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Evolution of microstructure and texture in nanocrystalline (nc) face-centered cubic materials subjected
to high-strain-rate compression are investigated. Three nc materials, differing in grain size or stacking
fault energy, namely, 27 nm Ni, 70 nm Ni, and a 27 nm NiCo alloy are deformed under high strain rates
(8000-23000 s~') using the split-Hopkinson pressure bar technique. The transmission Kikuchi diffraction
technique and discrete-crystal plasticity finite element (D-CPFE) simulations are used to evaluate struc-
tural evolution. Experimental results show that grain growth and grain refinement occurred in samples
with small and large initial grain sizes, respectively, while all deformed materials evolve to a (110) tex-
ture. The D-CPFE simulations, built for grain-size dependent nc deformation with no fitting parameters,
reveal that partial dislocation slip caused faster texture evolution than full dislocation slip. Comparison
between experimental and simulation results suggests that the (110) texture is mainly generated by com-
bined full and partial dislocation slip in the 27 nm and 70 nm Ni samples, and by partial dislocation slip
alone in the NiCo alloy. Deformation twinning made almost no contributions to the observed texture evo-
lution. Grain-boundary-mediated deformation facilitates grain coarsening, while partial dislocation activi-
ties help to promote dynamic stabilization and further refinement of the nano-grains. The highly coupled
evolution of microstructure and texture during dynamic deformation is controlled by a synergy of grain
size and strain rate effects.
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1. Introduction

Structural metals can experience high-strain-rate impact when
used in transportation vehicles, airplanes, spacecrafts, satellites
and fusion reactors. Improving their strength and damage resis-
tance for such extreme service conditions continues to be a mi-

* Corresponding authors.
E-mail addresses: shuanghan@jlu.edu.cn (S. Han), caizhi@mailbox.sc.edu (C.
Zhou), z.chen@sydney.edu.au (Z. Chen).
1 Current address: CONACYT-Unidad de Materiales, Centro de Investigacion Cien-
tifica de Yucatan, Merida, Yucatan, 97205, Mexico.

https://doi.org/10.1016/j.actamat.2021.117088

1359-6454/© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

crostructural design and manufacturing challenge [1-4]. In recent
years, nanocrystalline (nc) metals, comprised of average grain sizes
smaller than 100 nm, have consistently demonstrated outstand-
ing strengths, with values reaching nearly one order of magnitude
greater than those of their coarse-grained counterparts [5]. While
the quasi-static mechanical responses of these ultra-strong materi-
als have been extensively studied, their mechanical and structural
behaviors at high strain rate (HSR) have not. The limited number
of investigations on the dynamic behavior of nc materials, to date,
have mainly focused on body-centered cubic metals, including Fe
[6,7], W [8], Ta [9,10], and V [11]. These studies have found that
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the dynamic deformation of these nc metals is inhomogeneous in
nature and shear banding is the dominant deformation mode.

A few recent observations have hinted at the potential of
designing and manipulating advanced impact-tolerant nanostruc-
tured materials with face-centered cubic (FCC) crystal structures.
Extremely high strength during shock loading was observed in
nc Cu due to the suppression of grain boundary (GB) sliding un-
der laser shock compression [12]. Ultra-high strength was also
achieved in Ni-W alloys during high-speed nano-indentation [13].
These outstandingly high strengths were the result of pronounced
positive strain-rate dependence of the flow stress of nc FCC metal-
lic nanomaterials [14,15]. Discussions on the mechanisms that gov-
ern plasticity of nc FCC materials under HSR, however, remain con-
troversial. It was reported that dislocation activity is a prevalent
deformation mechanism, whereas deformation twinning is a diffi-
cult event in nc Ni under shock-loading conditions [16]. This out-
come is in qualitative agreement with predictions from molecular
dynamic (MD) simulations [17]. However, another study reported
that nc Ni prefers twinning over deformation by extended partials,
especially under HSR [18]. As another viewpoint, significant de-
twinning and noticeable grain growth facilitated by GB-mediated
processes were reported in dynamically deformed nc NiFe alloy
[19]. It is worth pointing out that most of these studies were
limited to relatively small dynamic strains and the rapid changes
in microstructure were not taken into consideration. In deforma-
tion conditions when the microstructure is not stable, changes in
the primary deformation mechanism can be expected. Such mi-
crostructural evolution can also substantially affect mechanical re-
sponse [20]. Therefore, a comprehensive analysis of microstruc-
tural evolution can provide more useful information to elucidate
the high-strain-rate mechanical response of nc materials. Although
the changes in microstructures of nc FCC metals and alloys dur-
ing large-strain deformation have been systematically studied [21-
23], the effects of strain rate and strain level on the underlying
microstructural changes have not.

Polycrystalline materials, including nc materials, tend to have or
develop non-random orientation distributions or texture. Analysis
of texture evolution during deformation can often provide fruitful
information about the underlying deformation mechanisms, par-
ticularly in the case of nc materials [24-26]. For example, sub-
stantial texture development occurred in Ni with grain sizes rang-
ing from 3 to 500 nm under high external pressures [27,28], in-
dicating that dislocation activity can occur even within grains of
nanometer dimensions. The texture evolution of a Ni-60% Co al-
loy [29] indicated deformation twinning and shear banding dur-
ing cold rolling, while in a Ni-40% Co alloy [30] texture evolu-
tion was found to be mainly controlled by dislocation slip and
shear banding. In [21], the combined effects of stacking fault en-
ergy (SFE) and grain size on the microstructure and texture evolu-
tion in a series of NiCo alloys during cold rolling were systemat-
ically investigated. The experimental and crystal plasticity simula-
tion results suggested a transition in deformation mechanism from
GB-mediated processes to full dislocation slip in low-Co contain-
ing alloys and partial-dislocation-controlled deformation in high-
Co containing alloys. Systematic X-ray diffraction studies of the
microstructure and texture evolution in an nc Pd-10 at. % Au al-
loy treated by high-pressure torsion [23] also implied a transition
in deformation mechanisms, but from dislocation-slip-dominated
to a GB-sliding-dominated deformation. These results demonstrate
that texture analysis, especially when combined with microstruc-
ture analysis, is a powerful method for revealing the active and
dominate mechanisms of nano-plasticity. No analogous experimen-
tal study, to date, has focused on texture evolution in nc metals
and alloys under high-strain-rate deformation. This is in part due
to the difficulty in simultaneously acquiring quantitative informa-
tion on microstructure and grain orientation at the nano-scale. The
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relatively low spatial resolution of conventional Electron backscat-
ter diffraction (EBSD) technique hinders it from analyzing nanos-
tructured materials [31].

