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Abstract This article systematically overviews the

grain size effect on deformation twinning and detwinning

in face-centered cubic (fcc) metals. With decreasing

grain size, coarse-grained fcc metals become more dif-

ficult to deform by twinning, whereas nanocrystalline

(nc) fcc metals first become easier to deform by twin-

ning and then become more difficult, exhibiting an

optimum grain size for twinning. The transition in

twinning behavior from coarse-grained to nc fcc metals

is caused by the change in deformation mechanisms. An

analytical model based on observed deformation physics

in nc metals, i.e., grain boundary emission of disloca-

tions, provides an explanation of the observed optimum

grain size for twinning in nc fcc metals. The detwinning

process is caused by the interaction between dislocations

and twin boundaries. Under a certain deformation con-

dition, there exists a grain size range where the twinning

process dominates over the detwinning process to pro-

duce the highest density of twins.

Introduction

Materials are usually either strong or ductile, but rarely

both at the same time [1–6]. Deformation twinning is one

of the few mechanisms that can increase both the strength

and the ductility simultaneously [7–14]. Therefore, it is of

interest to understand factors that affect the deformation

twinning, including the microstructures, intrinsic physical

properties, etc. It is well known that the activation of

deformation twinning is affected significantly by defor-

mation temperature [15–19], strain rate [15, 16, 19–23],

and stacking fault energy [10, 15, 16, 24–33]. Recently,

generalized planar fault energies [34–37] and grain size

[38–47] were found to play significant roles in deformation

twinning. In addition, detwinning was also found to be

active during the deformation of materials that contain

twins [48–50], and in some cases twinning and detwinning

occur concurrently and compete with each other [48].

The grain size effect on twinning and detwinning is crit-

ically important for designing the microstructures of mate-

rials, especially nanocrystalline (nc) materials, for the best

mechanical properties. It also affects the stability of nc

materials under some service conditions such as cyclic

loading. However, the knowledge on this topic is currently

fragmented because it is a relatively new topic and has not

been systematically overviewed before. Therefore, this

article systematically overview the grain size effect on the

twinning and detwinning of face-centered cubic (fcc) metals

by examining experimental data and theories reported in the

literature. The grain size effect in hcp and bcc metals will be

only briefly discussed as they have not been studied well.
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Experimental observations on the grain size effect

The grain size effect on deformation twinning was

observed mostly by experimental observations, instead of

being predicted by computer simulations. In this section,

we present the experimental observations on the grain size

effect for a broad grain size range from coarse grains

(larger than 1 lm) to nanometer-sized grains (smaller than

100 nm), which can be schematically described in Fig. 1.

In brief, in the coarse-grain size range, deformation twin-

ning becomes more difficult with decreasing grain size for

fcc, bcc, and hcp metals [17], whereas in the nc grain size

range, with decreasing grain size twinning first becomes

easier (the normal grain size effect) and then more difficult

(the inverse grain size effect) [40, 42] in fcc metals and

alloys. This results in an optimum grain size that is easiest

to deform by twinning for fcc metals [40, 42]. However,

the twining behavior in nc bcc and hcp metals have not

been well studied, although it is generally observed that nc

hcp metals are more difficult to twin than their coarse-

grained counterparts. It should be noted that the critical

grain size for the transitions in deformation twinning

behavior may be affected by intrinsic material properties

such as the stacking fault energy as well as external

deformation conditions such as strain rate and deformation

temperature.

Grain size effect on twinning in coarse-grained

materials

It has been observed that larger grains are easier to deform

by twinning for coarse-grained materials [17, 51]. This was

explained as follows [17]. It is well known that the critical

stress for dislocation slip can be described by the Hall–

Petch relationship rS = r0 ? kS d-1/2, where d is grain

size, r0 is a constant, and kS is the Hall–Petch slope for

dislocation slip. Experimental results indicate that the

critical stress for twinning also shows a Hall–Petch type

behavior, rT = r00 ? kT d-1/2, where kT is the Hall–Petch

slope for twinning. Table 1 summarizes the Hall–Petch

slopes for both dislocation slip and twinning for some fcc,

bcc, and hcp metals. For coarse-grained fcc metals, it is

obvious that kT is larger than kS, which means that with

decreasing grain size the critical stress required for twin-

ning increases faster than that for dislocation slip, as

schematically illustrated in Fig. 2. In other words, twinning

becomes more difficult than dislocation slip with decreas-

ing grain size. The physical reason for such a grain size

effect in coarse-grained metals is not understood. Yu et al.

