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The stacking fault energy y of an alloy has been reported to significantly affect the grain size d and twin
nucleation size r. during grain refinement. However, ternary relation among y, d and r, has not been in-
vestigated comprehensively. Here we prepared nanocrystalline (NC) and ultrafine-grained (UFG) 99.99 wt%
Cu, Cu-0.86 wt% Al and Cu-2.2 wt% Al alloys with different y by high-pressure torsion (HPT), and then
characterized d and r.. Transmission electron microscopy observations show that under the same experi-
mental condition d decreases and corresponding grain refinement mechanism transforms from dislocation

Keywords: .. . . . N . .
Stacking fault energy subdivision to twin segmentation with decreasing y. The relation among y, d and r. from experiments are
Grain size consistent well with theoretical prediction from Meyers model. r. decreases with decreasing d, and the

variation is exacerbated by the decrease of y. r. increases first and then decreases by forming a peak-shaped
variation with decreasing y when d is in UFG regime, suggesting there exists an optimum stacking fault
energy y. for twin nucleation. The r. peak becomes flat and moves to higher y value when d is in NC regime
due to the enhanced geometric effect of d on r. which weakens the role of y. Our findings reveal a com-
prehensive ternary relationship among y, d and r, and provide guidance for designing NC and UFG materials

Twin nucleation size
Cu and Cu-Al alloys
High-pressure torsion

with high-density twins and good strength-ductility combination.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Twinning and slipping are two competing grain refinement
mechanisms in nanocrystalline (NC, < 100 nm) and ultrafine-grained
(UFG, 100 nm - 1 pm) materials prepared by severe plastic de-
formation (SPD) [1]. The choice of grain refinement mechanisms is
predominately governed by extrinsic deformation conditions and
intrinsic nature of materials. The former case includes deformation
strain, strain rate and temperature, etc. For the latter case, stacking
fault energy (SFE) is one of the most crucial parameters [2,3]. It has
been well acknowledged that in face-centered cubic (FCC) metals
and alloys, twinning tendency is higher in materials with lower SFEs
and vice versa. Moreover, the grain refinement mechanisms sig-
nificantly affect the eventual microstructures such as grain size and
thickness of twin lamellae, which usually determine the mechanical
properties of NC and UFG samples [2,3]. The small grain size in NC
and UFG materials results in a significantly higher yield strength
than their coarse-grained (CG) counterparts due to the Hall-Petch
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relationship, but unfortunately this is accompanied with the ex-
pense of ductility [4,5]. Fortunately, both deformation twinning and
pre-existing twin boundaries (TBs) have been reported as an effec-
tive strategy to enhance the ductility by retaining the dislocations
accumulation capability and work hardening ability [6-9]. Therefore,
it is of great significance to reveal the effects of SFE on grain size and
thickness of twin lamellae in NC and UFG materials processed by
SPD techniques.

Previous investigations suggest that for a material with a high
SFE, grain refinement mechanisms are operated via dislocation
subdivision and there usually exists a stable/equilibrium final grain
size which decreases with decreasing SFE for FCC metals and alloys
processed by SPD, e.g. ~200 nm for Cu (78 mJm™ [10]) [11,12],
~350 nm for Ni (137-278 mJm™2 [13-15]) [16] and ~1.3 pym for Al
(135-220 mJm ™2 [17]) processed by equal-channel angular pressing
(ECAP). The corresponding microstructure performs as block struc-
tured dislocation cells and lamellar grains, as a result of a balance
between dislocation generation and annihilation [2]. For the mate-
rials with low SFEs, the final grain sizes also decreases with the
reduction in SFE due to the enhanced interaction of high density
twins, stacking faults (SFs) and microscale shear bands [18], e.g.
107 nm for Cu-5 at% Al (28 mjm2) and 82 nm for Cu-8 at% Al (17
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Fig. 1. (a,b) Bright-field TEM images taken from the center (a) and edge (b) of the HPT-processed Cu. Equiaxed nano-grains and ultrafine grains with clear grain boundaries are
pointed out by white arrows, and dislocation cells are pointed out by black arrows. (c) [110] zone axis (Z.A.) HRTEM image of the HPT-processed Cu and the inset is the
corresponding Fourier transformation (FFT) pattern. (d) The (1-11) inverse filtered Fourier transformation (IFFT) image of the region marked by white rectangle in (c), showing

dislocation accumulation, as marked by white arrows.