In the present study, the evolution of microstructure and tex-
ture of two nc FCC materials, pure Ni and NiCo alloy, subject
to high-strain-rate dynamic deformation was investigated using
the transmission Kikuchi diffraction (TKD) technique and discrete-
crystal plasticity finite element (D-CPFE) simulations. The advan-
tage of TKD over conventional EBSD lies in its significant im-
provement in spatial resolution, shown to range from 2-10 nm
for wide variety of materials, while at the same time, maintain-
ing the ability for rapid measurement of phase and crystallo-
graphic orientations and giving useful information such as grain
size distribution, grain misorientation, GB character and crystallo-
graphic texture [32]. It provides an ideal tool for detecting both
texture and nanoscale features [33]. Over the years, the conven-
tional, rate-dependent elasto-visco-plastic CPFE constitutive model,
has been extensively used to study texture evolution in nanostruc-
tured materials (including nc Ni [34], nc Cu [35], and two-phase
nanolayered materials [36,37]) under various deformation condi-
tions. However, they explicitly accounted for nanograin size effects
by adding grain size and adjustable parameters in the hardening
law. Doing so allowed these models to capture the grain size effect
on strength and texture evolution in agreement with several exper-
imental studies of nc Cu and Ni. In this work, we employ a differ-
ent model D-CPFE to study the grain-size dependent stress—strain
responses of nc Ni and NiCo alloy. The advantage of the D-CPFE
model is that it does not rely on fitting parameters.

As we will show, the combined experimental and computa-
tional analysis of the evolution in microstructure and texture dur-
ing dynamic compression of nc Ni and NiCo suggest the activation
of and transition between different deformation mechanisms, in-
cluding grain rotation, GB sliding and migration, dislocation slip,
and deformation twinning. The findings provide insight into the
effects of grain size and strain rate on the mechanical response un-
der shock loading.

2. Experimental methods
2.1. Materials and processing

Two batches of bulk nc Ni sheets were synthesized via direct-
current electrodeposition from an electrolyte containing nickel sul-
fate, nickel chloride, boric acid and some surfactants (saccharin and
1, 4-butynediol, which acted as stress relievers and grain-refining
agents). To adjust the grain size, the current density was varied,
and different amounts of surfactants were added to the bath. A Ni-
37% Co alloy (mass percent, hereinafter referred to as the NiCo al-
loy) sheet was deposited via direct-current electrodeposition from
the same bath but with certain amounts of cobalt sulfate added.
The bath temperature was kept at 60 °C. Bright-finished stainless-
steel sheets (100 x 100 x 3 mm?3) and high purity Ni sheets
(99.9%) were used as the cathode and anode, respectively. After de-
positing for 24 h in order to reach a thickness of about 1 mm, the
samples were mechanically stripped from the stainless-steel sub-
strates for testing. The chemical homogeneity of the as-deposited
NiCo samples was examined using energy dispersive X-ray spec-
troscopy (EDS) in transmission electron microscopy (TEM). The re-
sults revealed uniform chemical distributions from both the plan
view (Fig. S1) and the cross section (Fig. S2) within the resolution
limit of the EDS detection. The main impurities in the three de-
posited films are sulfur and carbon, both of which are from the
surfactants (Table S1). The mean grain size of the pristine nc NiCo
alloy is ~27 nm (hereafter refer to as the 27 nm NiCo). The initial
grain size of the two batches of nc Ni are ~27 nm and ~70 nm,
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respectively. Hereinafter they are referred to as the 27 nm Ni and
70 nm Ni material.

Cylindrical samples with a diameter of ~3 mm were cut from
the deposited sheets by electrical discharge machining and then
polished to attain a flat and smooth surface using sandpapers with
grades of 600, 2000, and 5000. The final thickness of these disc
samples was 600-650 pm. High-strain-rate uniaxial compression
experiments were performed at room temperature using the split
Hopkinson pressure bar (SHPB) technique at different combina-
tions of strain (up to 0.56) and strain rate (up to 26,000 s—1). The
dynamic compression strain was estimated by the reduction in the
specimen thickness (& = (n9—n)/no), where 1y and 7 are the initial
and final thickness of the sample, respectively.

2.2. Characterization methods

As-deposited materials and deformed materials were cut into
discs with a diameter of 3 mm and mechanically ground to a thick-
ness of ~80 wm using 1200 and 4000 grid sandpapers. A Struers
TenuPol-5 twin-jet electropolisher was used to etch a hole at the
center of the discs, by applying constant electrolyte flow jetting
on both sides of the discs. For this step, the electrolyte solution
contained 25% nitric acid and 75% methanol. The operating volt-
age and temperature were 8 V and —14 °C, respectively. Precision
ion milling system (PIPS ) was used to clean the surface of the
specimens and broaden the hole and was applied for about 5 min-
utes, operating at 0.3 KV with dual beams tilted at +3°. After this
step, the specimens were used for both the TKD and TEM analyses.
Specimens for plan-view and cross-sectional EDS examinations are
prepared using tripod polishing. They were grounded using dia-
mond lapping films with diamond grain sizes of 30, 9, 3, and 1 pm,
followed by ion milling using a Gatan model 691 PIPS with beam
voltage of 4 kV and milling angle of +5°.

Bright-field (BF) TEM images and high-resolution TEM (HRTEM)
images were captured using a JEOL JEM 2200FS TEM operating at
200 kV. BF TEM imaging and Scanning TEM (STEM)-EDS mapping
and line-scan were carried out using a Thermo Fisher Scientific
Themis-Z double-corrected microscope equipped with ChemiSTEM
(Super-X) X-ray detectors operating at 300 kV. Characterization of
grain size, grain orientation and the fraction of twin and GB were
carried out by the TKD technique, using a Zeiss ULTRA plus field
emission gun scanning electron microscope, equipped with an Ox-
ford Instrument Channel 5 EBSD system and a Nordlys-S EBSD de-
tector. All TKD scans were taken in the sample normal direction.
The operations thereafter consisted of placing the specimens on
a 20° pre-tilted holder, operating the EBSD mode under 30 kV
with high current, elevating the work distance to 6.5 mm, and fi-
nally, inserting the EBSD detector to around 6 mm. The step size
used for data collection was 4 nm and the scanning area was
14 x 1.4 pum?2. TKD data analysis was conducted using the com-
mercial Channel 5 software (Tango and Membo). The density of
geometrically necessary dislocations (GNDs) was calculated using
in-house codes, which are based on the Kernel Average Misorienta-
tion (KAM) method with a square kernel, taking only the pixels on
the periphery of the kernel into account. KAM measurements are a
popular method to measure the local misorientation, and KAM val-
ues can be obtained directly from TKD map data. KAM values were
calculated by averaging crystal orientation differences between the
host pixel and adjacent neighboring pixels. In this study, a filter
size binning of 5 x 5 pixel and a sub-grain angle of 5° were em-
ployed [38]. The change of the fraction of ¥£3 {111} twin bound-
aries was monitored to illustrate the variation of twin boundaries.
Twin boundaries were defined by a misorientation of 60° with a
tolerance of 8.66°, according to Brandon'’s criterion [39], regardless
of their coherent/incoherent character.
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3. D-CPFE simulations
3.1. The D-CPFE model

In present work, the D-CPFE model developed in [40] for
nanocrystals is extended to account for plastic deformation via the
motion of both partial and full dislocations and then applied to
calculate the texture evolution in nc Ni and NiCo during deforma-
tion. The original model takes into account the effect of size of
the nanograins on dislocation nucleation via its limitation on the
length of discrete dislocation sources from GBs and on the extent
of dislocations can glide across the grain [40]. In prior work, the
ability of the model to capture grain size effects on strength was
demonstrated for single phase metals [40,41], nano-twinned met-
als [42] and two-phase nanolayered metals [43]. Below, we provide
a brief review of the model formulation before presenting the ex-
tension to partial dislocation plasticity.

