrence of a steady
state is also attributed to the balance between dislocation accumulation and grain reﬁnement on the one hand, and dislocation annihilation and grain growth on the other (Edalati and Horita, 2011). However, it is a pity that this well-accepted
model as well as others (Edalati and Horita, 2011; Eckert et al., 1992) ignores an important fact that due to the microstructural evolution in deformed pure metals, both ball milling (or HPT and ECAP) and creep process would unavoidably give rise to
notable (long-range and short-range) internal stresses, which reﬂect variations in the structural parameters that control the
deformation process (Ahlquist et al., 1970). The usage of applied stress (sa) in Mohamed's model renders that the roles of
average internal stress (si) driving recovery or average effective stress (se ¼sa si) driving dislocation motion played in
microstructural evolution during plastic deformation cannot be distinguished. In such a case, Mohamed's model would miss
some critical information about the physical mechanism(s) for microstructural evolution, which is unfavorable for us to
design engineering materials with stable grain size via tuning their initial microstructures and/or processing parameters.
Although tremendous efforts have been dedicated to investigating ds in nontwinned FCC materials (Mohamed, 2003; Edalati
and Horita, 2011), few studies have focused on how the grain size d evolves during room temperature (RT) plastic deformation
in NT metals. In particular, the theoretical prediction of ds in NT metals involving the thickness and fraction of nanotwins is
still absent.
Apart from modeling their microstructural evolution in terms of underlying deformation mechanism(s), quantifying the
time-dependent plasticity (i.e., creep) of nanostructured metals at RT has been at the forefront of mechanics and materials
research. For pure metals with submicron- and micron-sized grains, creep deformation is generally accomplished by the
generation, motion and annihilation of dislocations, and the cell walls and subboundaries formed by dislocation groups play

 and Cadek,
critical roles in their creep behavior (Orlova
1986; Kassner, 2009; Basirat et al., 2012; Zhao et al., 2015). In contrast,
the behavior of dislocation groups emerged in large grain-sized metals likely disappears in NC metals, because there is
insufﬁcient space for collective dislocation interactions and the emitted dislocations from a GB can easily travel within the
grain interior and become absorbed by the opposite GB, leaving a dislocation starved state (without dislocation accumulation)
(Van Swygenhoven et al., 2006; Van Swygenhoven et al., 2002). The present authors have revealed that the Cu freestanding
foils with a wide grain size-range of ~25e250 nm exhibit the change from a creep stress exponent of ~5 in bulk Cu to an
exponent of ~3, which can be attributed to the lack of subgrains or dislocation substructures in UFG and NC Cu (Guo et al.,
2013). This result is consistent well with the experiments of Hasegawa et al. (1972), which have clearly established that
the dynamic internal stresses correlate well with the formation of subgrains and the change of creep stress exponent at steady
state. In fact, the high (creep) strain rate sensitivity indicates that the short-range internal stress becomes more important
during plastic deformation of nanostructured FCC metals, such as Cu (Guo et al., 2013) and Ni (Blum and Li, 2007). Abundant
investigations (Chauhan and Mohamed, 2007; Barai and Weng, 2008; Choi et al., 2013; Gollapudi et al., 2010) on the creep
behavior of NC metals have uncovered that GB-related processes like GB dislocation emission, GB sliding and GB diffusion are


the underlying creep mechanisms, rendering that they exhibit several orders of magnitude enhancement of εSC in comparison
with their CG counterparts. Although the creep deformation of NC FCC metals has been widely studied as mentioned above,
the lack of quantitative information on the effect of nanotwins leads to uncertainty in understanding the creep behavior of
their NT counterparts.
This study is thus motivated by two main objectives: one is to model the stable grain size ds in NT metals (Ni) with high SFE


during creep at RT, and the other is to quantify the strain rate εSC of NT Ni in terms of the effective stress se, since se is actually
responsible for the creep deformation instead of the applied stress sa. This paper is organized as follows. After this introduction, which presents the background and outlines the motivations, a dislocation-based model to quantitatively capture ds


of NT Ni and to predict εSC in terms of se is constructed in Section 2. In Section 3, the experimental details about the NT Ni
sample preparation, the creep tests and the methods of internal stress measurement are clearly presented. In Section 4, (de)


twinning-mediated grain growth/reﬁnement and the size-dependent εSC under different sa are shown. In Section 5, the
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predictive capacity of the theoretical model for the dislocation and grain growth/reﬁnement dominated creep is veriﬁed by


the observed ds and εSC , and the possible grain growth/reﬁnement mechanisms are proposed in terms of dislocation-GB/TB
interactions. Finally, the main ﬁndings are summarized together with the concluding remarks in Section 6.
2. Theoretical formalism
In order to interpret the stress and temperature effects on the creep behavior from the perspective of dislocations, two
other stress characteristics are introduced except the applied stress (sa), i.e., the internal stress (si), characterizing the strain
hardening of materials, and the effective stress (se), acting on dislocations in their movements (Orlov
a et al., 1972). In fact, the
applied stress sa is just opposed to the internal stress si, which is thought to be a combination of two components: an
athermal component sath (i.e., the long-range internal stress) and a thermal component sth (i.e., the short-range internal
stress), i.e., si ¼ sath þ sth ð_ε; TÞ (Conrad, 1970; Kassner et al., 2013). The internal stress si ¼ sath þ sth ð_ε; TÞ is considered as a
back stress that hinders dislocation motion in a specimen without considering its heterogeneous nature of the defect
structure, while the effective stress se ¼sa  si induces dislocation motion, which is closely correlated with the grain
reﬁnement or growth during creep.
2.1. Determination of internal stresses
To begin, the experimental methods and theoretical models are brieﬂy introduced to estimate the internal stress si. There
are several available methods to determine the long-range internal stress sath, as summarized in a review article by Conrad
(1970). Here, we adopted two typical methods, i.e., strain rate jump tests (Li, 1967) and fully relaxed stress tests (Kruml et al.,
2008; Guiu and Pratt, 1964), both of which are widely used to measure sath in nanostructured metals, such as NC Ni (Wang
et al., 2006) and NT Cu (Lu et al., 2009b). The principles and validities of these two methods were discussed by Caillard and
Martin (2003) in detail, and won't be presented here.
On the other hand, neglecting the small Peierls barrier in pure FCC metals, the internal stress can also be theoretically