mJm2) processed by four-pass ECAP [18]. Our previous transmission
electron microscopy (TEM) observations in NC and UFG Cu and Cu-
Zn alloys processed by high-pressure torsion (HPT) showed similar
results [19,20]. For relation between twin thickness and SFE, Zhang
et al. revealed that the twin thickness decreases with decreasing SFE,
e.g. 25 nm for Cu-1 wt% Al with SFE of 61 mjm™ and 12 nm for Cu-
4.5 wt% Al with SFE of 12 mjm™2 processed by dynamic plastic de-
formation (DPD) at liquid nitrogen temperature (LNT). Such a rela-
tion originates from the reduced driving stress of twin nucleation
and suppressed propagation of twins with the reduction of SFE [10].
Finally for relation between twin thickness and grain size, it has
been reported that the twining behavior performs a strong correla-
tion with the grain size due to the competition between deformation
twinning and detwinning in NC regime. For example, Liao et al. re-
vealed that the detwinning process prevails over the twinning pro-
cess when the grain is smaller than a critical size, leading to
thickness reductions of growth twins and deformation twins
[3,21,22]. For nanocrystalline grains, twinning partials are emitted
from grain boundaries (GBs) [3]. The critical grain size that allows
these partial emissions is a function of SFE, i.e., decreasing SFE in-
creases the critical grain size for partial emissions from GBs [23].
Therefore, from the above investigations, one can see only the
simplified binary relationships between the three factors of SFE,
grain size and twin thickness were focused and revealed. Con-
sidering any above binary relation between SFE, grain size and twin
thickness might significantly affected by the third factor, thus the
concrete ternary relation among SFE, grain size and twin thickness is
very complicated and still lack in the literature.

In this work, to solve the above problem, 99.99 wt% Cu, Cu-
0.86 wt% Al and Cu-2.2 wt% Al alloys with different SFEs were se-
lected as model materials. HPT was employed to produce NC and
UFG samples. The grain size distribution and thickness of twin la-
mellae were then characterized in hundreds of grains by extensive
TEM and high-resolution transmission electron microscopy (HRTEM)
analyses. Based on the TEM-measured results, the concrete ternary

relation among SFE, grain size and twin nucleation size was finally
appraised by Mohamed and Meyers models.

2. Materials and methods

The materials used in this work are pure Cu (purity 99.99 wt%)
and Cu-Al alloys with Al concentrations of 0.86 and 2.2 wt%, re-
spectively. According to Refs. [19,24,25], the SFEs of pure Cu and
these Cu-Al alloys are approximately 78, 38 and 20 mJm™2, respec-
tively. Cu-Al alloy samples were prepared from high-purity compo-
nents (99.99 wt% Cu and Al) by means of vacuum induction melting.
Disks of Cu and Cu-Al alloys with a thickness of 1.2 mm and a dia-
meter of 10 mm were processed via HPT for 5 revolutions at room
temperature under an imposed pressure of 6.0 GPa and a rotational
speed of 1 rpm. The samples were processed under quasi-con-
strained HPT where each disk was compressed between anvils re-
sulting in a slight flow of material out the disk periphery during the
torsion.

Specimens for TEM and HRTEM investigations were taken from
the central area and at the edge of HPT-processed samples, and
prepared using mechanical grinding followed by ion milling at LNT.
TEM observations were conducted in an FEI-Tecnai G* 20 S-TWIN
microscope operated at 200 kV. HRTEM was conducted in a Titan G*
60-300 operated at 300 kV.

3. Results
3.1. Microstructures of the HPT-processed Cu

Fig. 1a and b illustrate bright-filed TEM images taken from the
center and edge of HPT-processed Cu sample. Both center and edge
regions exhibit similar microstructures of equiaxed nano-grains and
ultrafine grains with clear grain boundaries (GBs, pointed out by
white arrows) homogeneously mixed with dislocation cells (pointed
out by black arrows). The corresponding selected area electron
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Fig. 2. (a,b) Bright-field TEM images taken from the central area (a) and edge (b) of HPT-processed Cu-0.86 wt% Al alloy. The twin lamellae were marked by white arrows and “T”.
(c,d) [110] zone axis (Z.A.) HRTEM images showing the twin lamellae (marked as “T”) interspersed in the matrix (“M”) and SFs (pointed out by white arrows) at the central area (c)
and the edge (d) of the HPT-processed Cu-0.86 wt% Al sample, respectively. The corresponding FFT insets revealed the twin relationship.

diffraction (SAED) patterns show relatively continuous rings in-
dicating that no obvious preferential grain orientations in the HPT-
processed Cu samples.