In the D-CPFE model, a conventional, rate-dependent elasto-
viscoplastic constitutive model is employed, which accounts for
elastic and plastic deformation of crystals. The underlying kine-
matic relations developed by Marin et al. [44] are modified here
to accommodate the discrete CPFE model formulation. According
to crystal plasticity theory, the plastic velocity gradient LP is given

by:

N
P=> p%*e@m" (M
a=1

where N is total number of slip systems in the crystal, y* is the
shear strain rate of slip system «, s* and m“ are the slip direc-
tion and slip plane normal of slip system «, respectively, and the
product s* @ m* defines the Schmid tensor.

The corresponding shear strain rate in slip system « is calcu-
lated with a power-law flow rule, given by

|z¢]

o
TcRss

1
Yo = J'/o[ } sign(t®) (2)
where y; is a reference shear strain rate, T and 7, are the re-
solved shear stress (RSS) and critical resolved shear stress (CRSS)
in slip system o, respectively, and m is the strain rate sensitivity
exponent.

In the D-CPFE formulation, the plastic strain within each
nanograin is assumed to be carried by moving dislocations origi-
nating solely from sources in the GBs. The stress to activate these
GB sources, t&%s, is controlled by the length L of the GB source. It
is assumed that the stress to propagate the dislocation segment L
from the GB onto the glide plane t&., is also sufficient to sustain
its glide across the entire grain cross section. After glide across the
grain, the dislocation is presumed to be fully absorbed by the GB
on the other side of the glide plane in the same grain. The thresh-
old emission stress, T, can be related to L via Foreman’s formula
[45]:

b L
Tlhes = % log (%> (3)
where u is the effective shear modulus, b is the magnitude of the
Burgers vector, L is dislocation source length, and ry is dislocation
core size, which is set as 2b. The calculated 7%, from Eq. (3) is
used in Eq. (2) to generate the shear strain rate in each slip system.

Due to fluctuations in local stress state and defect structure,
dislocation emission from the GB triple junction varies spatially
and temporally [46]. The upper and lower limits of L are the dislo-
cation core size and the grain size D, respectively. The direct conse-
quence of the statistically varying L for a given D is a grain-size de-
pendent CRSS distribution, wherein for random variable L, there is
a unique T, determined from Foreman’s formula, Eq. (3). It has
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Table 1

List of parameters used in the D-CPFE model.
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Samples

Shear modulus (GPa)

Magnitude of Burgers vectors for partial dislocations (nm)*

Total strain (%)
Ci1 (GPa)
Ci> (GPa)
Caq (GPa)

Ni Ni-37Co
76.0 74.11
0.1443  0.1442
54 86.5
246.5 238.7
147.3 1553

124.7 131.5

*The magnitude of Burgers vectors for partial dislocations was calculated by

|b| = ao/~/6, where a, is the lattice constant.

been shown [40,41] that for a uniformly varying L the 7%, distri-
bution follows the generalized extreme value distribution. Because
D is the upper limit on L, D affects both the mean value and the
dispersion in the T, distribution. Larger D leads to lower mean
and standard deviation in T&..

In terms of the temporal variation of dislocation nucleation,
dislocation sources nucleated consecutively at the same GB triple
junction can differ in length, leading to varying t& for each indi-
vidual dislocation emission. To model this feature, once a new slip
event is activated, a new t&, value is randomly sampled from the
T&hs distribution for a given grain size and assigned to the slip sys-
tem. When a dislocation glides across a nanograin, a discrete shear
strain is generated:

b
Vdiscrete = 5 (4)

Thus, in the discrete CPFE model, a grain size effect is intro-
duced in many ways [40,41]: D affects the minimum value, mean
value, and dispersion in 7% distribution and Yyiscrere is inversely
proportional to D.

3.2. Extension to glide by partial dislocations

To model the deformation and texture evolution of the nc
Ni and NiCo, partial dislocation slip is considered in this study,
which was neglected in prior versions of the D-CPFE model [40].
Each grain has 12 FCC §(112){111} slip systems available for de-
formation. The CRSS for partial dislocation slip is made up of
the line tension evaluated by Eq. (3) and the back stress in-
duced by the stacking fault (SF) generated by partial dislocations,
ie., Tglggéml = Tjine tention + Thack stress- Based on a density functional
theory-phase field dislocation dynamics calculation [47], the back
SLress, Thack stress» 1S around 3.6 GPa in Ni. Since there is no data
for the back stress in Ni-37Co, we set the back stress for Ni-37Co
also equal to 3.6 GPa. The other parameters used in the D-CPFE
calculations are listed in Table 1.

The D-CPFE method already considers the strain rate effect
on dislocation activities. The dependence lies in the flow rule,
which contains a reference shear strain rate, yy. As commonly
done in standard CPFE calculations, this rate is set equal to the
experimental strain rate [40-43]. Since the material was tested at
the same temperature, the calculations did not take into account
temperature-dependent flow stress. According to the work in Ref.
[27], texture formation during the deformation of nanocrystalline
materials still mainly arises from dislocation glide within the nano-
sized grains, even within grains smaller than 10 nm. Thus, the con-
tribution of GB sliding to texture evolution was considered suffi-
ciently smallto be neglected in the present treatment.

3.3. Model set-up

The simulation model consists of 10 x 10 x 10 grains as shown
in Fig. 1, which is of the optimum balance between computation

max Schmid factor

Fig. 1. Schematic of the CPFE model consisting of 10 x 10 x 10 elements. Each
element represents a single grain and is colored according to its maximum Schmid
factor.

precision and time. Each grain is modeled by a C3D8R brick el-
ement with reduced integration (i.e., one integration point). Dis-
placement controlled uniaxial compression is imposed along the
Z- direction and periodic boundary conditions (PBC) are imposed
on all directions.

The constitutive model, written as a user-defined material
(UMAT) subroutine, is implemented into ABAQUS finite element
software. The material parameters needed are the elastic moduli
and Burgers vectors of the partial and full dislocations. The flow
rule in Eq. (2) introduces a rate sensitivity parameter m, for which
we use 0.1, a common value for FCC materials, and reference strain
rate, for which we set to be the applied rate. There are no ad-
justable parameters used in any of the calculations here for the
nc Ni and NiCo alloy.

The initial textures used in calculations are built based upon
the experimental textures. One thousand grains were randomly
picked from the experimental dataset and their corresponding ori-
entations were assigned in the model nc microstructure. Fig. 2
compares the initial experimental and model textures of pure Ni
and NiCo, confirming the consistency between the experiment and
simulation.