 and Cadek,
calculated, which is a combination of a component si-r that arises from the free dislocation density r (Orlova
1986)
and a component si-q that arises from GBs with an average misorientation angle q (Argon and Takeuchi, 1981). Due to the
absence of the blocking effect of forest dislocations found in CG metals, the mobile dislocations can partly or fully insert into
or pile up against GBs in UFG, even in NC metals (with grain size > 15 nm (Li et al., 2010), below which GB-mediated
mechanism governs the plasticity) as a result of straining. This would exert a notable back stress si-r to hinder further
dislocation motion, which has been uncovered by in-situ TEM observations in cyclically deformed UFG Al at RT (Mompiou
et al., 2012). Simultaneously, these sessile or blocked dislocations under the applied stress would cause notable strain gradients (associated with geometrically necessary dislocations). This can result in elastic bending of a portion of a GB with the
length of d ¼ d=2 (d is the grain size) to accommodate for the incompatibility at GBs, which in turn triggers the generation of
long-range internal stress si-q (Argon and Takeuchi, 1981). Therefore, in NC metals associated with homogenous microstructural features, given the contributions from the density of initial dislocations (r0) and the misorientation angle between

 and Cadek,
1986):
neighboring grains (q), the long-range internal stress at RT can be approximately expressed as (Orlova

pﬃﬃﬃﬃﬃ

si ¼ sir þ siq ¼ aMT mb r0 þ

mq y
;
8 d

(1)

where a is the constant which equals typically ~0.1e0.5, MT is the Taylor factor ~3.06, m is the shear modulus, b is the
  2 3
yÞ s a d
b
is an amplitude of bowing out of a polyhedral grain (Argon and
magnitude of Burgers vector, yd ¼ 0:8 4ð1
p
mb
qd
=

Takeuchi, 1981), d ¼ d=2 is the spacing between pinning points along the tilt boundary, and d is the grain size.
2.2. General considerations
Since the stable grain size ds probably is associated with the chemical composition of GBs and the presence of impurities
and/or small precipitates at GBs (TBs) can profoundly affect grain (twin) growth kinetics, we only focus on the “pure”
nanostructured metals in this work. To rationalize the present dislocation-based model applicable to UFG and NC metals, we
compare the characteristics of GBs and TBs, and make the following assumptions:
1) In real polycrystalline metals, a spread in available grain sizes and a spread in activation energies (dictated by a distribution
in GB structures) are expected. For grain size distribution, the number of grains with various diameters in NC metals can
usually be well represented by a lognormal distribution function (Zhu et al., 2005). For simplicity, we only use the arithmetic
average grain size determined from the lognormal distribution function rather than the size-distribution in this dislocationbased model. The same treatment is applied to the estimation of twin thickness l. Accordingly, the model assumes discrete
values for the GB self-diffusion (activation energy) associated with a peculiar misorientation angle and for the grain size of
the material.
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2) In the present NT Ni foils, the model assumes that GBs possess scale-independent nature (e.g., structure and width)
(Carlton and Ferreira, 2007), and belong to the low-angle tilt GBs for the sake of simplicity during subsequent theoretical
calculations. In fact, several studies have revealed that the structure and width of GBs are essentially the same for NC and
CG materials (Kumar et al., 2003; Van Swygenhoven et al., 2000).
3) Because GBs become penetrable in UFG and NC metals (Mompiou et al., 2012), the gliding dislocation is near or (partly/
fully) inserts into a GB, strain gradients (associated with geometrically necessary dislocations) arise to trigger the elastic
deformation of GBs to accommodate for the incompatibility at GBs. This model assumes that a portion of the tilt GB would
be ﬂexed out between pinning points under the applied stress, similar to the case of sub-boundary ﬂexure under stress
(Argon and Takeuchi, 1981). This scenario corresponds to the micro-ﬂexible boundary condition, which is in-between
micro-clamped and micro-free boundary conditions (Ekh et al., 2011; Gurtin, 2008).
4) Somewhat different from GBs, this model assumes that the defective coherent TBs (CTBs), also serving as dislocation
sources, are penetrable so that dislocations can transmit them ﬁnally, but the possible stress ﬁled effect caused by these
transmitting dislocations on the internal stress can be neglected. Recent in-situ TEM observations (Lu et al., 2015) have
uncovered that only a small fraction of dislocations nucleated from the steps on CTBs would transmit these defective CTBs,
and most of them nucleated from the TB-GB junctions would glide along these TBs in the present strength softening
regime with l less than ~40 nm (Li et al., 2015). The initial (source) dislocations inside the nanotwins merely contribute to
the athermal stress which stems from the density of initial dislocations (r0), i.e., si-r.
Next, we will construct a dislocation-based model to predict ds of nanostructured NT metals (e.g., Ni and Cu) with the


fraction of twinned grains f and subsequently to quantify εSC .

2.3. A model for dislocation and grain growth dominated creep
As mentioned earlier, Mohamed (2003) proposed a dislocation-based model to predict the stable grain size ds, inspired by


high similarities between ds obtained by plastic deformation and εSC associated with dislocation creep, both of which are
reached when a dynamic balance occurs between: (i) hardening arisen from dislocation multiplication and interaction, and
(ii) recovery caused by dislocation annihilation and rearrangement. Previous study (Chauhan and Mohamed, 2007) has


uncovered that the grain size increases to a saturation value of ds in bulk NC Ni when εSC is reached during creep at RT. This


likely implies that both ds and εSC during creep share the common physical mechanism in terms of the competition between si
and se, characterized by the stress ratio hStress ¼ se =si . However, in Mohamed's model, dislocations are mainly generated from
bulk sources, unlike the cases of UFG and NC metals, in which dislocations are emitted from GBs and/or TBs (Lu et al., 2009a; Li
et al., 2010). That is to say, grain reﬁnement or grain growth in UFG and NC metals can be dominantly attributed to the GBrelated dislocation activities. In a NC metal with the grain size of d, at steady state, the density of mobile dislocations emitted
from GBs, rm, can be taken to be (Li and Chou, 1970)

rm ¼

ε
3u
¼
;
bd
d

(2)

where u represents the total length of emitted dislocations from the unit area of GB, corresponding to the linear atomic
density of the dislocation line (Carlton and Ferreira, 2007).
Based on the spirit of Argon and Takeuchi (1981), if assuming that only parts of mobile dislocations which are incompletely
attached to boundaries (i.e., GBs and TBs) would serve as sources in nanostructured NT metals during creep, and that the more
widely a dislocation is extended, the less probable it acts as source for an appropriate segment (Argon and Takeuchi, 1981), the
source density per unit projected area can be then expressed as:

Mzf rm

  
 
b d
b
;
þ ð1  f Þrm
x
x
l

(3)

where f is the fraction of twinned grains, l is the twin thickness, x denotes the equilibrium extension of the SF on an edge
dislocation, and can be given by Argon and Takeuchi (1981):

 
x
ð2 þ yÞ
mb
¼
;
b 24pð1  yÞ g

(4)

where y is Poisson's ratio, and g is the SFE. It is well known that the plastic strain ε and the corresponding strain rate ε_ can be
respectively written as (Mohamed, 2003; Hirth and Lothe, 1982):

ε ¼ NV bA;
and

(5)

176

J. Li et al. / International Journal of Plasticity 85 (2016) 172e189

ε_ ¼

dε
¼ rbv;
dt

(6)

where A is the average area of slip plane swept by a dislocation, which is on the order of L2, L z d/2 is the length of dislocation
pile-up, n is the average dislocation velocity, NV is the number of dislocations per unit volume, and can be derived as:


  
9K pu se
b f ð1  f Þ
;
NV ¼ MV Nz
þ
x l
d
2MT b m
where MV ¼ Mppdd3 =6=2z3drm
2

(7)

   

b
d þ ð1  f Þ is the dislocation source density per unit volume, N is the number of dislof
x
l

cations in each group, K is a constant (K ¼ 1 for screw dislocations and K ¼ (1y) for edge dislocations).
In fact, the premise of reaching the stable grain size ds is that the grain size-increase rate ðdd=dtÞþ balances the grain sizedecrease rate ðdd=dtÞ , i.e., ðdd=dtÞþ ¼ ðdd=dtÞ . Following the treatment of Friedel (1964) and taking the dislocation climb
 
velocity nc ¼ n0 sme , the former, assumed to be in proportion to the recovery rate, can be expressed as (Hirth and Lothe, 1982;
Mohamed, 2003):

ðdd=dtÞþ ¼ C1

nc
w

 
b ¼ C1 n0

se
q;
m

(8)

where C1 is a stress-dependent coefﬁcient, reﬂecting the rate of grain growth, w ¼ b=q is the climb distance of two edge
dislocations and n0 is the unit velocity of an extended edge dislocation, yielding (Argon and Takeuchi, 1981)

    2

24pð1  yÞ 2 D mU
g
c;
2þy
b
kT
mb j

n0 ¼ 2

(9)

where D ¼ DV þ DGB þ ac rDP represents the effective diffusion coefﬁcient, DV, DGB and DP are coefﬁcients for self-diffusion, GB
diffusion and dislocation pipe diffusion, respectively, ac refers to the cross-sectional area of the dislocation core associated


z
with rapid diffusion (Mohamed, 2003), U is the atomic volume, cj ¼ c0 exp sMe bh
is the jog concentration along the dislokT
T

cation (Hirth and Lothe, 1982), c0 is the thermal equilibrium concentration of jogs, h is the distance climbed by the dislocation
and z is the spacing of obstacles. While the latter is supposed to be proportional to the energy caused by the effective stress
during plastic deformation, and it can be written as (Mohamed, 2003):

ðdd=dtÞ ¼



 
     2 

2
dε
se
27K u2 q bv0 se 2 b
d
f
¼ C2 b ε_ε ¼ C2
þ ð1  f Þd ;
x
dt
m
4MT ð1  yÞ m
l

dd
dε

(10)

where C2 is a stress-dependent coefﬁcient, reﬂecting the rate of grain reﬁnement. Considering the balanced condition, one
can obtain the stable grain size ds as follows:

ds
¼
b

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
  
2MT ð2þyÞ m
mb
ð1  f Þ2 þ C lf 81K
2
g
u pbq se

l

2f

b



1f l
2f b

for ð0 < f  1Þ;

(11a)

and


  
ds
ð2 þ yÞMT
mb m
¼C
b
g se
162pKb2 u2 q

for ðf ¼ 0Þ;

(11b)

where C is a stress-dependent coefﬁcient in-between the growth rate C1 and the reﬁnement rate C2, and a useful representation of the coefﬁcient C as a function of se, consisting of C1 and C2 below and above the critical stress si, respectively, is


se si
C1 C2
2

erf
C ¼ C1 þC
, D is a measure of the extent of the transition region (Kim et al., 2011). Indeed, it is found from Eq.
2
2
D
(11) that the stable microstructure characteristics are intimately related to the steady-state values of applied, internal and
effective stresses.
As documented by Chauhan and Mohamed (2007) and Gollapudi et al. (2010), the results of the structure observations
correspond well to the macroscopic creep data, i.e., there is no signiﬁcant grain growth or reﬁnement once the steady-state
creep stage is reached. During creep, the rate of increase in mobile dislocations from M sources per unit projected area can be
written as (Argon and Takeuchi, 1981):
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r_ þ
m ¼

M

c

vc ¼

 
Mv0 se 2
;
bb m

177

(12)

where czbmb=se is the climb distance in a boundary, and b z 0e0.1 is a dimensionless coefﬁcient. On the other hand, by
combining with the geometrical relation of mobile dislocation density rm ¼ 1=ðlwÞ, one can acquire the rate of annihilation of
mobile dislocations (Argon and Takeuchi, 1981):

r_ 
m ¼

rm
ta

¼

 
2v0 brm
2v0 b
l 2
¼

r :
pð1  yÞ w m
pð1  yÞw2

(13)

Via equating Eq. (12) to Eq. (13), rm at steady-state creep is written as

rm ¼

  2    

12p2 ð1  yÞ2 g
se
w
d
f
þ
ð1

f
Þ
;
l
l
mb m
ð2 þ yÞbb2

(14)


where l is the mean free path of dislocations, scaling with d. Now, εSC can be obtained

ε_ SC ¼ rm bn ¼

      3   


2 24pð1  yÞ 3 se 2 mU Dq
g
d
f
þ
ð1

f
Þ
cj :
ð2 þ yÞ
b
m
kT
l
mb
b2

(15)



It is found from Eq. (15) that εSC is closely related to the effective stress se and material parameters including m, U, D, g, q,
d and l.
At the same time, a dynamic equilibrium emerges between work hardening and recovery softening in the steady-state
creep stage, leading to the time-independent internal stress (Ahlquist et al., 1970). The evolution of dislocation density
determined by the competition between dislocation generation and annihilation can be expressed as (Kocks et al., 1975):

ε_ rðtÞ
dr drþ dr
¼

¼ 
;
lb
ta
dt
dt
dt

(16)

ð1nÞ 2
where ta ¼ p2b
n w is the time for mutual annihilation of two edge dislocations within a distance w (¼ b/q) (Argon and
0

Takeuchi, 1981), n0 is the unit velocity mentioned above. Accordingly, the solution of the differential Eq. (16) is:

rðtÞ ¼



ε_ ta
ε_ ta t=ta
þ r0 
e
;
db
db

(17)

where r0 is the initial dislocation density when entering the creep process, and can be determined from the initial strain at the
onset of primary creep ε0 via the relation: ε0 ¼ r0 bl. Also, we assume that the internal stress caused by misorientation angle
between neighboring grains always exists and is almost a constant, considering that GBs do not disappear during creep.
Therefore, the evolution of total internal stress with time in creep can be simply expressed as:

pﬃﬃﬃﬃﬃ

si ðtÞ ¼ si0  aMT mb r0 þ aMT mb



  
ε_ ta
ε_ ta t=ta 1=2
þ r0 
e
:
db
db

(18)