[52] recently attempted to explain such a phenomenon by a

Fig. 1 Schematic description of grain size on the critical stress

needed to activate deformation twinning. The grain size effect for nc

bcc and hcp metals is uncertain

Table 1 The Hall–Petch slopes for fcc, bcc, and hcp metals and

alloys [17]

Material kS for

dislocation

slip (MPa mm1/2)

kT for

twinning

(MPa mm1/2)

jT/jS

fcc

Cu 5.4 (RT) 21.7 (77 K) 4

Cu–6 wt% Sn 7.1 11.8 (77 K),

7.9 (RT)

1.7, 1.1

Cu–9 wt% Sn 8.2 15.8 (77 K) 1.9

Cu–10 wt% Zn 7.1 11.8 (77 K) 1.7

Cu–15 wt% Zn 8.4 16.7 (295 K) 2.0

bcc

Fe–3 wt% Si 12 100 8.3

Armco iron 20 124 6.2

Steel (1010,

1020, 1035)

20 124 6.2

Fe–25 at% Ni 33 100 3.0

Cr 10.1 67.8 6.7

V 3.5 22.4 6.4

hcp

Zr 8.3 79.2 9.5

Ti 6 18 3.0

Fig. 2 The schematic of Hall–Petch relationship for twinning and

full dislocation slip in coarse-grained metals and alloys. r is the stress

and d is the grain size [16]
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‘‘stimulated slip’’ mechanism. More studies are needed to

probe its fundamental physics. It should be noted that these

experimental observations are not consistent with the

classical dislocation model [53, 54] that has been used to

explain the grain size effect on twinning [31, 55].

Interestingly, the ratio of Hall–Petch slope for twinning

to that for dislocation slip, jT/jS, is larger for bcc and hcp

systems than for fcc systems. This suggests that the grain

size effect on twinning is larger in coarse-grained bcc and

hcp systems than in coarse-grained fcc systems.

Grain size effect on twinning in nc fcc materials

Deformation twinning was found to be one of the major

plastic deformation mechanisms of nc fcc materials

[25, 36, 56–61]. Experimentally, deformation twinning was

found active in nc fcc metals even with medium to high

stacking fault energy [25–27, 31, 62–64], although their

coarse-grained counterparts normally do not deform by

twinning. Deformation twinning was also extensively

studied by molecular dynamics (MD) simulations, some of

which revealed twinning as a major deformation mecha-

nism [34], while others found twinning difficult and rare

[65–68]. These reports raised a controversy on if nc fcc

metals were more favorable to deformation twinning than

their coarse-grained counterparts.

The above controversy was solved by the experimental

observation of grain size effect on deformation twinning in

nc fcc metals [40]. In a systematic study, an electrode-

posited nc Ni foil with grains in the range of 10–75 nm and

an average grain size of *25 nm were deformed under

several conditions. Very few twins were observed in the

undeformed Ni sample. After the deformation, over 100

grains were examined under high-resolution electron

microscopy (HREM) to check the existence of deformation

twins and stacking faults. Figure 2 shows the histograms of

(a) grain size distribution and (b) fractions of grains con-

taining stacking faults and twins in samples deformed

under tension at liquid nitrogen temperature at a strain rate

of 3 9 10-3 s-1 to a strain of 5.5 %, and a flow stress of

1.5 GPa. Figure 2b shows that with decreasing grain size

the fraction of grains containing twins first increases and

then decreases, while the fraction of grains containing

stacking faults increases monotonically. The fraction of

twinned grains is a good statistical indicator of twinning

propensity. Therefore, Fig. 2 indicates that with decreasing

grain size the twinning propensity first increases and then

decreases in nc fcc Ni. The decrease of twinning propensity

with decreasing grain size is called the inverse grain size

effect [40].