4. Ab initio calculations

Ab initio calculations were performed using the exact muffin-tin
orbitals (EMTO) method [48] with the coherent-potential approxi-
mation (CPA) [49]. The self-consistent and total energy calculations
were performed by adopting the Perdew-Burke-Ernzerhof (PBE)
[50] exchange-correlation functional. The CPA [49] was adopted to
treat the chemical disorders in NiCo solid solution. The general-
ized planar fault energy (GPFE) curves were calculated by adopting



H. Li, T. Chen, W. Li et al.

Experimental initial textures
(110)

TD

(100) (111)

OGO N BWN

Z(001)
- ,Y(010)
= X(100) [

Acta Materialia 216 (2021) 117088

Model initial textures
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Fig. 2. Textures of undeformed samples of (a) nc Ni with d = 27 nm; (b) nc Ni with d = 70 nm; (c) nc NiCo with d = 27 nm. (Pole figures on left and right columns are
from experimental and model textures, respectively.) (d) Schematic sketch showing the three principal directions defined in the material coordinate system: normal direction
(ND), rolling direction (RD) and transverse direction (TD), which are applied to all the IPF maps and pole figures throughout the paper.

a 12-layer supercell with and without one fault per unit cell [51].
The GPFE was calculated as y¢gp = (ERUIt—EO)/A, where EfUlt and
E9 are the total energies of supercell with and without the fault,
respectively, A is the stacking fault area. We calculated the total
energy E at the measured lattice constant.

5. Results
5.1. Texture evolution

From the pole figures in Fig. 3, texture evolution can be clearly
identified in the 27 nm NiCo alloy during dynamic deformation.
Before dynamic deformation, a strong (100) texture was detected
in the as-deposited sample, yet with deformation, it was elimi-
nated and a noticeable (110)-type texture evolved in its place, af-
ter reaching a strain of 0.43. With more strain, this texture fur-
ther intensified. Despite beginning with more random initial tex-
ture, deformation-induced texture evolution of the 27 nm Ni sam-
ple proceeded in the same way as that in the nc NiCo alloy. The
(110) texture appears after dynamic compression (Fig. 4a,b). The
intensity of the (110) texture in 27 nm nc Ni (Fig. 4b) is weaker
than that in 27 nm NiCo alloy (Fig. 3d) compressed to similar
strain levels of 0.54 and 0.56. The as-deposited 70 nm Ni clearly
displays a (110) texture (Fig. 4c), unlike the random texture ob-
served in the as-deposited 27 nm Ni. The difference in initial tex-
ture might be due to the varying deposition conditions [52] and
different amounts of surfactants used in the baths [53]. In the nc
Ni sample, both the (110)-type texture and its intensity remained
almost unchanged during dynamic compression (Fig. 4d).

5.2. Textures predicted by the D-CPFE model

Figs. 5 and 6 show the textures predicted by the D-CPFE model
for 27 nm NiCo, 27 nm Ni and 70 nm Ni, respectively. In Fig. 5,
the predicted textures of 27 nm NiCo alloy from the partial dislo-

(111)

‘
1D
D

(100) (110)

a

7

Max=9.01

Max=4.72

Fig. 3. Pole figures for 27 nm NiCo alloy samples with dynamic strains of (a) 0, (b)
0.21, (c) 0.43 and (d) 0.56.

cation model agree well with the experimental ones both qualita-
tively and quantitatively. The deformed texture evolved to a (110)-
type texture from the initial (100)-type texture. Although the ini-
tial textures for 27 nm nc Ni and 70 nm nc Ni are different, both
full- and partial-dislocation models predicted a strong (110) type
texture in these two samples (Fig. 6), consistent with the experi-
mental results shown in Fig. 4. It is worth pointing out that, ac-
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(100) (110) (111)
a 0 7D 1D 27 nm Ni
RD }:
Max=2.95
RD ;!
Max=3.62
70 nm Ni
=
Max=4.10

|

Max=3.85

Fig. 4. Pole figures for (a) as-deposited 27 nm Ni sample, (b) 27 nm Ni sample with
dynamic strain of 0.54, (c) as-deposited 70 nm Ni sample and (d) 70 nm Ni sample
with dynamic strain of 0.56.
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Fig. 5. Calculated textures of deformed nc NiCo of 27 nm by the model allowing
for partial dislocation glide at strains of (a) 0, (b) 0.21, (c) 0.43 and (d) 0.56.

cording to the present simulation results, partial dislocation slip
leads to faster texture evolution compared to full dislocation slip.
Altogether, the calculated deformed textures agree with the exper-
imental textures, which is notable since the model does not use
any adjustable parameters or directly imposes a grain size effect.
Discrepancies in texture intensities may result from the fact that
any GB sliding or migration or activity from both full and partial
slip were not taken into account in the D-CPFE model.
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Fig. 6. Calculated textures of deformed 27 nm Ni to a strain of 0.54 by the model
(a) only allowing for partial dislocation glide and (b) only considering full dislo-
cation glide. Calculated textures of deformed 70 nm Ni to a strain of 0.56 by the
model allowing for (c) only partial dislocation glide and (d) only considering full
dislocation glide.

5.3. Microstructure evolution

Typical microstructures of the as-deposited and dynamically
compressed nc NiCo and Ni samples are shown in Figs. 7 to 12.
Plan-view inverse pole figure (IPF) maps and the corresponding
statistic grain size distribution charts of the as-deposited samples
indicate that the initial structures of all the three materials con-
sisted of equiaxed grains (Figs. 7a, 10a and 11a). Some columnar
grains can be observed in the cross-section view of 27 nm NiCo al-
loy and Ni (Fig. S3 a, b), but the column lengths are much smaller
than sample thickness. In 70 nm Ni, the columnar grains are not
so apparent, which might be due to a relatively larger grain size
and wider size distribution (Fig. S3 c).

Upon high-strain-rate deformation, both the mean grain size
and grain size distribution of the 27 nm NiCo alloy compressed
at strain of 0.21 (Fig. 7b) remain nearly the same as those in the
as-deposited sample. Increasing the compressive strain to 0.43 led
to continuous grain growth. In the most-deformed sample with a
strain of 0.56, the average grain size grew to 52 nm, which is more
than twice the initial value (Fig. 7c,d), and the grain size distri-
bution broadened. Detailed TKD misorientation map of a sample
compressed to the strain of 0.43 reveal some relatively large grains
(d = ~100 nm) consisting of subgrains with small-angle sub-grain
boundaries (sub-GBs). As an example, Fig. 8a shows four such large
grains composed of subgrains marked with “I” to “IV”. The sub-GBs
can be more clearly seen in the boundary maps shown in Fig. 8b,
where they are marked by green dashed lines according to the
distribution of low-angle grain boundaries (LAGB, 2~10°, marked
by blue lines) in Fig. 8a. The shape and size of these subgrains
are comparable with those in the as-deposited sample. This indi-
cates that the large grains are likely the result of the coalescence
of smaller ones.

The occurrence of grain rotation and coalescence is also sup-
ported by the change of other microstructural features. Fig. 9a
shows the distribution of GBs in the as-deposited sample and sam-
ples compressed to different levels of strain. The LAGBs and high-
angle grain boundaries (HAGBs, >10°) are presented by blue and
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Fig. 7. IPF maps from TKD scans and the corresponding grain size distributions of (a) the as-deposited NiCo sample and (b-d) NiCo samples compressed to the strains of (b)
0.21, (c) 0.43 and (d) 0.56. The table in (e) gives the detailed values of mean grain sizes at different strains.