It should be noted that this model is based on the ordinary dislocation mechanism, which in general control the plasticity
above a critical size of ~15 nm, below which the microstructure and mechanical response (e.g., the so-called inverse
HallePetch relation) of metals are mainly controlled by the GB-mediated processes, such as GB sliding, grain rotation and GB
diffusion (Carlton and Ferreira, 2007).
3. Experimental methods
3.1. Material preparation
High purity NT Ni foils (~99.999 wt.%) with thickness of 10 microns (the initial grain size d0 ~ 84 nm and 120 nm,
respectively) were synthesized on a stainless steel substrate by a pulse electrodeposition (PED) technique in an electrolyte of
nickel sulfate without any grain reﬁners, which aims at reducing/eliminating the introduction of impurities into samples. By
tuning the electrodeposition parameters, such as the cathode current density and deposition time etc, samples with different
initial average grain sizes (d), number fractions of twinned grains (f, here a twinned grain refers to a grain containing at least
one TB) and almost constant average twin thickness (l ~ 38 ± 2 nm) could be prepared experimentally: NT Ni with d0 ~ 84 nm
and f ~60% is obtained with a peak current density of 5 A dm2, d0 ~ 120 nm NT Ni with f ~ 67% is prepared with a peak current
density of 6.25 A dm2. The preparation process is described in detail in our previous work (Li et al., 2015). Note that, the
statistical grain size distributions as well as the twin thickness distributions of both samples are ﬁtted by a lognormal
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distribution function, as shown in Fig. 1, following the procedure adopted by Zhu et al. (2005). The number fraction of the
twinned grains is deﬁned as the number of twinned grains per unit area divided by the total number of grains per unit area.
Microstructural features of the NT Ni foils before and after creep were characterized by using a JEOL-2010F high resolution
transmission electron microscope (HRTEM) operated at 200 kV, and the elemental composition (or purity) analysis of the
specimens is identiﬁed by energy dispersive X-ray (EDX).
3.2. Creep experiments
Creep tests of free-standing NT Ni foils with a gage section of 20 mm long and 3 mm wide were carried out at RT by using a
MTS-Tytron 250 testing machine. These samples with different grain sizes were ﬁrst loaded under different loading rates
(50 mN s1, 5 mN s1 and 0.5 mN s1), and were then respectively held at constant applied stresses ranging from 400 to
900 MPa for a given period of time. More than three repeated creep tests were carried out under each constant applied stress.
3.3. Measurement of internal stress
To measure the internal stress of NT Ni samples and compare with the calculated results, uniaxial tensile strain rate jump
experiments and full stress relaxation tests were also conducted on the MTS-Tytron 250 at RT. The strain rate change experiments were carried out by immediately increasing the strain rate at a certain plastic strain during strain rate-controlled
tensile tests, with strain rate jumping from ε_ 1 ¼ 1  105 s1 to ε_ 2 ¼ 2  105 s1 and then to ε_ 3 ¼ 4  105 s1 to meet the
premise of ε_ 2 =_ε1 ¼ ε_ 3 =_ε2 . By assuming that both the internal stress and the ratio of mobile dislocation density remain unchanged during the change in strain rate, the internal stresses can be calculated via the formula:
si ¼ ðs1 s3  s22 Þ=ðs1 þ s3 Þ  2s2 , where s1, s2 and s3 are the corresponding stresses at strain rates of ε_ 1 , ε_ 2 and ε_ 3 , respectively
(Li, 1967). For full stress relaxation experiments, the NT Ni samples were initially stretched to the total (elastic þ plastic) strain

Fig. 1. TEM bright ﬁeld images of 84 nm and 120 nm grain size NT Ni before and after creep under a loading rate of 50 mN$s1 with the applied stress sa~400 MPa
and 900 MPa. It is obvious that the microstructural characteristics exhibit signiﬁcant changes compared with those of as-deposited state, such as grain growth,
grain reﬁnement, twin fraction increase and twin thickness decrease. (a, b, c) as-deposited, 400 MPa and 900 MPa of 84 nm, respectively; (d, e, f) as-deposited,
400 MPa and 900 MPa of 120 nm, respectively. The inset in (a) and (d) are the corresponding statistical distributions of grain size for as-deposited NT Ni samples.
The curves are lognormal regression curves and the arithmetic average grain sizes from the statistical number fractions are adopted in the study.
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Fig. 2. Average twin thickness (a) and average number of twins (b) in a twinned grain plotted as a function of grain size d for 84 nm NT Ni. Due to the lower
number fraction of larger grains (grain size d > 200 nm), the corresponding statistical results deviate from the linear relationship (the parts of sparse grid).

of 0.6% in a displacement controlled mode at a strain rate of 1  103 s1. Then the cross-head was ceased and the decrease in
stress as a function of time was automatically recorded. The internal stress, corresponding to the stress plateau, can be directly
read from the stressetime curve. It should be noted that the stress, in this test method, must be fully relaxed to yield sath, as
pointed out by Conrad (1970).
4. Results
4.1. Microstructural evolution of NT Ni during creep
Fig. 1 shows the representative plan-view TEM images of 84 nm and 120 nm grain size NT Ni before and after creep at a
loading rate of 50 mN s1 with the applied stress levels of 400 MPa and 900 MPa. For the as-deposited NT Ni foils, it is obvious
that they have a wide grain size distribution spanning from 20 to 300 nm, as seen from the statistical results in Fig. 1. By ﬁtting
the statistical grain size distributions of both samples using the lognormal distribution function, one can obtain the arithmetic
average grain size of ~84 and ~120 nm for these two samples, respectively. Similarly, one can get the arithmetic average twin
thickness of ~36 and 40 nm for 84 and 120 nm NT Ni, respectively. Meanwhile, we show the average twin thickness in a
twinned grain as a function of d in Fig. 2(a), and found that there is a linear scaling behavior between grain size and twin
thickness (except for the case of larger sized grains (>200 nm) due to their lower fractions) in the present NT Ni system, i.e.,
the ratio of d/l is constant (~3.5 for 84 nm NT Ni and ~3.6 for 120 nm NT Ni). Also, the average number of twins in a twinned
grain as a function of d is presented in Fig. 2(b). It seems that these nontwinned grains are always small grains with d < 50 nm,
especially for the grains less than 30 nm. In this regard, the characteristic size, i.e., minimum {d, l}, distributes in a narrow
size-range spanning from ~20 to 60 nm, implying that the deformation mechanism is based on the partials emitted from GBs
and TBs in the present NT Ni (Li et al., 2015). Through detailed HRTEM analysis, stacking faults (SFs) and secondary twins were
rarely observed between primary TBs.
It is striking to ﬁnd that microstructural characteristics exhibit signiﬁcant changes compared with those of the asdeposited state, such as grain growth or reﬁnement, twin fraction increase and twin thickness decrease. The resultant
grain sizes of NT Ni foils loaded at different loading rates to different stress levels spanning from 400 to 900 MPa are presented
in Fig. 3, which can be divided into three regions, i.e., RI, RII and RIII, as detailed below.
1) In RI for low stress levels, one can ﬁnd that the grain sizes for both 84 nm and 120 nm NT Ni remarkably increase to ds
~220 ± 20 nm at the steady-state creep stage. Similarly, grain coarsening process at ambient temperature has been
observed in deformed NT Cu with average grain size of ~25 nm (Brons et al., 2013) and fatigued NC Au with average grain
size of ~19 nm (Luo et al., 2014), both of which with medium level of SFE. Importantly, this saturation size of ~220 ± 20 nm
are nearly independent of the applied stresses and strain rates in the present testing conditions, implying that the longrange internal stress sath plays a critical role in grain growth. Also, there is an obvious increase in the fraction of twinned
grains f to ~85% in these NT Ni foils with different d0 at the steady-state creep stage accompanied with somewhat reduced
twin thickness l to a stable size of ls ~ 32 ± 2 nm, compared to their as-deposited siblings (l ~ 38 ± 2 nm) (see Fig. 3). It
seems that grain growth is likely related to (de)twinning processes in NT metals.
2) In RII for the medium stress level (~800 MPa), by contrast, both NT Ni samples exhibit quite stable grain sizes, comparable
with those of the as-deposited state. However, these NT Ni samples show an increase in f to ~77% and marked decrease in l
to ls ~ 9 nm, almost identical to the corresponding values under the high stress level.
3) In RIII for high stress levels, however, both the 84 nm and 120 nm grain size NT Ni foils show signiﬁcant grain reﬁnement,
associated with a notable reduction in l, as seen in Fig. 3. For example, the grain size of 84 nm NT Ni samples held under
sa ~ 900 MPa decreases from 84 to 50 nm, associated with a notable reduction in l from 35 to ls ~7 nm and with the total
fraction of twinned grains of ~77%. This is contrary to the ﬁndings at the low stress levels, implying the effective stressse
likely becomes more important in grain reﬁnement of NT Ni.
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Fig. 3. The evolution of microstructural characteristics (grain size d, fraction of twinned grains f and twin thickness l) for NT Ni before and after creep loaded at
different loading rates and held under different stress levels spanning from 400 to 900 MPa.