Dislocation cells, observed in both regions, have the majority of
dislocations tangling in the cell walls and fairly low-density of dis-
locations in cell interiors as a result of extensive dynamic recovery
during the HPT process [2,26]. However, the cell size does not show
an obvious reduction with increasing deformation strain, i.e. from
central area to edge region. The cell size becomes stable by the
balance between the dislocation multiplication and recovery pro-
cesses above the critical strain [24]. As shown in the Fig. 1c and d,
high density residual dislocations (marked by white arrows) tangle
within the NC and UFG grains, suggesting the dislocation slipping
dominates the deformation mechanism. It is worth noting that no
deformation twins or stacking faults (SFs) were found in the HPT-
processed Cu sample due to the high SFE (78 mJm™2). The above
results suggest that dislocation subdivision is the major grain re-
finement mechanism in Cu.

3.2. Microstructures of the HPT-processed Cu-0.86 wt% Al alloys

Fig. 2a and b show the typical TEM images of HPT-processed Cu-
0.86 wt% Al alloy at center and edge, respectively. Compared with
pure Cu sample, the grain sizes decrease (detailed statistics of grain
size distributions are shown in Fig. 5) and the fraction of cell-like
microstructures reduces. Besides, high-density nano-scale de-
formation twin lamellae (marked by white arrows and “T") were
observed and further confirmed by corresponding HRTEM images. As
shown in Fig. 2c and d, twin lamellae (marked by “T”) with nano-
scale thicknesses interspersed in the matrix and segmented the
grain. Accompanying with twinning, massive SFs (marked by withe
arrows) slipped along the TBs and within twin lamellae, acting as the
potential twin nuclei for subsequent subdivision of the existed twin
lamellae [3,27].

Comparing with central area shown in Fig. 2c, the twin density
(detailed values are listed in Table 1) is higher and the segmentation
by twin lamellae becomes more obvious at the edge as shown in
Fig. 2d, due to the higher strain at the edge in the HPT-processed

Cu-0.86 wt% Al sample. The low SFE of Cu-0.86 wt% Al alloy (38
mJm™2) promotes the dissociation of unit dislocation into partials,
thereby inducing high density of twin lamellae and massive SFs
during the HPT process.

3.3. Microstructures of the HPT-processed Cu-2.2 wt% Al alloys

As shown in Fig. 3a and b, the microstructures of HPT-processed
Cu-2.2 wt% Al alloy perform similar feature with those of the HPT-
processed Cu-0.86 wt% Al alloy, containing homogeneously dis-
tributed equiaxed nano-grains and ultrafine grains as well as nano-
scale twin lamellae (marked by white arrows and “T”). Large number
of TEM observations show that the grain sizes are smaller and the
twin density becomes higher in Cu-2.2 wt% Al than those in Cu-
0.86 wt% Al with lowering SFE from 38 mJm™ (Cu-0.86 wt% Al) to 20
mJm™2 (Cu-2.2wt% Al). The detailed measured twin densities are
listed in Table 1. As shown in Fig. 3c and d, the typical [110] Z.A.
HRTEM images taken from the central area and the edge region of
HPT-processed Cu-2.2wt% Al alloy respectively, consecutive nano-
scale twin lamellae with rough TBs divides the grain matrix, ac-
companying with massive SFs at TBs. The results indicate a severe
segmentation by twin lamellae, and twinning performs an im-
portant grain refinement mechanism in the HPT-processed Cu-
2.2 wt% Al alloy.