Fig. 8. (a) Representative misorientation map of four large grains in the deformed NiCo sample. Numbers I to IV represent four different large grains, each containing a
distribution of LAGBs (blue dashed lines). (b) Corresponding boundary map clearly showing sub-GBs marked by green dashed lines. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

black lines, respectively. Fig. 9b presents the distribution of GNDs
of these samples. These TKD results reveal that increasing strain
(1) decreases the fraction of LAGBs from 36.7% to 21.9% and (2)
reduces the density of GNDs from ~7.8 x 10 m=2 in the as-
deposited sample to 4.8 x 10> m~2 in the sample deformed to
a strain of 0.56. It is generally accepted that plastic deformation in
nc materials is inhomogeneous [54] and that such plastic inhomo-
geneity would be exacerbated under HSR [55,56]. As a result, GNDs
formed at GBs to maintain the strain compatibility between vari-
ous grains [57]. Merging of small grains into larger ones eliminates
the LAGBs from which accumulated GNDs are forced to become
gliding dislocations, decreasing the number of LAGBs and the den-
sity of GNDs. From the growth twins in the as-deposited sample.,
the fraction of twin boundaries (TBs) experienced a slight reduc-
tion from 20.7 to 16.3% upon dynamic loading, as shown in the TB
distribution maps in Fig. 9c.

Dynamic deformation (strain of 0.54) also induced observable
grain growth in 27 nm Ni to a mean grain size of ~48 nm and
broadened the grain size distribution (Fig. 10b). Among the other

structural features, the fraction of LAGBs in the deformed sam-
ple remained ~5%, about the same as in the as-deposited material
(Fig. 10c,f). The density of GNDs (Fig. 10d,g) decreases with accu-
mulated strain from 1.1 x 10 to 8.7 x 10" m~2, whereas the
fraction of TBs (Fig. 10e,h) increases from 16.2 to 20.9% over the
same strain range.

The 70 nm Ni shows a completely different microstructure evo-
lution from the 27 nm Ni and NiCo alloy. The mean grain size
of the compressed 70 nm Ni sample (strain of 0.56) reduced to
56 nm and the grain size distribution narrowed (Fig. 11b). Accord-
ingly, with accumulated strain, the fraction of LAGBs decreased
from 10% to 8.5% (Fig. 11c,f) while the density of GNDs increased
from 4.6 x 10" to 7.7 x 10'/m? (Fig. 11d,g). The as-deposited
70 nm nc Ni was composed of grains with a broad grain size dis-
tribution ranging from 20 to 320 nm. During dynamic deformation,
the elimination of large grains (100-320 nm), significant reduction
in the number of medium grains (50-100 nm), and a boost in the
number of very small grains (10-30 nm) were observed. These mi-
crostructural changes suggest fragmentation of large nano-grains
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d As-deposited Strain=0.21 Strain=0.43 Strain=0.56
LAGB 36.7% 30.2% 29.9% 21.9%
GND(* 10'4) 78 63 48

B 20.7% 18.7% 15.3% 16.3%

Fig. 9. (a) GB distribution maps, (b) GND distribution maps and (c) TB distribution maps of nc NiCo alloy upon high-strain-rate compression. The numbers 1 to 4 correspond
to dynamic strains of 0, 0.21, 0.43 and 0.56, respectively. Blue and black lines in (a) represent LAGBs and HAGBs, respectively. The green part in (b) represents a high intensity
of GNDs. The red-line in (c) represent TB. The table in (d) presents the values of LAGB, GND and TBs at different strains. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

into small ones and that the minimum refined grain size attainable
during dynamic deformation is approximately 10-30 nm. Such val-
ues are much smaller than the grain size attainable during severe
plastic deformation-induced grain refinement (100-140 nm in Ni)
via dislocation-based mechanisms [58].

Microstructural analyses on these dynamically deformed mate-
rials hint at the activation of other refining mechanisms beyond
the conventional dislocation-based ones. First, the fraction of TBs
increased from 12 to 16% (Fig. 11e,h) with accumulated strain and
nano-twins appeared in the deformed nano-grains with high fre-
quency (Figs. 11h and 12). These nano-twins developed profusely
over the entire grain, dividing the original grain into smaller parts.
Some TBs even became curved as a result of the accumulation of
high dislocation densities around them, as marked by the red ar-
rows in Fig. 12. These curved TBs gradually became incoherent and
eventually transform into HAGBs [59]. Although Ni exhibits a high
energy barrier for deformation twinning (DT), the HSR introduced
by shock loading made it possible to produce many twins in the
nc Ni, as discussed in Section 6.1.3. In addition, some extremely
small grains appeared to organize into a mosaic pattern within a
relatively large “parent” grain (Fig. 12, blue arrows). Portions of
the GBs of these small grains coincided with the GBs of the par-

ent grain. It is very likely that these grains formed through a GB
split and migration process: The original GB split off into separated
segments and then the stress-assisted migration of the cleaved
segments form a new grain. Although this GB splitting/migration
mechanism was predicted previously by MD simulations [60], it
has never been experimentally identified. The important distinc-
tion of the present observation is that previous investigations de-
formed at quasi-static strain rates that were several orders of mag-
nitude lower than those in MD simulations. The HSR and shear
stress generated during our SHPB tests make the activation of such
mechanism possible. Taken together, we believe that the extremely
small achievable grain size was largely facilitated by the HSR.

5.4. Dynamic mechanical behavior

Fig. 13 displays representative true stress-strain curves of the
nc Ni and NiCo alloy dynamically compressed under strain rates
of 19,000 to 23,000 s~!. The dynamic plastic deformation of these
three materials can be divided into three distinct stages. The stress
peak, regime I, is followed by precipitous stress collapse, regime II,
and then finally steady plastic flow, regime III. Since the SHPB was
not able to capture the elastic part accurately, the stress peak in
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Fig. 10. IPF maps and grain size distribution histograms of the 27 nm Ni. (a) as-deposited sample. (b) sample dynamically compressed to a strain of 0.56. (c), (d) and (e)
give the GB distribution map, GND distribution map and TB distribution map in the as-deposited sample, respectively. Corresponding maps of the dynamically compressed

sample are shown in (f-h).
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Fig. 11. IPF maps and grain size distribution histograms of the 70 nm Ni. (a) As-deposited sample. (b) Sample dynamically compressed to a strain of 0.56. (c), (d) and (e)
give the GB distribution map, GND distribution map and TB distribution map in the as-deposited sample, respectively. Corresponding maps of the dynamically compressed

sample are shown in (f-h).

regime I is used to determine the starting point of the dynamic
plastic flow [61]. The stress collapse in regime II is a common
occurrence during dynamic compression of nanostructured met-
als and alloys due to softening caused by adiabatic temperature
rise [10,61]. Careful examination of the plastic flow behavior in
regime III reveals distinctive differences for the three nc materi-
als. The stress—strain curves of both 27 nm Ni and NiCo alloy ex-
hibit flow softening. In sharp contrast, the 70 nm Ni shows near-

perfect plastic behavior. Particularly, a nonnegligible strain harden-
ing can be observed in 70 nm Ni at large strains (>0.4). The oscil-
lations observed in the high-strain-rate curves are a consequence
of the experimental technique, and thus, do not represent materi-
als response. All three nc materials exhibit large dynamic compres-
sion plasticity and no sample failure was detected during tests. The
strain obtained from the true stress-strain curve is higher than the
values based on thickness measurement. This difference might be
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Fig. 12. Representative GND distribution map of deformed 70 nm nc Ni sample.
TBs and split GBs that bow-out into nano-grains are highlighted by red and blue
arrows, respectively. Accumulations of GNDs around the TBs and split GBs can be
clearly seen. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 13. Representative dynamic true stress-strain curves of nc Ni and NiCo alloy
with strain rates ranging from 19000 to 23000 s~'.

caused by the heat-induced lattice expansion under dynamic load-
ing, which can be recovered when the sample cooled down after
unloading.