Taken together, the present experimental ﬁndings unambiguously demonstrate that stress levels can notably affect the
evolution of microstructures, in particular the characteristic sizes of grains and nanotwins. The microstructural evolution
seems to be closely correlated with the (de)twinning process in the present NT Ni. Next, through HRTEM observations, we
provide atomic evidence of (de)twinning-mediated grain growth and grain reﬁnement in NT Ni, respectively.
Fig. 4 shows the atomic evidence of twinning-mediated grain growth in NT Ni, essentially being the consequence of
nanotwin-assisted GB dissociation and local grain coarsening, which has been observed in NC Au (Luo et al., 2014) and NC Cu
(Hu et al., 2016). Fig. 4(a) shows the conﬁgurations of a large grain (G1) and two small grains (G2 and G3) in a deformed 84 nm
Ni sample with typical multi-twins. Some nanotwins changed the local orientation of G1 to the same orientation as G2. For
this reason, some parts of G1 were transformed into G2 through such multiple formation of nanotwins, rendering some
localized segments of GB between G1 and G2 (marked by red asterisks) to dissociate gradually (see Fig. 4(b) and (c)). This is
because there is enough time to sustain the continuous formation of nanotwins in neighboring grains (i.e., G1 and G2) during
creep, and simultaneously these twinning partials would frequently hit on GBs. This process not only stimulates the emission
of partials from GBs, but also facilitates the dissociation of GBs and local change of orientation. Therefore, the formation of
nanotwins likely leads to a fact that some local parts of the high-angle GB are transformed into several new low-angle GB
segments. Especially, these parts of the undissociated (high-angle) GBs are generally energetically higher and become much
more mobile than the whole GB under the applied stress (Upmanyu et al., 2002; Winning et al., 2002). These recurrent interactions between partials/twins and GBs would facilitate the two adjacent nanograins to gradually coalesce into one larger
grain with nanotwins. Such a nanotwin-assisted grain growth is more prone to occur in the grains with low-angle GBs,
because the misorientation angle between two adjacent nanograins is easier to diminish via absorbing dislocations. It should
be pointed out that there is a great possibility for the present mechanism to occur in G1/G2 with different mutual misorientation (q) through the rotation around four typical low-index symmetric axes <hkl>, in particular for q<111> (q ¼ 0e10 ,
50e70 , 110e130 and 170e180 ) and q<110> (q ¼ 0e10 , 29e48.9 , 60.6e80.5 , 99.5e119.4 , 131.1e151 and 170e180 ), as
predicted by Luo et al. (2014). In parallel, the reduction in l displayed in Fig. 3 after creep suggests that the detwinning process
switches on. Twin steps at TBs are frequently observed in deformed NT Ni foils (not shown here), similar to that in our
uniaxially stretched NT Ni reported before (Li et al., 2015). This ﬁnding likely implies that thinning of a nanotwin via the
movement of steps along TBs is the ﬁrst stage of detwinning and would become an operative mechanism for grain growth.
Fig. 5 provides the typical TEM images of grain reﬁnement via the detwinning process caused by interactions between
partial dislocations and primary TBs. Examples of the interactions are shown in Fig. 5(b) and (c). It is found that at the
intersection of the primary and secondary twins, the atomic arrangement is distorted by dislocations, as veriﬁed by the fast
Fourier transforms (FFTs) analysis of R3 in Fig. 5(b). The existence of SFs in the lower part of the primary twin (on the right of
the secondary twin) signiﬁes the gliding of Shockley partials produced via dislocation-TB reactions, which has been systematically analyzed by Zhu et al. (2011). These partials glide parallel to CTB, leading to detwinning of the primary twin (Cao
et al., 2015). A similar phenomenon was observed in the twins crossed region of R4 in Fig. 5(c). Additionally, one can observe
in Fig. 5(c) that two Shockley partials in the opposite directions are emitted from CTBs, consistent with the in-situ TEM
observations in NT Cu (Lu et al., 2015). This supports our previous assumption that the (defective) CTBs become available
dislocation sources in NT Ni samples. Actually, this is the ﬁrst step to form secondary twins in-between primary twins to
realize detwinning via the interaction of secondary twins and primary TBs. As further straining, these partials trigger the
formation of SFs, even nanotwins, which would interact with primary twins to produce abundance of sessile dislocations,
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Fig. 4. Twining-mediated grain growth. (a) Typical TEM image of NT Ni after creep; (b) a close observation of the neighboring grains (G1, G2 and G3) in blue
rectangle region in (a); (c) HRTEM images of twin-GB interactions in yellow rectangle region in (b) showing GB dissociation induced by twinning. The red asterisks indicate GB, the yellow dashed lines denote the dissociated GB segments, and the symbol “⊥” represents the dislocation. SFs mark the stacking faults. G1
and G2 have a small misorientation of ~8.3 . (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