Accompanied with deformation twins, SF is another important
deformation mechanism in the Cu-0.86 wt% Al and Cu-2.2 wt% Al
alloy. As shown in Fig. 4, consecutive SFs pointed out by with arrows
emitted from a GB marked by white dotted line and passed through
nano-scale twin lamellae in HPT-processed Cu-0.86 wt% Al (Fig. 4a
and b) and Cu-2.2wt% Al (Fig. 4c and d) alloys, indicating de-
formation twinning is operated via partial dislocation emission from
GBs. These results are consistent with our former investigations in
the NC and UFG Cu-30% Zn alloy [28]. According to the literature,
dislocation-based mechanisms in grain interior [29] were proposed
to explain twin nucleation in coarse-grained FCC materials. Once the
grain sizes decrease to the NC and UFG regimes, the applied flow
stress is hard to satisfy the activation for the grain interior Frank-
Read or Kohler [30,31] source and the conventional dislocation-
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Fig. 3. (a,b) Bright-field TEM images taken from the central area (a) and edge region (b) of HPT-processed Cu-2.2 wt% Al alloy. The twin lamellae were marked by white arrows and
“T”". (c,d) [110] zone axis (Z.A.) HRTEM images showing the twin lamellae (marked as “T”) interspersed in the matrix (“M”) and SFs (pointed out by white arrows) at the central area
(c) and the edge region (d) of the HPT-processed Cu-2.2 wt% Al sample, respectively. The corresponding FFT insets revealed the twin relationship.

Fig. 4. (a,c) Bright-field TEM images at the edge of HPT-processed Cu-0.86 wt% Al and Cu-2.2 wt% Al alloys, respectively. (b,d) [110] zone axis (Z.A.) HRTEM images of the regions A
in (a) and B in (c) (marked by white rectangle and diamond, respectively), showing twinning via consecutive SFs emission from GBs. The corresponding FFT patterns of insets
revealed the twin relationship.
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Fig. 5. Statistical grain size distributions at central area (a) and edge (b) of HPT-processed Cu, Cu-0.86 wt% Al and Cu-2.2 wt% Al alloys, respectively. The linear intercept was used

to measure the grain sizes and about 300 grains were measured for each sample.

Table 1
A list of the TEM-measured average grain size d, twin density p at the center and edge
of HPT-processed Cu, Cu-0.86 wt% Al and Cu-2.2 wt% Al alloys.

Samples Cu Cu-0.86 wt% Al Cu-2.2 wt% Al
Region center edge center edge center edge
d (nm) 230 170 150 100 105 45

p (%) 0 0 123 15.1 15.7 179

based twinning mechanisms cease to operate [32]; instead, the GB-
mediated twinning mechanism by the consecutive SFs emission
from GB starts to dominate [33].

Fig. 5 shows the statistical grain size distributions at center
(Fig. 5a) and edge (Fig. 5b) of the HPT-processed Cu, Cu-0.86 wt% Al
and Cu-2.2% wt% Al, determined from a large number of TEM images.
The corresponding average grain sizes d and twin density p are listed
in Table 1. It can be seen that, with decreasing SFE, d and the width
of the grain size distribution at the same region are decreased to
some extent. This indicates that the grain structure becomes more
uniform with decreasing SFE. In addition, p increases with the SFE
reduction and deformation strain (i.e. from center to edge), sug-
gesting twinning plays an important role in the grain refinement of
Cu-0.86 wt% Al and Cu-2.2 wt% Al alloys during HPT process.

4. Discussion
4.1. Effect of SFE on grain size

Previous studies have revealed that the final stable/equilibrium
average grain size d obtained by the SPD-induced grain refinement is
governed by many factors, mainly including the external factors, e.g.
loading modes, strain magnitude, temperature and strain rate, and
intrinsic factors, e.g. hardness, SFE, melting point, activation energy
and bulk modulus [2,18,24]. In our early investigations, it was re-
vealed that d decreases by lowering the SFE in HPT-processed Cu and

Table 2

A list of the TEM-measured average grain sizes d, lattice parameters a, SFE y, Burgers
vectors of unit dislocation b, partial dislocation b, and shear modulus G of HPT-pro-
cessed Cu, Cu-Al alloys (Cu-0.86 wt% Al and Cu-2.2 wt% Al) and Cu-Zn alloys (Cu-10 wt
% Zn and Cu-30 wt% Zn).