The nc Ni was also tested by split Hopkinson pressure

bar (SHPB) at a strain rate of *2.6 9 103 s-1 at a flow

stress of *2 GPa, to see if similar grain size effect exists

under a different deformation condition. The result is

shown in Fig. 4, which reveals a similar normal grain size

effect and inverse grain size effect. In addition, comparing

Fig. 4 with 3 indicates that the higher strain rate and flow

stress led to larger fraction of grains that contain twins

[40].

The observation of normal grain size effect and inverse

grain size effect effectively reveals an optimum grain size

range for the activation of deformation twinning in nc fcc

metals. In other words, the deformation twinning is easiest

to form at a certain grain size in the nc fcc metals. As will

be demonstrated later in an analytical model [38, 39], the

optimum grain size is determined by intrinsic material

properties such as stacking fault energy, shear modulus,

Poisson’s ratio, and lattice parameter. External factors such

as deformation temperature, strain rate, and applied stress

may also have an effect, but this is not well understood and

needs further study. The observations shown in Figs. 3 and

4 were also verified by synchrotron and neutron diffraction

[69], and later observed in nc Cu [42], which has a lower

stacking fault energy and very different general planar fault

energies from Ni. These observations suggest that optimum

grain size for twinning is a common phenomenon in nc fcc

metals.

One of the salient features of the data in Figs. 3 and 4 is

that no inverse grain size effect exists for stacking faults.

This is believed due to the effect of generalized planar fault

energies on the nucleation of twins, which makes it more

difficult to activate twinning partial than to activate the first

Fig. 3 Statistical grain size effect on the formations of stacking faults

and deformation twins in nc Ni deformed under tension at liquid

nitrogen temperature. The twin is defined as consisting of two or more

layers of stacking faults on consecutive slip planes. a The size

distribution of all grains examined under HRTEM. b The fraction
distribution of grains containing stacking faults and twins [40]
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partial to form stacking fault. In other words, the observed

grain size effect on the deformation twins and stacking

faults can be explained by the combined effect of grain size

effect and the general planar fault energy effect [40]. A

recently proposed ‘‘stimulated slip’’ model [52] was also

used to explain the inverse grain size effect on twinning

[42]. However, the deformation physics assumed in the

model is consistent with coarse-grained metals, not with nc

metals. In addition, the ‘‘stimulated slip’’ model cannot

explain the grain size effect on the formation of stacking

faults.

Grain size effect on detwinning in nc fcc materials

Deformation-induced detwinning has been observed both

experimentally [48, 50, 70–72] and in MD simulations

[73]. This raises a critical issue on the effect of grain size

on the competition between deformation twinning and

detwinning. Understanding this issue would help us to

predict the stability and evolution of microstructures and

mechanical properties of nc fcc materials with twins as a

major structural feature and with deformation twinning as a

major deformation mechanism.

Deformation detwinning was systematically studied by

Ni et al. using an electrodeposited nc Ni–20Fe (wt%) alloy

with pre-existing growth twins and an average grain size of

20 nm [48]. The grain sizes were systematically increased

by plastic deformation using a technique called high-

pressure torsion (HPT). Plastic deformation is known to

induce grain growth in nc materials [60, 74–80]. The

average grain size increased to 115 nm after 30 HPT rev-

olutions, making it possible to study statistical changes in

twin density during deformation over a wide nano-grain

size range from 10 nm to over 100 nm.

Figure 5 shows the evolution of the size distribution of

both all grains and the sub-set of grains containing twins

with increasing numbers of HPT turns. The initial

as-deposited sample has a narrow grain size distribution in

the range of *10–35 nm, and about 30 % of these grains

contain growth twins that were formed during the sample

synthesis (Fig. 5a). The plastic strain increases with

increasing HPT turns. As shown in Fig. 5b, after 5 HPT

Fig. 4 Statistical grain size effect on the formations of stacking faults

and deformation twins in nc Ni deformed by SHPB. a The size

distribution of all grains examined under HRTEM. b The fraction
distribution of grains containing stacking faults and twins [40]. Note