thereby rendering CTBs to lose their coherency and transform into conventional GBs, eventually to achieve grain reﬁnement
(Cao et al., 2015).
4.2. Steady-state creep strain rate and internal stress
Fig. 6(a) presents the creep strain rate of d0 ~ 84 nm NT Ni as a function of holding time loaded at a loading rate of
50 mN s1 and held at different applied stresses. It is found that the creep strain rate notably decreases with increasing


holding time and reaches a constant when entering into the steady-state creep regime. The variations in εSC with sa at
different loading rates are presented in Fig. 6(b), from which one can see that at a given sa, a faster loading rate renders a




slower εSC . Moreover, in the present NT Ni foils, εSC decreases with reducing d at a relatively low stress level, while at a high


stress level, εSC exhibits an increased trend with decreasing d (see Fig. 6(b)), which is mainly attributed to the transition from




grain growth reduced εSC to grain reﬁnement enhanced εSC with increasing sa. The detailed interpretation is in a separate
paper and will not be discussed here.
To fundamentally understand the competition between internal stress si and effective stress se as well as their important
roles played in the creep behavior at RT and other plastic deformation processes, such as severe plastic deformation and
mechanical fatigue, both strain rate jump tests (see Fig. 7(a)) and stress relaxation tests (see Fig. 7(b)) are carried out to
determine si for our present NT Ni. The values of si obtained from jump tests are ~380 MPa for d0 ~84 nm and ~385 MPa for d0
~120 nm, respectively. Similarly, the corresponding curve of stress relaxation for d0 ~84 nm NT Ni when the uniaxial tension is
interrupted is shown in Fig. 7(b), from which si ~380 MPa can be directly read, the same as that calculated from jump tests.
These experimentally desired values agree well with the theoretical ones calculated via Eq. (1) by taking the following parameters: y ¼ 0.31, m ¼ 94.7 GPa (Hirth and Lothe, 1982), b ¼ 0.249 nm, q ¼ 10 (for low-angle GBs (Luo et al., 2014)). Note that,
in the strain rate jump tests, it appears that the d0 ~84 nm NT Ni exhibits lower ﬂow stress compared to that of d0 ~120 nm NT
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Fig. 5. Detwinning-associated grain reﬁnement. (a) A typical TEM micrograph showing the GB formation via interactions between secondary twin and primary
TB; (b) and (c) are the examples of interactions of primary and secondary twins in the yellow and blue rectangle region in (a), respectively. The inset in (b) and (c)
are the corresponding fast Fourier transforms (FFTs) analysis of R1 and R2, showing the twin relationship, and R3 and R4, indicating the formation of local
distorted regions (or the initial GBs). The violet lines indicate twin relationship, and the symbol “⊥” denotes the partial dislocation. The existence of SFs in the
lower part of the primary twin (on the right of the secondary twin) signiﬁes the emission of Shockley partials from TBs. (ITB: incoherent twin boundary, CTB:
coherent twin boundary, SFs: stacking faults). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

sample. This strength softening behavior is caused by the dislocation nucleation-controlled mechanism in these NT Ni foils
with l < 40 nm, similar to the case of NT Cu with l < 15 nm (Li et al., 2010). More discussion can be referred to our previous
work (Li et al., 2015) and won't be presented here.
5. Discussion
5.1. A new criterion for the stable grain size: stress ratio of effective to internal stress
In Section 2, we have established a dislocation model to quantitatively elucidate ds of nanostructured metals, see Eq. (11).
The stable grain size ds as a function of the effective stress se predicted from Eq. (11) for NT Ni with different f and with
different l are plotted in Fig. 8(a) and (b), respectively. It appears that ds in either twinned or nontwinned metals monotonically decreases with increasing se (see Fig. 8(a)). Moreover, it is also uncovered that Eq. (11a) broadly captures ds of the
present NT Ni within the scatter, as indicated by the red dashed line in Fig. 8(a) for the best ﬁtting of the data with 2se ¼ sa (or
stress ratio hStress ¼ se =si ¼ 1) and f ¼ 0.6. This prediction also agrees well with our previous results obtained from the
uniaxial tensile tests on the same NT Ni samples with f ¼ 0.6 (Li et al., 2015), see Fig. 8(a). In addition, it provides a reasonable
explanation why the HPT method more effectively reﬁnes grains (ds ~240 nm for pure Ni (Edalati and Horita, 2011)) than ECAP
(ds ~300 nm for pure Ni (Neishi et al., 2002)), in that the former can sustain a higher se. Given that ds is achieved under the
balance between hardening and recovery as mentioned before, it is reasonable to surmise that the stress ratio hStress ¼ 1 can
be taken as a signature for ds from the phenomenological perspective. Interestingly, it seems in Fig. 8(a) that at a given se, a
greater f leads to a smaller ds. In other words, to reﬁne or coalesce the grains to a ﬁxed size ds, the NT metals with a higher f
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Fig. 6. (a) Creep strain rate of d0 ~84 nm NT Ni as a function of holding time loaded at a loading rate of 50 mN$s1 and held at different sa; (b) Variations in

steady-state creep stain rate εSC with increasing sa at different loading rates.

need a much lower se compared with their nontwinned counterparts. These results imply that the fraction of nanotwins f
plays a signiﬁcant role in either reﬁnement or growth of grains, as supported by most of the ﬁndings that twins can facilitate
grain reﬁnement/growth (Luo et al., 2014; Cao et al., 2015). In contrast, in Fig. 8(b), one can clearly see that at a given se, a
smaller l results in a smaller ds; namely, the NT samples with smaller l are much easier to reach a ds under a lower se, which
suggests that the twin thickness l also plays an important role in both the reﬁnement of grains with d > ds and the coalescence
of grains with d < ds. The present ﬁndings imply that tuning f and l can effectively manipulate the ds, thereby beneﬁting to
signiﬁcantly enhance the mechanical strength of NT metals (e.g., Ni, Cu). If d0 in either twinned or nontwinned metals is larger
than the predicted ds, they will reﬁne; otherwise, they will coarsen.
The current strain rate-independent grain growth to a saturated or stable size ds ~220 ± 20 nm at low stress levels in the
present NT Ni with high SFE and the reported grain coarsening in NT Cu (Brons et al., 2013) with medium SFE deformed at

Fig. 7. Results of the internal stress si measured by two different experimental methods: (a) strain rate jump experiment and (b) full stress relaxation test. The si
values obtained for NT Ni at room temperature in jump tests are ~380 MPa for d0~84 nm and ~385 MPa for d0 ~120 nm, respectively, the same as those obtained
from stress relaxation experiments.
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Fig. 8. Calculated stable grain size ds as a function of effective stress se in nanograined Ni with different f (a) and l (b). In (a), the present experimental data are
compared with the reported ds of nontwinned Ni obtained from HPT (Edalati and Horita, 2011), and ECAP (Neishi et al., 2002), and with those of NT Ni obtained
from our uniaxial tensile test (Li et al., 2015). In (b), ds of 84 nm NT Ni samples after creep at different sa are compared with those after tensile tests (Li et al., 2015).