Samples Cu[19] Cu-0.86wt%  Cu-22wt% Cu-10wt% Cu-30wt%
Al [22] Al [23] Zn [19] Zn [19]

d (nm) 200 120 60 / /

a(A) 3.619 3.621 3.623 3.641 3.691

y(mJm™) 78 38 20 35 14

b (nm) 0.2559  0.2561 0.2562 0.2575 0.2610

b, (nm) 0.1477  0.1478 0.1479 0.1487 0.1507

G (GPa) 48.30 47.85 4718 46.5 401

Cu-Zn alloys [19]. As listed in Table 2, the decrease in the SFE leads to
a decrease in d in the order of Cu to Cu-0.86 wt% Al and Cu-2.2 wt%
Al after processing by HPT under the same experimental condition.
This tendency is consistent with data observed in mechanical-mil-
ling processed metals and alloys, and it is explained by the concept
that d is determined by a dynamic balance between dislocation
generation and recovery in Mohamed model [34]. Thus, lowering SFE
promotes the planar slip and the dissociation of unit dislocations,
and consequently suppresses cross-slip and recovery process
[35-37], leading to smaller d. What's more, the lower SFE results in
higher twinning density listed in Table 1, and the segmentation of
twin lamellae (shown in Figs. 2c, d, 3c and d) provides an additional
effective refinement mechanism except dislocation subdivision,
contributing to grain refinement [18,38].

Based on Mohamed model, the relationship between d and SFE y
is expressed as [34]:

9 _ A(L)OAS

b Gb (1)
Where b is the Burgers vector of unit dislocation, A is a constant and
G is the shear modulus. For a FCC structure, b is the length of unit
dislocation along the < 110 > direction and equal to v2 a/2, where a
is the lattice parameter. The values of a, b, y and G for Cu to Cu-
0.86 wt% Al and Cu-2.2 wt% Al are listed in Table 2. Fig. 6 shows a
plot of d/b versus y/Gb on a logarithmic scale by TEM-measured data.
Inspection shows that the two terms do not scale with each other in
a linear way. Moreover, if it is assumed that this non-linearity is

1000 [
800 |
600 F
e S
E 3
£
< 400}
[ 7 7 cu22wt%Al
200 . 1 P T TR SRR TP
1 2 3 4 5 67 8

v/Gb (10-3)

Fig. 6. Plot of d/b vs y/Gb on the logarithmic scale showing that the two terms do not
scale linearly and the slopes of 0.95 from the TEM results deviate from the value of 0.5
predicted in Eq. (1).



S. Shi, L. Dai and Y. Zhao

——20 nm
st
—_— 6‘
£
c
~ 4
E S
2

0 A A A A A
0 10 20 30 40 50 60 70 80

Y (mJm-2)

Journal of Alloys and Compounds 896 (2022) 162953

(b) 24

— SFE=10 mJm™2
20F__ SFE=20 mJm2
16 f — SFE=38 mJm2
—— SFE=78 mJm2

100 200 300 400 500

d (nm)
20 40 60 80
500 L v v v
SFE y (mJm-2)

!

0 100 200 300 400 500
d (nm)

Fig. 7. (a) Three dimensional diagram showing the relationship among grain size d, SFE y and twin nucleation size r. for Cu-Al alloys. (b) Cross-sectional diagram showing the
relationship between d and r. for Cu-0.86 wt% Al (38 mJm™2) and Cu-2.2 wt% Al (20 mJm™2) alloys. (c) Cross-sectional diagram showing the relationship between y and r. with
d =200, 80, 60 and 200 nm. The data points in (b) and (c) are TEM-measured average twin thickness. (d) Relationships among the twinning shear stress z (z4/7,), d and 7.

caused by scattering in the data, it is possible to fit the data with
straight lines (marked by black line) as shown in Fig. 6 to yield slope
of 0.95 from the TEM measured d. The slope is significantly higher
than the slope of 0.5 predicated in the model in Eq. (1). This dis-
agreement is reasonable when it is noted that the model is based on
the occurrence of a single deformation mechanism of dislocation
slip, whereas, as shown in Figs. 1-3, Cu deformed primarily by single
dislocation slip in this investigation while Cu-0.86 wt% Al and Cu-
2.2 wt% Al deformed by multiple deformation mechanisms including
dislocation slip, twinning and SFs. The multiple deformation me-
chanisms were more effective for the grain refinement, leading to a
greater slope. What's more, the slope (marked by red dotted line)
between Cu and Cu-2.2 wt% Al alloy is higher than the slope (marked
by blue dotted line) between Cu and Cu-0.86 wt% Al, indicating the
higher density twin contributes more plastic deformation in the
grain refinement process.