that the two fraction values at the largest grain sizes are statistically

insignificant

Fig. 5 The size distributions of all grains (light yellow bars) and

grains that contain twins (dark blue bars) with increasing HPT turns

in a nc Ni–20 wt% Fe alloy. The statistical data are measured using

HRTEM, with sample in a location close to the edge of each HPT disk

[48]
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turns, the average grain size increased to about 40 nm and

the grain size distribution was broader. Significantly, only

7 % of these grains contain twins, which is a dramatic drop

from the initial state. These observations indicate that

extensive detwinning occurred during the HPT deforma-

tion. Further examination of Fig. 5b–f reveals the follow-

ing twinning and detwinning behavior with increasing

grain sizes. At grain sizes below 40 nm, existing twins

were annihilated by the detwinning process. When the

grains grew to sizes above 40 nm, especially around

70 nm, twins reappeared due to the activation of defor-

mation twinning. When grains further grew to above

110 nm, the detwinning process dominated over the twin-

ning process, leading to the disappearance of twins.

The above experimental observations can be summa-

rized as follows. There exists an optimum grain size range

for the formation of deformation twins. Outside of this grain

size range, the detwinning process dominates to annihilate

existing twins. The mechanisms for these observed twin-

ning and detwinning behavior will be discussed later in

‘‘Mechanism of detwinning in nc materials’’ section.

The mechanisms of the grain size effects

Mechanism of twinning transition from coarse-grains

to nano-grains

The transition of twinning behavior from coarse-grained to

nc fcc metals and alloys is caused by their different defor-

mation mechanisms including dislocation sources and

twinning mechanisms. Coarse-grained fcc metals are

believed to twin via several conventional mechanisms

including the pole mechanism [81], the prismatic glide

mechanism [53], the faulted dipole mechanism [82], or

other mechanisms [83–85]. These mechanisms often

require a dislocation source in the grain interior to operate.

The grain size effect on deformation twinning in coarse-

grained metals has been explained by Fig. 2 and Table 1,

using the concept of Hall–Petch type relationship. However,

such relationship is empirical and the real physics based on

classical dislocation theory is yet to be discovered.

Nc metals and alloys are often free of dislocations in

their grain interior [57, 86], although dislocations can exist

in nc grains under certain deformation conditions [13, 87].

Consequently, dislocation emission from grain boundaries

becomes the primary deformation mechanisms [25–27, 34,

62, 63, 66, 67, 88–92]. Several twinning mechanisms in nc

fcc metals have been reported [16, 25, 26, 31, 34, 38, 39,

41, 63, 64, 66, 67, 89, 90, 93–96], among which the most

often observed is the partial emission from grain bound-

aries [16, 38, 39, 41, 47, 90]. As discussed in the next

section, the change of deformation mechanism and

twinning mechanism also changed the effect of grain size

effect on twinning, which is not surprising because dif-

ferent deformation mechanisms are influenced by the grain

size in different ways.

Mechanism of optimum grain size for twinning

in nc materials

The optimum grain size for twinning and the inverse grain

size effect on twinning were predicted by an analytical

model several years before the experimental observations.

In the model [38, 39], the only assumption made is the

emission of dislocations from grain boundaries, which was

based on experimental observations and MD simulation

predictions [25–27, 34, 62, 63, 66, 67, 88–92]. For sim-

plicity, the model used a square grain cross-section (see

Fig. 6). The shear stress needed for the slip of various

dislocations, including the leading Shockley partial to

produce a stacking faults, the twinning partial, the trailing

partial, the detwinning partial, and the lattice dislocation as

a function of grain size and shear stress orientation angle

were calculated and compared. The dislocation that needs

the lowest stress to slip is considered as the active one. A

twin is considered nucleated after the leading partial gen-

erates a stacking fault across a grain and a twinning partial

glides across the grain on the adjacent slip plane. For a fixed

grain size, the critical shear stress that is needed to nucleate

a twin is a function of shear stress orientation, and consid-

ering that grains in a nc material may be oriented in all

possible directions due to their large number, the lowest

shear stress to nucleate a twin at any stress orientation is

considered the critical shear stress for the grain size.