6. Discussion

The foregoing results involving TKD data and D-CPFE simula-
tions reveal three remarkable features during dynamic deforma-
tion: (i) Regardless of the initial texture, a (110)-type texture devel-
oped during dynamic deformation in all three nc materials (ii) Sig-
nificant grain-size dependent microstructure evolution, i.e., grain
coarsening was seen in the 27 nm NiCo and Ni, while the nano-
grains in the 70 nm Ni underwent further refinement, which is
seldom reported in nc metals; (iii) Different microstructure evo-
lution routes induced distinct dynamic mechanical responses in
these three nc materials. In what follows, we discuss the role of
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grain size, SFE and strain rate played on the evolutions of mi-
crostructure and texture.

6.1. Influences of grain size and strain-rate on texture evolution

6.1.1. Role of GB-mediated processes

For the 27 nm NiCo alloy, one elementary observation from
both TKD experiments and simulations is the gradual weakening
of the initial (100) texture at the early stages of dynamic defor-
mation (with strain around ~ 0.21). Plastic deformation involving
dislocation activities generally leads to lattice reorientation, and
hence evolution of crystallographic texture [62]. The present tex-
ture model, involving discrete dislocation glide, simulates accu-
rately the disappearance of pre-existing (100) texture in the nc
NiCo alloy and concomitant increase in the intensities of the (111)
and (110) textures with deformation (Fig. 5). However, experimen-
tal observations revealed that the initial (100) texture gradually
faded, while no new texture can be detected below the strain
of 0.21. The discrepancy between the experimental observation
and the model calculation suggests that other mechanisms, be-
yond dislocation slip, are responsible for the texture evolution. The
non-crystallographic mechanisms, such as GB-mediated deforma-
tion processes, including GB sliding, GB migration and grain rota-
tions, can also weaken the pre-existing texture without introduc-
ing any new textures. So, it is highly possible that the weakening
of the initial (100) texture at relatively low strain levels was at-
tributed to the operation of GB-mediated deformation processes.

6.1.2. Role of dislocation slip

In the 27 nm Ni and the NiCo alloy, the (110) texture, a typi-
cal texture of FCC polycrystalline metals with intensive dislocation
slip [63], gradually emerged with accumulated strain. This out-
come signifies a shift from GB-mediated to dislocation-dominated
dynamic deformation due to continuous grain coarsening. Previ-
ous experimental and computational studies have indicated that
the dislocation mechanisms in nc materials are strongly grain-size
dependent: When the grain size becomes smaller than a critical
level, dislocations emitted from GBs would be partial dislocations
in lieu of full dislocations [64]. In the partial-dislocation-dominant
regime, emission of a leading partial from GB would leave a SF
behind. If this leading partial is followed by a trailing partial on
the same slip plane, an extended full dislocation is formed, and if
another partial is emitted on the adjacent slip plane, a nano-twin
is formed. The D-CPFE model also considers the different types of
dislocation activities in nc materials. Our partial slip model consid-
ers the back stress induced by generated SFs, the value of which
was calculated based on the phase-field model [37]. It represents
a highly localized state of stress generated in a nc material and is
likely much higher than that which would be expected in a coarse-
grained material. We show that the number of slip events per grain
in partial slip is larger than that in full slip in Fig. S4. More slip
events with partial slip results from the smaller value Burgers vec-
tors of the Shockley partial dislocations. Consequently, partial slip
results in faster texture evolution. To the best of our knowledge,
this is the first crystal plasticity based model that can predict not
only the trend but also the rate of texture evolution under dynamic
loading, which makes it possible to predict dislocation activities by
evaluating the texture intensity.

Careful examination of texture evolution reveals that the 27 nm
Ni exhibits lower (110) texture evolution rate than the 27 nm NiCo
alloy during dynamic deformation. This hints that the dislocation
activities prevailed in 27 nm NiCo alloy and 27 nm Ni might be
different. According to the ab initio calculated GPFE curve of NiCo
alloy (Fig. S5), the stable SFE of NiCo alloy is very low. More-
over, the ratio between stable SFE (y) and unstable SFE (y )
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Table 2
Calculated critical shear stress for full and
partial dislocations in nc Ni.

Grain size (nm) Ty (MPa) 7, (MPa)
27 836 1447
48 528 1298
56 466 1268
70 388 1230

for NiCo alloy is only 0.1, which means the energy increase nec-
essary for nucleating a trailing partial is extremely high [18]. Thus,
partial dislocation slip is expected to play a key role in the devel-
opment of the (110) texture in the 27 nm NiCo alloy within the
strain range tested, which is further asserted by the observed tex-
ture evolution. The simulated textures assuming partial dislocation
slip agreed better quantitatively with the experimental ones than
those assuming full dislocation slip. For nc Ni, the simulation re-
sults revealed that when only full dislocation slip is considered, the
simulated texture intensity is much lower than the experimental
results, whereas the simulation model involving only partial dis-
location slip yielded a texture that is much stronger than those
found experimentally. The discrepancy between the experiments
and simulations suggests that both full and partial dislocations are
likely active carriers of dynamic deformation in the two sets of nc
Ni, contributing simultaneously to the formation of (110) texture.
This explains why 27 nm Ni and 27 nm NiCo alloy exhibit distinct
(110) texture evolution rates. In the former both full and partial
dislocation accommodate plastic deformation but in the later only
partial dislocation prevails. According to the analytical model by
Zhu et. al. [65], for nc materials the critical stress for moving a full
(75) and a partial dislocation (tj) is given by

TF= Ga n@ (5)
I 22nr (1~ vydcosa @

3 1 NN Ga(4 —v) v2d
= cos (@ +30)) [a 8o (1- v)d]lna (©)

where v is the Poisson’s ratio, A is the stable SFE, a is the lattice
parameter, d is the grain size and G is the shear modulus. The cal-
culated 77 and 7, for nc Ni with various grain sizes are shown
in Table 2. The maximum flow stress achieved in the two sets of
nc Ni was ~2000 MPa during dynamic deformation. This can be
transformed to a maximum shear flow stress of ~1000 MPa on
the slip plane inclined 45° to the shock direction. Comparison of
these stress values reveals that a combination of full and partial
slip is plausible as increases in strain rate can increase local stress
to overcome the high-energy barrier for many kinds of dislocation
mechanisms [17,66]. Another factor that should be taken into con-
sideration is the dynamically induced variation in the grain size.
Growth in the sizes of the grains in the 27 nm Ni may have fa-
cilitated a transition from partial slip to full slip, while an inverse
transition can be reasonably anticipated in 70 nm Ni due to grain
fragmentation.