From the perspective of energy, d is closely related to the acti-
vation energy for diffusion Q [34,39]. The relationship between d and
Q is given by [18,38]:

ﬂ — 1]26—0.0037(2

b (2)

This suggests that d decreases by increasing Q during deforma-
tion. Q can be affected remarkably by the degree of coincidence of
GBs [40]. General GBs constitute a region of lattice distortion, re-
sulting in diffusion along a boundary that becomes more favorable
as this distortion increase [40|. However, the diffusion may be de-
layed for certain boundaries whose atom arrangement is highly
regular, such as TBs, leading to the enhancement of Q [18]. Owing to
low SFE, these highly regular TBs form readily at the initial stage of
deformation, enhancing the tendency to increase Q. In other words,

lowering the SFE to some extent is equivalent to increasing Q, con-
sequently decreasing d under the same experimental condition.

It should be noted that though twinning plays an important role
in grain refinement, the smallest average grain size doesn't ne-
cessarily equal the smallest TB spacing. For example, Cao et al. [41]
found the smallest average grain size achieved in a duplex stainless
steel by HPT is ~23 nm, which is much larger than the average pri-
mary TB spacing of 7nm [42]. Detailed investigation revealed that
de-twinning of the primary twins occurred and produced high
densities of sessile dislocations, of which accumulation further
produces new low angle GBs [41]. These results suggest that for
materials with very small SFEs, not only twinning but also detwin-
ning occurred during SPD process, which makes the effect of SFE on
grain refinement more complicated.

4.2. Influences of grain size and SFE on twin nucleation size

It has been widely acknowledged that the twin nucleation in-
duced by plastic deformation is affected by two intrinsic factors:
grain size d and SFE y [31]. Meyers et al. proposed the GB-mediated
twinning model to predict the critical twin nucleus size, in which it
was assumed that the twin embryo is a ellipsoidal (oblate spheroid)
nucleus with radius r. and thickness A, and a constant aspect ration
p (p = A¢[1:) [31]. The twin embryo size r. is directly related to y and
twinning driving stress (i.e. the critical resolved shear stress for
deformation twinning)or, as expressed by [31]:

_ S5nGyerp
e = —
40"" (3)

where G is the shear modulus, y-; = 0.75y is coherent TB energy.
Furthermore, in UFG materials or could be calculated by the shear
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Fig. 8. (a) The cross-sectional diagram showing the relationship between d and r. for Cu-10 wt% Zn (35 mjm™2) and Cu-30 wt% Zn (14 mJm™2) alloys. (b) The cross-sectional
diagram showing the relationship between y and r.. d are chosen as 200, 120 and 20 nm. The data points in (a) and (b) of the corresponding TEM-measured average twin thickness

were obtained from Refs. [28,45,46].

stress 7, which directly drives partial dislocations, i.e. SFs, for
twinning nucleation [43,44]. The relationship is expressed as:

or = 3.]1"[ (4)
2aGb
=% LV
d by (5)

where the parameter « is a constant («=0.5 and 1.5 for edge and
screw dislocations respectively) [29], bpis Burgers vector of Shockley
partial dislocation as listed in Table 2. According to the Eq. (5), it is

clearly that zrdepends on two parts of d effect 7y(zy = Z“dcb” ) and y
effect 7,(z, = blp). By substituting Eqs. (4) and (5) into Eq. (3), the

following equation is obtained:

_ 3.757Gy
T 2y 5 )2
38.44 % (3% + 1) )

For Cu-Al alloys in this study, the values of G and bpcould be
approximated to constants, due to the extremely small variations (as
listed in Table 2). Consequently, by substituting the values of G and
bp in Eq. (6), the three dimensional diagram can be obtained, as
shown in Fig. 7a, revealing the theoretical relationship between d, y
and r. for Cu-Al alloys.