cryogenic temperature indicate the athermal nature of grain growth in nanostructured NT metals, and suggest that the
applied stress sa is larger than the internal stress si to activate dislocation motion. Namely, it appears that grain growth is
controlled by the ratio of non-zero stress se to si in metals. Indeed, for our creep tests associated with constant sa, grain
growth is achieved under the condition that the non-zero se is far less than si, i.e., stress ratio hStress ¼ se =si < 1. This is
reasonable, because the nanosized grains with d < ds provide insufﬁcient room for dislocation pile-ups to form dislocation
substructures (e.g., dislocation tangles, cells and walls) which are needed for grain reﬁnement (Wang et al., 1995), in particular
under a lower se. To fulﬁll grain reﬁnement, the stress ratio hStress ¼ se =si > 1 is required to enable the emergence of dislocation substructures (or subgrain boundaries) through dislocation pile-ups and their interactions, as supported by solid
experimental ﬁndings of grain reﬁnement based on severe plastic deformation (Edalati and Horita, 2011; Mohamed, 2003),
such as ball milling, HPT and ECAP. Similarly, our present NT Ni foils also exhibit grain reﬁnement under the high stress level
since the non-zero se is larger than si, i.e., stress ratio hStress ¼ se =si > 1. A most recent study on bulk NC Cu tested by systematic loading-unloading compressive cyclic experiments has reported a similar phenomenon by Hu et al. (2016), in which
grain growth occurs under the condition of hStress z0:5, whereas grain reﬁnement occurs at hStress z2:5. Therefore, we
tentatively propose a new parameter, i.e., hStress ¼ se =si , to characterize the grain size evolution behavior, which also reﬂects
the competition between effective and internal stresses, as schematically displayed in Fig. 9. This ﬁgure schematically illustrates that grains in nanostructured metals undergoing creep or fatigue deformation associated with hStress < 1 are
preferred to grow to ds, whereas the CG metals undergoing severe plastic deformation associated with hStress > 1 are favorable
to shrink their grains (or form dislocation substructures, e.g., dislocation cells/walls) to ds, and the stable size ds is reached at
the stress ratio of hStress ¼ 1, as veriﬁed in the present experimental TEM observations and further discussed in terms of the
steady-state creep strain rate below.
5.2. Quantifying the steady-state creep strain rate
At present, it has been well established that a uniﬁed theory of steady-state creep incorporates two competing effects, i.e.,


work hardening and recovery softening (Kassner, 2009). Based on this theory, Eq. (15) reveals that εSC is closely related to se


and material parameters such as m, U, D, g, q, d and l in Section 2, which captures well the scaling behavior of εSC with se by
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Fig. 9. Schematic illustration of grain growth based on the competition between si and the se. The ratio of se to si, hStress, is used to evaluate the grain size
evolution: hStress < 1, grains coarsen; hStress > 1, grains reﬁne; and at hStress ¼ 1, a stable grain size is reached.

considering the following values of parameters: y ¼ 0.31, m ¼ 94.7 GPa, g ¼ 125 mJ m2, b ¼ 0.249 nm, U ¼ 1.1  1029 m3,
D ¼ 3.26  1025 m3 s1 (Choi et al., 2013), k ¼ 1.38  1023 J K1, T ¼ 298 K, q ¼ 10 (for low-angle GBs), b ¼ 0.08 and 0.09 for
d0 ~84 nm and 120 nm NT Ni, respectively (see Fig. 10(a)). The consistency between dislocation model and experimental


ﬁndings for both ds and εSC in the present NT Ni suggests the great predictive capacity of this model by considering dislocation
emission from boundaries in nanostructures. Owing to the differences in the microstructural evolution such as d, l and f




between d0 ~84 nm and 120 nm NT Ni, there exists a crossover of εSC with increasing sa or se, and εSC in larger grain sized NT
Ni is relatively higher under the low stress level, contrary to that under high stress level (see Fig. 10(a)). In fact, these different
internal features can signiﬁcantly alter the mechanical response of NT metals, contrary to the general opinion reported earlier
(Lu et al., 2009a; Li et al., 2010; Li et al., 2015).
In addition, it is very important to quantitatively estimate the internal stress during creep, in particular at the steady-state
creep stage, and to illustrate the relationship between si and se or the variation of the stress ratio hStress. The initial dislocation
densities under different sa spanning from 400 MPa to 900 MPa, to a ﬁrst approximation, can be roughly considered as the
same. Taking a series of the same parameters as above: MT ¼ 3.06, y ¼ 0.31, m ¼ 94.7 GPa, b ¼ 0.249 nm, and q ¼ 10 , the
variation in stress si as well as se with time t calculated with Eq. (18) under different sa are displayed in Fig. 10(b) for d0 ~84 nm
NT Ni as an example. It is found that the calculated si, opposite to se, ﬁrst decreases (low stress level ~400 MPa) or increases
(high stress level ~900 MPa) with increasing time and then almost reaches a stress plateau in the whole time scale. These two
curves intercross at a critical time, beyond which the creep transits from the primary creep stage to the steady-state creep
stage and is comparable with the experimental ﬁndings in the studied stress levels spanning from 400 to 900 MPa. At this
calculated critical time, the stress ratio hStress ¼ 1, the steady-state creep stage as well as the stable microstructure characteristics (e.g., ds) begin to be observed. The coincidence of the stress ratio hStress ¼ 1 obtained from both the experimental
observation of ds and the theoretical calculation of si, albeit the signiﬁcance of which should not be overestimated, implies a


potential intrinsic correlation between hStress ¼ 1 and the dynamic balanced characteristics such as ds and εSC in metals during
plastic deformation.
5.3. Grain growth and grain reﬁnement via dislocationeboundary interactions
It is generally understood that the twin thickness l increases with the increase of the grain size d. However, our experimental results show the opposed manifestation, as seen from Fig. 3. This can be explained in terms of the energy difference
between formation energy of the incoherent TB (ITB) (WITB) and that of CTB (WCTB), as proposed by Xue et al. (2015). When
WITB > WCTB, it is energetically feasible to extend the inclined growth twins; In contrast, when WITB < WCTB, the continuous
growth of CTBs becomes energetically unfavorable, and the nanotwins or the NT system is unstable (Xue et al., 2015). In our
NT Ni foils prepared by a pulse electrodeposition technique under nonequilibrium conditions, most of the twins are terminated at GBs and likely store excessive energy in these abundant CTBs. In this regard, during subsequent deformation, the
unstable/metastable nanotwinned structures likely exhibit detwinning behavior in the form of reduced l along with grain
growth to reach the stable microstructures. This is a possible reason why we observed the larger sized grains contain smaller
sized twins in the NT Ni samples in the current work, opposite to the general belief.
In general, a metal with higher SFE is more difﬁcult to twin or detwin during plastic deformation (Zhu et al., 2011).
However, a remarkable increase in f and a notable variation in l are observed in the present NT Ni tested under low stresses, as
signatures of the (de)twinning process. Therefore, it is normally anticipated that both grain growth and grain reﬁnement in
NT metals can be achieved via twinning and its reverse process, i.e., detwinning. With regard to the underlying mechanism(s)
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Fig. 10. (a) Experimental εSC (half circle and half square symbols) as a function of se, which can be captured well by the present model (black and red lines); (b)
Theoretically predicted trend of the variation in si and se with time during creep under 400 MPa and 900 MPa of d0~84 nm NT Ni. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