6.1.3. Role of deformation twinning

HSR is known to promote DT in metallic materials [66]. In FCC
metals and alloys, DT usually induces a strong (100) fiber tex-
ture [67]. However, it is clearly demonstrated here that during
dynamic deformation, the initial (100) component of nc NiCo al-
loys gradually diminishes. The TKD analysis indicates a decrease
in twin density (Fig. 9c,d). TEM observations also reveal a rela-
tively small number of grains containing twins even in the most-
deformed sample (Fig. S6). For nc Ni, although TKD results re-
veal slightly increased twin densities during dynamic deformation,
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again, no (100) type texture can be detected in the deformed sam-
ples. These results indicate that although DT might be an accom-
modation deformation mechanism, its contribution to the texture
evolution, whether in nc Ni or NiCo alloy, is limited. In nc mate-
rials, DT is substantially influenced by the GPFE and the so called
twinning tendency, T, depends on the ratio between unstable SFE
(v ust) and unstable twin fault energy (y ). According to one pro-
posed by Asaro and Suresh [68], T is given by

T— [[142(1- L)
Vusf yusf

with T > 1 favoring DT. The T value for NiCo alloy is as high as 1.61,
revealing ultra-high twinning tendency [69]. T is 1.33 for Ni from
our present DFT calculations, which is comparable with previously
reported values and means that Ni also exhibits a moderate ten-
dency to twin [17,18]. So, the observed scarcity of DT is anomalous
and is somewhat different from some previous studies suggesting
DT as a preferred deformation mode in nc materials under high
strain rate [18,70]. It is worth noting that most of these previous
studies were limited to relatively small dynamic strains and the
rapid change of microstructure during dynamic deformation was
not taken into consideration. The abnormal twinning behavior we
observed here can be rationalized based on grain size effects on DT
in the nc regime, which is significantly influenced by the dynamic
changes in grain size under shock loading.

It was reported that GPFE alone cannot predict accurately the
twinnability of nc metals and alloys [64]. It is the GPFE and grain
size working together to determine whether or not twinning oc-
curs. In nc materials, a twin nucleates when twinning partials glide
across the grain on the adjacent slip planes after the leading par-
tial generates a SF across a grain [64], and there exists an optimum
grain size for twinning [70]. In the optimum grain size regime,
the critical stress for twin nucleation is lowest but outside of this
regime, the stress required to emit a twinning partial becomes
higher than the applied stress, which stops twinning but still al-
lows the emission of the leading partials to create extended SFs
[71]. The optimum grain size can be determined by [65,72]:

dw  969-v Gd
In(vZdy/a) ~ 253.66(1-v) X

and the minimum critical stress for DT within the optimum grain
size range can be calculated as:

_ (5.69 —2.02v))
i T ©)

The d;, values for Ni and NiCo were calculated to be 23 nm
and 36 nm, respectively. HSR tends to shift dp to larger values.
For instance, for nc Ni, d,, was reported to be ~50 nm under a
strain rate of 2.6 x 103 s~ by SHPB tests [70]. Thus, it is reason-
able that d;; of the nc NiCo alloy under dynamic deformation will
be larger than 50 nm. Careful examination of the grain size distri-
butions in nc NiCo alloy (Fig. 7) illustrates that during the entire
dynamic deformation, only a small number of grains, say, around
10%, falls within the optimum grain size range for twinning. So,
it is conjectured that DT is not a preferred dynamic deformation
mode in the present nc NiCo alloy. It is also worth pointing out
that once a twin is nucleated, it may also shrink via the emission
of a shrinking partial on a plane adjacent to the twin boundary but
on the twin side. De-twinning has been reported to be activated by
the dynamic loading, as previously observed in nc NiFe alloys [73].
The critical stress to trigger a shrinking partial can be derived as
[64]:

(7)

(8)

1 V6(8+1)Ga, +2d

Tshrink = C05 (o 1 30°) 487 (1 —v)d " a

(10)
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Tonrink Was calculated to be 1689 to 1000 MPa for NiCo with
a grain size in the range of 27-52 nm. The larger the grain size,
the smaller the critical stress needed to activate shrinking par-
tial. The maximum shear flow stress of ~1000 MPa in nc NiCo al-
loy is high enough to activate de-twinning processes, especially at
the late stage of dynamic deformation. Accordingly, we believe the
suppression of DT and the activation of de-twinning induced the
observed reduction of twin density in nc NiCo alloy.

For 70 nm nc Ni, 20~30% grains kept within the optimum grain
size regime for DT over the whole strain range. Moreover, the fi-
nal grain sizes of the two sets of nc Ni are both around 50 nm
(Figs. 10b and 11b), just falling into the optimum grain size regime
[70]. The tp for Ni was calculated to be 1,079 MPa according to
Eq. (9). But if the y s was considered, an extremely high 7, can be
expected (~3,000 MPa), which is much higher than the maximum
shear flow stress achieved in both 27 and 70 nm Ni. Nevertheless,
the stress concentration in SFs and GBs could easily overcome the
energy barrier for twin nucleation posed by the high y s [74]. The
HSR can further intensify such stress concentrations. So, it is not
unexpected that DT can be activated as a deformation mode in nc
Ni, just as the cases at low temperatures [75] or under heavy de-
formations [76], where high stress level can also be achieved. Al-
though de-twinning may also be activated, one can envision that a
competition between DT and de-twinning, which could give rise to
the slight increase in twin density.

6.2. Synergetic grain-size and strain-rate effects on microstructural
evolution

In nc materials, high interfacial energy due to the large GB areas
provides excessive driving forces for coarsening of the nano-grains.
As a result, grain growth is highly prone to occur in nc materi-
als when they are under mechanical loading and/or thermal expo-
sure [77]. Although the initial grain sizes of these three materials
all fall into the so-called real-nano regime, i.e., less than 100 nm,
grain growth only occurred in the 27 nm Ni and NiCo alloy. In con-
trast, nano-grains in 70 nm Ni experienced a further refinement
upon dynamic deformation, an unexpected phenomenon that has
seldom been reported in other nc pure metals before.

Microstructural analysis reveals that grain coarsening in 27 nm
Ni and NiCo alloy is achieved via grain coalescence (Fig. 8). The
grain sizes in the 27 nm Ni and NiCo alloy fall just right into
the so-called “lower nano” regime, where GB-mediated processes,
including GB sliding, GB migration and grain rotations, play key
roles in mediating plastic deformation [78]. The activation of GB-
mediated processes is also corroborated by the texture evolution
observed (Fig. 3). We believe that the observed grain growth in
27 nm Ni and NiCo alloy is the result of coalescence assisted by
GB-mediated processes, commonly observed in other nc metals
and alloys [79,80]. It was previously reported that nc NiCo alloys
with high solute concentrations were stable against mechanical
loading even when a high shear strain was imposed [21]. Alloying
has also been found to improve the thermal stability of nc materi-
als [81]. However, during dynamic deformation, a temperature rise
from un-dissipated plastic work commonly occurs [61]. The tem-
perature rise in the nc NiCo alloy during the present SHPB test
was calculated to be 409 °C. This significant temperature rise could
stimulate diffusive GB activities, thus facilitating grain coarsening.
As nc materials can withstand simultaneously high flow stress and
elevated temperature during dynamic deformation, it is not unex-
pected that grain coarsening can take place even in the nc NiCo
alloy with high Co concentration.