4.2.1. Influences of grain size on twin nucleation size

For the specific Cu-0.86 wt% Al (38 mjm™2) and Cu-2.2 wt% Al (20
mJm~2) alloys, the binary relationship between d and r. is shown in
Fig. 7b. Based on the GB-mediated twinning model [31], once twin
nucleus is formed, it grows in a manner of self-similar twin growth
with r. increasing in proportion to A.. Therefore, the thickness A. of
twin nucleus also reflects the radius r.. In Figs. 7 and 8, we simply
and qualitatively describe the measured twin width as the radius r..
It can be seen that r. decreases and the decreasing velocity accel-
erates with decreasing d. The lower y is, the more obvious the de-
creasing tendency is. Furthermore, the measured twin thickness
with d =200, 80, 60 and 20 nm is in good agreement with theore-
tically predicted values within the error bar. In addition, Meyers
model described by Eq. (6) about twin nucleation was also applied in
Cu-10wt% Zn (35 mjm™2) and Cu-30 wt% Zn (14 mJm™2) alloys. The
corresponding cross-sectional diagram of the relationship between d
and r. is shown in Fig. 8a. The experimental data points were ob-
tained from Refs. [28,45,47] and are also consistent with the theo-
retically prediction. It is true that the deformed twin thickness
depends on two processes of nucleation and growth, but r.

determines the thickness of twin lamellae to a large extent [10]. So,
it is reasonable to evaluate the twin thickness by r..

From the perspective of force, r. reflects the required driving
shear stress for twin nucleation. According to the Eq. (5), zr could be
divided into two cooperation parts of the grain size effect 7y

(tg = zajbp) and the SFE effect 7,(z, = [-). The former 7 increases
with decreasing d, and the latter , i?lcreases with increasing y
[3,33,47]. For the Cu-Al alloy system shown in Fig. 7d, 7; and the
accelerated velocity increase with decreasing d, and tggradually
dominates the driving shear stress for twin nucleation. The variation
of 7y with d indicates that the difficulty of twin nucleation increases
with decreasing d, especially in the NC regime, because twin nu-
cleation requires that the applied flow stress is higher than stresses
for emitting both leading Shockley partial and twinning partial
dislocations which also increase with decreasing d [3]. As d is below
a certain critical grain size d,, the required stress for twinning is
larger than that for emitting leading partial dislocation [47] and
twinning is then suppressed. In this case, only extended SFs can be
activated. From another perspective, such tiny grain (d < d.) only has
space to contain single atomic-layered SFs and has insufficient room
to contain the twin embryos [3,28]. For Cu-2.2wt% Al when d
=20nm, as shown in Fig. 7b, the theoretical predicted r. is 0.37 equal
to the thickness of SFs. Our TEM observation also verified that no
twins and only SFs can be discerned when d < 20 nm in Cu-2.2 wt%
Al (Fig. 7b) and Cu-30wt% Zn (Fig. 8a) [28]. These results suggest
that Meyers model can be generalized into NC regime because the
single atomic-layered SF in tiny grains (d < d.) could also be regarded
as a specific twin embryo.

4.2.2. Influence of SFE on twin nucleation size

To further reveal the relationship between y and r,, the cross-
sectional curves were also taken by selecting d =200, 80, 60 and
20 nm. As shown in Fig. 7c, with decreasing SFE, . increases first and
then decreases sharply by forming a peak-shaped variation when d is
in UFG region. The r. peak becomes flat and moves to higher y value
when d decreases from UFG to NC region. The theoretical curve
suggests that there is an optimum SFE y. for twin nucleation for a
specific grain size. When d = 200, 80, and 60 nm, y. are 10, 26, and 34
mJm2 respectively, indicating that . increases with decreasing d.
The experimental data in Fig. 7c are the average twin lamellae
thickness with d =200, 80 and 60 nm, respectively, and are con-
sistent with the theoretical values. Furthermore, for the Cu-10 wt%
Zn (35 mjm2) and Cu-30 wt% Zn (14 mJm~2) alloys, r, performs the
similar tendency with y and the experimental data points (obtained
from Refs. [28,45,46]) are consistent with the theoretical prediction,
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as shown in Fig. 8b. This is first report that inverse relationship
between r. and y.