of grain growth and grain reﬁnement in our NT Ni foils during plastic deformation, we proposed that it is achieved by (de)
twinning via dislocationeboundary interactions, similar to the case of dislocation-TB interactions (Jin et al., 2008; Zhu et al.,
2011; Wang et al., 2010, 2012).
Fig. 11 schematically illustrates the interaction of dislocations with GBs/TBs leading to grain growth and grain reﬁnement.
An incoming extended dislocation emitted from GB source A in grain 1 (G1) can completely transfer across the (S3) GB and
then dissociate into three Shockley partials, among of which two partials glide on the slip plane in another grain (G2),
bounding a stacking fault, and the third “GB dislocation6a < 121 > GB ” is left within the (S3) GB, following 2a½101G1 /2a½101G2 þ
a
a
6½121GB /6½211G2

þ 6a½112G2 þ SF þ 6a½121GB (Jin et al., 2008). This can reduce the misorientation angle between adjacent
grains and facilitate GB motion, thus promoting grain growth (Bachurin et al., 2010; Li et al., 2015). Alternatively, the extended
dislocation emitted from GB source B in G1 can interact with the (S3) GB and dissociate into a new partial in G2 and a Frank

dislocation at GB, following the dislocation reaction 2a½101G1 /6a½121G2 þ 3a½111GB . The Frank dislocation at GB can transmit
across GB, releasing a partial dislocation in G2 and a perfect dislocation accompanied with a residual dislocation at GB,
yielding 3a½111GB /6a½121G2 þ 2a½101GB þ dGB . Similarly, the GB residual dislocation can also reduce the misorientation angle
between grains and facilitate GB motion, thereby rendering grain growth (Bachurin et al., 2010; Li et al., 2015). In the above
mentioned two mechanisms of twinning-assisted grain growth, the former does not involve the formation of a twin in the
nearby grain, as well as the residual Frank sessile dislocation at GB, while in the latter, the twin can penetrate into another
grain via the repeated slip of partials.
In the case of detwinning-induced grain reﬁnement, a full dislocation emitted from GB source C can dissociate into partials
associated with a SF, or a partial dislocation directly emit from the source C. These partials would interact with the primary TB
to generate (de)twinning partials with Burgers vectors parallel to primary TB during the interactions of secondary twins/SFs
with primary TB (e.g., 6a½112M /6a½011TB þ 6a½121TB , where subscripts “M” stands for matrix) (Zhu et al., 2011; Cao et al., 2015),
resulting in detwinning of the primary twins via gliding of detwinning partials 6a < 121 > TB and producing very high densities
of sessile dislocations 6a < 110 > TB . The accumulation of these remnant dislocations will produce a new GB with neighboring
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Fig. 11. Schematic illustration of twinning/detwinning-associated grain growth and grain reﬁnement (b) via dislocation-GBs/TBs interactions (a). For the
twinning/detwinning-mediated grain growth, the incoming extended dislocations or the partials, emitted from GB Source A or B, can trigger the twinning/
detwinning processes via dislocation-GB reactions, thereby leading to grain growth. In the case of detwinning-mediated grain reﬁnement, the partials, emitted
from GB Source C or produced by the dissociation of a perfect dislocation, will result in the detwinning of the primary twin via dislocation-TB reactions associated
with the formation of a low-angle GB by the remnant dislocations from the detwinning of primary twins. See text for detailed interpretations. (SF: stacking fault;
PT: primary twin; ST: secondary twin; GB: grain boundary; TB: twin boundary.)

grains having similar orientations, as uncovered in low SFE metals such as the austenitic duplex stainless steel (Cao et al.,
2015).
Speciﬁcally, it is worth noting that under low stresses twinning mediated grain growth accompanied with signiﬁcantly
enhanced f emerges in NT Ni with high SFE, whereas detwinning dominated grain reﬁnement accompanied with remarkably
reduced l occurs under high stresses. Actually, these interesting phenomena can be explained in the light of plastic relaxation
of the internal stress in a twin (Barnett et al., 2013b), which is characterized by a plastic relaxation factor x, i.e.,


x ¼ 1  t2i msqte 1 þ 11q
, where s is the magnitude of the twinning shear and q is the twin thickness-to-length ratio (or aspect
5
ratio, and q ¼ ð5te Þ= 10msz 1  hStress 2  11te , z is a factor of ~0.1e0.6). It appears that if se is closer to si, the relaxation of
the twin back stress is greater via the dislocation-nucleation dominated microyielding. In such a case, when twin systems are
favorably aligned in adjacent grains, nanotwins can rapidly propagate over the structure as the secondary twinning event
relaxes the back stress in the primary (triggering) twin to achieve grain growth. Indeed, the NT Ni foils tested under higher
stress (~900 MPa) reach the steady state much faster as observed in Fig. 6(a), implying greater stress relaxation. The almost
identical f (~85%) in the NT Ni samples tested in the stress range of 400e700 MPa likely suggests that relaxation of the twin
back stress is independent on the applied stress in high SFE metals. In contrast, if se exceeds si, full plasticity surrounding the
matrix owing to dislocation glide would lead to complete relaxation of the twin back stress (Barnett et al., 2013b), rendering
the dislocation-transmission dominated macroyielding to achieve detwinning-induced grain reﬁnement. Speciﬁcally, as the
critical stress for twinning dislocation motion is satisﬁed in the reverse direction, twin shrinkage would emerge (Barnett et al.,
2013a).
6. Summary
The present ﬁndings hopefully convey the valuable information that the microstructural evolution in NT Ni with high SFE
after creep is highly correlated with twinning/detwinning via dislocation-GB/TB interactions, which plays a key role in
changing local grain orientation and dissociating boundaries of nanograins to facilitate grain growth/reﬁnement and plastic
deformation. The proposed parameter of effective-to-internal stress ratio hStress can characterize the microstructural evolution, that is to say, if hStress < 1, grains coarsen; hStress > 1, grains reﬁne; and at hStress ¼ 1, a stable grain size is reached. The
dislocation-based model quantifying the stable grain size and the steady-state creep strain rate provides mechanistic insight
into the fundamental understanding of mechanical stress-driven grain growth and reﬁnement in metals to achieve performance optimization via tuning their microstructural features.
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