In the 70 nm Ni, the temperature achieved during dynamic de-
formation is calculated to reach as high as 433 °C. Such high tem-
peratures have been shown to promote significant grain coarsen-
ing easily in nc Ni with comparable grain size [82,83]. However,
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grain refinement, instead of coarsening, was observed in the 70 nm
Ni during dynamic deformation. This observation is contrary to
what would be normally expected and means that the nano-grains
70 nm Ni were first stabilized against coarsening and then expe-
rienced further refinement to a finer mean size of 56 nm. To our
knowledge, this is a record low grain size induced by mechanical
loading among all pure Ni ever reported. The stabilization of the
nano-grains was enabled by the HSR via two mechanisms. First,
because of the relatively large initial grain size and HSR, partial
dislocation slip, including DT, plays an important role during the
plastic deformation in 70 nm Ni (as discussed in Section 6.1). TEM
observations of the deformed 70 nm Ni samples show that numer-
ous SFs and DTs appear in remnant large nano-grains (Fig. S7a.b). It
has been reported that such partial-dislocation-mediated activities
can effectively relax GBs, lowering their energy [77,84]. Second,
the nano-grains in the 70 nm Ni experienced a significant tem-
perature rise within an extremely short time. Such rapid heating
can also trigger intensive GB relaxation and, therefore, can induce
a drop in GB energy [85]. As coarsening of the nano-grains is gen-
erally driven by the excess energy stored in the GBs, a reduction in
GB energy means a reduction in driving force for coarsening, and
thus enhanced stability [77]. The GB energy of the newly formed
and smaller nano-grains can be effectively reduced by the grain-
refining DT and GB-dissociation mechanisms [77]. Last, these just-
refined nano-grains experienced rapid heating. All these factors
work together to stabilize the GBs of the refined grains, changing
the dominant plastic deformation from GB-mediated processes to
the generation of extended partial dislocations, as evidenced by the
presence of copious SFs and twins (Fig. S7c,d). Partial dislocation-
mediated plasticity can, in turn, further relax the GBs, stabilizing
the newly formed finer nano-grains. These processes explain why
the 10-30 nm grains refined by dynamic loading survived after the
severe shock deformation. This outcome is in sharp contrast to the
substantial coarsening of the nano-grains (d < 30 nm) formed dur-
ing electrodeposition in the 27 nm Ni and NiCo alloy. Such stabil-
ity might be inferred from the grain refinement mechanism. It is
also worth pointing out that the grain growth in the 27 nm Ni and
Ni Co alloy induced by dynamic deformation was much less sig-
nificant than those observed during conventional isothermally an-
nealing [86]. This restrained grain coarsening may be also inferred
from the GB relaxation resulting from the partial dislocation activ-
ities and rapid heating during dynamic deformation.

Based on the above discussion, it is conjectured that the grain-
size dependent microstructural evolution mainly results from the
predominant deformation mechanisms associated with the initial
grain size of the samples. The activation of partial-slip activities,
including DT, can induce GB relaxation to lower energy states
and, therefore, stabilize the nano-grains. The enhanced stability
observed is analogous to those seen in nc metals produced by
dynamic plastic deformation [77,84,85]. We believe that, in both
cases, HSR plays a key role by providing the high flow stresses re-
quired for emitting partial dislocations from GBs (as discussed in
Section 6.1.2 and 6.1.3) and by stimulating rapid heating.

6.3. Grain size softening and hardening

The post-yielding decrease in flow stress can be clearly seen
in the 27 nm Ni and NiCo alloy. In sharp contrast, the dynamic
plastic flow in 70 nm Ni progressed in a much steadier manner
with slight but positive strain hardening. Texture evolution could
have caused these differences; however, despite the different ini-
tial textures in these three nc materials, they all evolve to a (110)
texture. It is highly possible that the dynamic-induced variation of
grain size played the most critical role in influencing the mechan-
ical responses of nc Ni and NiCo alloys under shock loading. The
flow softening present in the 27 nm Ni and NiCo alloy can be at-
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tributed to the gradual grain coarsening and the adiabatic temper-
ature rise when dynamic deformation proceeds [19]. Other reasons
might be reductions in dislocation density and anomalous depri-
vation of DT (Figs. 9 and 10), which was previously reported to
provide extra strain hardening in nanostructured materials during
dynamic deformation [87]. For the 70 nm Ni, the initial stabiliza-
tion of the large nano-grains facilitated subcequent grain refine-
ment. The refined nano-grains formed during dynamic deforma-
tion strengthened the material, akin to a dynamic Hall-Petch effect.
Moreover, in-situ grain refinement to nano-sizes is further stabi-
lized by high-strain-rate deformation against coarsening, prohibit-
ing grain-growth-induced strain softening. The increased disloca-
tion density and DT also could have contributed to dynamic strain
hardening (Fig. 11). As a result, a combination of high dynamic
shear yield strength and large uniform dynamic plastic strain is
achieved in the 70 nm Ni.

7. Conclusions

In summary, the findings achieved from the combined investi-
gation of microstructure and texture evolution during dynamic de-
formation of two nc Ni materials and a nc NiCo alloy allow the
following conclusions to be drawn:

Microstructural evolution in the three nc materials induced by
dynamic deformation are strongly grain-size dependent. Evident
grain growth was detected in the 27 nm nc Ni and nc NiCo alloy
samples, while the 70 nm nc Ni sample experienced grain refine-
ment. Such grain-size dependence mainly comes from the depen-
dence of the predominant deformation mechanisms on the initial
grain size of the samples. In the Ni and NiCo alloy with small av-
erage grain sizes of 27 nm, GB-mediated mechanisms prevailed at
the early stages of dynamic deformation, promoting grain growth
via rotation and coalescence. In contrast, the nc Ni with a large
initial average grain size of 70 nm, a drop in GB energy due to the
activation of partial dislocations and rapid heating stabilized the
nano-grains and permitted further grain refinement.

Independent of the initial texture, all three materials evolved to
a (110) texture after dynamic compression. Weakening of the initial
(100) texture in the nc NiCo alloy was attributed to GB-mediated
processes. Comparison of experimental and simulated deformation
textures, together with the analysis based on GPFE curves, reveals
that the formation of the (110) texture was induced by partial dis-
location slip in the 27 nm NiCo, and by both partial and full dislo-
cation slip in the two sets of nc Ni. In contrast to the conventional
notion that nc materials prefer DT under HSR, DT contributed lit-
tle to the observed texture evolution. The anomalous scarcity of
DT can be rationalized based on the dynamic variation in grain
size under shock loading and the grain size effect on DT in the
nc regime.

The dynamic variation of grain size upon shock loading also
substantially influenced the mechanical responses of the nc Ni and
NiCo alloys. The dynamic Hall-Petch effect from the grain refine-
ment in 70 nm Ni gave rise to a combination of high dynamic
strength and uniform plastic strain, which is a superior dynamic
mechanical property. In contrast, grain coarsening and concomitant
adiabatic temperature rise caused continuous dynamic strain soft-
ening in the 27 nm Ni and NiCo alloy.

A D-CPFE model was developed to consider full and partial dis-
location slip. This newly developed model can predict not only the
trends in but also the rate of texture evolution under dynamic
loading. The calculated deformation textures agree with the ex-
perimental deformed textures for all nc samples. The model re-
vealed that partial dislocation slip induces faster texture evolution
and stronger deformed textures at the same strain levels than full
dislocation slip.
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