When 7 is high, for example, > 50 mjm™2, the dissociated partial
dislocations prefer to constrict to a unit dislocation and then cross
slip, because the higher the SFE is, the smaller the width of the
extended dislocation is. In this case, the applied flow stress is re-
lieved by cross slip and hard to reach the twinning stress. With
lowering y but y is still larger than y., the energy barrier of the unit
dislocation dissociation decreases, promoting the emission and slip
of partial dislocations [36]. Therefore, r. and the thickness of twin
lamellae increase due to the successive emission of partial disloca-
tions on the adjacent (111) planes. With further decreasing y below
7e, single SF is promoted and then delays twin formation, because
single SF preferentially relieves the local stress concentration that is
needed for subsequent twin nucleation [10]. Meanwhile, the ex-
tremely low SFE dramatically increases the probability of single
atomic-layered SFs acting as the potential twinning nucleation site,
which may lead to high density twin nuclei [10]. These nuclei will
compete with each other for growth. So the individual twin nucleus
size 1. decreases in the finite grain space when the SFE is lower than
the optimum SFE y..

It can be seen in Fig. 7c that d has an evident influence on the
relationship between y and r.. UFG grains have enough space to
accommodate the variation of r. versus y, which enhances y effect on
T, i.e. the corresponding curve varies more obviously for larger UFG
grain. Meanwhile, the larger d delays the competition of high density
twin nuclei, thereby decreasing y.. With decreasing d down to NC
regime, the variation of r. against y becomes smooth. As shown in
Fig. 7d, the twinning stress 7y is far greater than 7, in the NC regime
and dominates the twinning nucleation. Consequently, the y effect
on twin nucleation is weakened with decreasing d. In addition, .
increases with the decrease of d, suggesting that twinning can still
nucleate in the NC materials with high SFEs. The previous molecular
dynamics simulations and TEM observations have confirmed the
nano-scale deformation twin lamellae in NC Al (135-220 mJm™2),
and Ni (137-278 mJm™2) samples [48-50]. These results validate the
feasibility and effectiveness of the relationship between y and r. in
this work.

In addition to grain size and SFE, the thickness of twin lamella is
also affected by deformation conditions. Zhang et.al reported that
the thickness of twin lamellae in NC Cu-Al alloys by DPD at LNT,
decreases with the decreasing SFE [10]. The d of NC Cu-Al alloys by
DPD ranges from 25 to 50 nm [24], thereby the extremely small grain
size might result in a high y.. Furthermore, y is affected remarkably
by the temperature, and decreases by 20-60% when the temperature
decreases from room temperature to LNT [51,52]. Thus, y. is sig-
nificantly higher than the actual SFE of LNT-DPD-processed Cu-Al
alloys. So the thickness of twin lamellae decreased with the decrease
of SFE in the LNT-DPD-processed Cu-Al alloys [10,24].

5. Conclusions

In this study, NC and UFG 99.99 wt% Cu, Cu-0.86 wt% Al and Cu-
2.2 wt% Al alloys with different SFEs were prepared by HPT and the
corresponding grain size distribution and thickness of twin lamellae
were characterized by TEM. Based on the TEM-measured results, the
interactive effects between d, y and r. were explored by Mohamed
and Meyers models. The main conclusions are as follows:

1. The grain size decreases with decreasing SFE under the same
experimental condition and the variation dose not follow the
Mohamed model based on the single deformation mechanism of
dislocation slip. The deviation results from the higher density
twin with lower SFE, providing more plastic deformation in the
grain refinement process.
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2. TEM observation indicated that the twin nucleation size r. de-
creases with decreasing grain size for Cu-0.86 wt% Al and Cu-
2.2 wt% Al alloys, agreeing with Meyers model. The high twinning
stress or in tiny NC grain (d < d.) hinders the twinning nucleation,
and in this case, only single atomic-layer SFs can be activated.

3. The Meyers model applied in Cu-Al and Cu-Zn alloys reveals a peak
shaped variation of twin nucleus size r. against SFE with an op-
timum SFE y. for twin nucleation under a specific grain size. With
the decrease of grain size from UFG to NC region, the geometric
effect of grain size on twin nucleation size r. is enhanced, weakens
the influence of SFE and increases the optimum SFE y..
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