Shown in Fig. 7 is the grain size effect on the critical

twinning stress for nc fcc Al. The red 60� curve represents

Fig. 6 A schematic illustration of a dislocation model for the

nucleation of a deformation twin via the emission of a twinning

partial on a (111) plane adjacent to the stacking fault plane [38, 39]
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the case where the 90� leading partial and 30� trailing

partial form a 60� dislocation when combined, whereas the

blue curve represents the case where the leading partial and

trailing partial form a screw dislocation when combined.

As shown, each curve has a minimum point where the

critical stress for twin nucleation is lowest at an optimum

grain size. In reality, most dislocations will be the mixtures

of the two and their lowest twinning stresses and optimum

grain sizes will be between the minimum points shown in

Fig. 7. As the optimum grain size values and the critical

twinning stresses for these two cases are quite close, we

can define their average grain size as the optimum grain

size and their average stress as the critical twinning stress,

which can be approximated as [16]:

sm ¼
ð5:69� 2:02mÞc

2a
ð1Þ

and

dm

lnð
ffiffiffi

2
p

dm=aÞ
¼ 9:69� m

253:66ð1� mÞ
Ga2

c
; ð2Þ

where sm is the critical twinning stress for a nc fcc metal,

m is the Poisson’s ratio, c is the stable stacking fault energy,

a is the lattice parameter, dm is the optimum grain size for

twinning, and G is the shear modulus. The critical stress

and optimum grain size for deformation twinning in some

nc fcc metals are calculated using Eqs. 1 and 2, and listed

in Table 2. The predicted critical twinning stresses and

optimum grain sizes agree well with experimental obser-

vations [38–40].

One of the most significant features of this model is its

successful prediction of normal and inverse grain size effect

on deformation twinning [40]. This is an indicator that the

model indeed captured the physics of deformation twinning.

However, it also has a major deficiency: it does not consider

the effect of GPFE’s, which affects the nucleation and

gliding of the leading and twinning partials. Consequently,

this model cannot explain why no inverse grain size effect is

observed for stacking faults. The physical reason for the

grain size effect is the deposition of the dislocation lines on

the grain boundaries as a dislocation glides under an applied

stress. The deposited dislocation lines add strain energy to

the system and act to drag the gliding dislocation. The

dragging force does not change with grain size d, while the

driving force for the dislocation slip is proportional to the

length of the gliding section of the dislocation, which is grain

size dependent (see Fig. 6). The driving force needs to

overcome the dragging force for the dislocation to glide, and

their difference in grain size dependences makes it more

difficult for dislocations to move in smaller grains [16].

Mechanism of detwinning in nc materials

The detwinning could happen by the interaction between a

gliding dislocation and the twin boundary. Assume the twin

boundary is on the (111) plane (see Fig. 8a). If a 30�
Shockley partial Ba glides on the �11�1ð Þ plane toward the

twin boundary, it can initiate the following dislocation

reaction (see Fig. 8a, [97]):

Ba! Bdþ da ð3Þ
The partial Bd is on the (111) plane. It can slip to the left

to remove one layer of the twin and produce a one-layer

step at its own location. The da is a stair-rod dislocation,

which can dissociate under applied stress as

da! dBþ Ba ð4Þ

The partial dB has an opposite Burgers vector to the

partial Bd. It will slip to the right on the (111) plane under

the same applied stress (see Fig. 8b) and create an

opposing step. Such a scenario is indeed observed in the

detwinning process of a nc Ni–20Fe (wt%) alloy (see

Fig. 8c). When both partial dB and partial Bd glide to the

end of the twin boundary, the twin thickness will be

reduced by one atomic plane. A twin could be annihilated

if the above process is repeated over and over again.

Table 2 The critical stress and optimum grain size for the formation

of deformation twinning in some nc fcc metals calculated using

Eqs. 1 and 2 [16]

G (GPa) m c (mJ m-2) A (Å) sm (GPa) dm (nm)

Ag 30 0.37 22 4.090 0.16 73

Al 26.5 0.345 122 4.04 0.89 6

Au 27 0.44 45 4.080 0.31 30

Cu 54.6 0.343 45 3.6146 0.37 46

Ni 94.7 0.312 125 3.5232 1.06 23

Fig. 7 A deformation map showing the critical stresses for defor-

mation twin nucleation and growth in nc Al as a function of grain size

for the 60� I and the screw dislocation systems [38]
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Another detwinning mechanism is the ‘‘stop–start three

partial detwinning’’ mechanism reported earlier [50, 70].

Specifically, three Shockley partials with the sum of their

Burgers vectors equal to 0 glide in a coordinated way to

remove three twin layers. One partial glides forward first

under the applied stress and stops due to a stress drop,

leaving behind a stacking fault. The other two partials are

then driven forward by the stacking fault and their inter-

action force with the first partial. A series of such set of

three partials could annihilate a twin.

Optimum grain size for high twin density

Figure 5 shows an optimum grain size range in which the

deformation twins appear in a large fraction of grains. This

grain size range is important for designing nc fcc metals

with twins as an important structural feature for enhancing

the strength and ductility. For microstructures with grain

sizes outside of this range, the built-in twins will be

gradually annihilated during deformation by a detwinning

process. On the other hand, a stable high twin density could

be maintained if the grains sizes are in this optimum range.

This is a critical issue under some service conditions such

as fatigue where the cyclic stress could induce extensive

dislocation/twin interactions. The detwinning process

could significantly soften the material, which may lead to

accelerated failure.

The existence of such an optimum grain size for highest

twin density can be understood with the following analysis.

As discussed in ‘‘Grain size effect on twinning in nc fcc

materials’’ and ‘‘Mechanism of optimum grain size for

twinning in nc materials’’ sections, in a nc fcc metal there

exists a grain size range within which deformation twins

would form. However, the detwinning process can be

caused by the interaction between the dislocation and the

twin boundary, which occurs in grains of all sizes. It was

found that the detwinning tendency is stronger at small

grain sizes than at large grain sizes [48]. This is reasonable

because the detwinning process involves dislocation

interactions with twin boundaries, which needs to over-

come relatively high-energy barriers [97]. Materials with

smaller grains deform plastically under a higher applied

stress, which makes it easier to overcome the energy bar-

rier for detwinning. Therefore, detwinning should be sta-

tistically easier in smaller grains. From the above

discussions, the tendency for twinning and detwinning

during plastic deformation can be schematically illustrated

as in Fig. 9. For a sample whose grain sizes are outside of

the optimum grain size range, the detwinning process

dominates over the twinning process, which leads to the

annihilation of twins. On the other hand, for a sample

whose grain sizes are in the optimum grain size range, the

twinning process prevails over the detwinning process,

which leads to the formation of deformation twins in a

large fraction of grains. The twinning process and det-

winning process eventually reached a dynamic equilibrium,

which produces a stable twin density and microstructure.

Fig. 8 a The twinning boundary plane (111) and dislocation slip

plane �11�1ð Þ in the Thompson representation. b Illustration of a

detwinning process caused by the interaction of a 30� partial

dislocation L1 with the twin boundary. c A pair of opposing one-

layer step observed in a nc Ni–20Fe (wt%) alloy, produced by the

detwinning process

Fig. 9 Schematic representation of the grain size effect on the

twinning and detwinning tendency [48]
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Summary

In summary, coarse-grained fcc, bcc, and hcp metals are found

more difficult to deform by twinning with decreasing grain

size, whereas nc fcc metals exhibit an optimum grain size

range for twinning. nc bcc and hcp metals should also have a

grain size effect but this has not been studied. For nc fcc metals

with grains outside of the optimum size range for twinning,

plastic deformation will lead to detwinning of existing twins.

Finally, although deformation twinning does not con-

tribute to plastic strain significantly as compared to dislo-

cation slip, it can significantly improve the strength and

ductility by blocking and accumulating dislocations at the

twin boundaries, which not only strengthens the metal but

also increase the strain-hardening rate. The optimum grain

size for stable twinned structure is in the grain size range

that is easiest for deformation twinning.
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