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Abstract
We report a novel method to synthesize bulk grain-size gradient polycrystalline Ni by AGG. By periodical sintering in the large volume press (LVP), 
AGG repeatedly occurs, resulting in exceptionally large grains on the sample surface, but the inner grains are still small. The formation of grain-size 
gradient profile is attributed to the uneven plastic deformation caused by compression in the LVP. Besides, the gradient structure can be achievable 
with uniformity by employing tungsten with a high shear modulus into the sample assembly. This work would guide us to design bulk heterogeneous 
gradient nanostructured materials with both excellent strength and ductility.

Introduction
Abnormal grain growth (AGG) usually refers to selected grains 
growth into abnormal larger ones by consuming the neighbor-
ing smaller grains and has been investigated intensively for 
decades.[1–3] Many studies proposed that some facts, which 
inhibit normal grain growth (NGG), such as second-phase 
particles pinning at grain boundaries (GBs), texture, defor-
mation, or surface effect, can trigger AGG and result in grain 
coarsening in polycrystalline materials.[2–5] In general, AGG is 
inhibited in nanomaterials and high-strength alloys due to the 
detrimental cracks or creeping behavior associated with grain 
growth under extreme conditions.[3, 4, 6–10] On the other hand, 
AGG can be applied in the fabrication of functional textur-
ing materials such as Fe-Si electrical steels and larger single 
crystals.[1, 2, 11–13] However, the applications of AGG are still 
limited in material synthesis and design fields and thus require 
more explorations.

Recently, heterogeneous structured materials have attracted 
lots of attention due to their desirable combination of high 
strength and excellent ductility.[14–19] Grain-size gradient or 
grained gradient structure (GGS) can overcome the trade-
off between strength and ductility, as the plastic deformation 
usually takes the initial in coarse-section with high ductility, 
while the smaller section can tolerate high deformation with 
high yield strength. To date, the grained gradient-structured 
materials (GGSMs) are usually prepared by a surface mechani-
cal attrition treatment (SMAT) technique and electrodeposi-
tion method.[18, 20–24] However, SMAT is a surface treatment 

technique that cannot be used to fabricate bulk samples, 
whereas electrodeposition is normally used to fabricate thin 
films. Hence, how to control the grain-size gradient distribution 
for synthesising large bulk gradient-structured materials are 
more desired. Here, we propose a “bottom-to-up” method to 
realize the fabrications of grained gradient-structured materi-
als by AGG. The bulk grain-size gradient Ni was achieved by 
employing a periodical sintering under high pressure in a large 
volume press (LVP). Moreover, the mechanisms responsible 
for AGG and the gradient microstructure formation are also 
discussed.

Materials and methods
The sintering experiments were conducted under different 
high-pressure and high-temperature (HPHT) conditions in the 
6 × 14 MN (Meganewton) styled large volume press (LVP). 
Six square-faceted tungsten carbide (WC) anvils were used 
to triaxially compress the pyrophyllite cube and consequently 
produce high pressure in the cell. Figure 1a shows the sche-
matic LVP assembly. The compressed Ni powders were sealed 
and protected by molybdenum (Mo) capsules. The NaCl tab-
let and tube, together with the pyrophyllite cube, were used 
as transmitting pressure medium, acting an important role in 
keeping the samples in quasi-static pressure during sintering. 
A graphite tube was used as a heater and connected to the elec-
trodes installed in the top and bottom anvils. The sample could 
be heated to high temperature when the high electrical current 
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was applied. The original samples in our experiment were a 
mixture of Ni powders with 1 μm and 20 nm grain sizes by 1: 2 
(molar ratio) and were mingled in blender mixer for 8 h. Given 
that the HPHT sintering experiment at LVP was conducted at 
ambient without any protecting atmosphere, we conducted 
powders process in pure hydrogen before the HPHT sinter-
ing experiments in order to avoid possible oxidation. Firstly, 
the Mo-capsuled mixed powders were pressed into disks at 3 
GPa without heating in the LVP. Then the cold-compressed 
samples were thermal-treated for 1 h in order to remove the 
oxygen attached to the surface of the grains and remained in the 
intergranular pores. Based on our experience, thermal treatment 
at 773 K in pure  H2 atmosphere for 1 h yields the best result. 
EDS and XRD measurement data (in Supplement Information) 
show that the samples subjected to the reducing process were 
not oxidized after HPHT sintering, which indicates that the 
powders process in pure hydrogen atmosphere is effective in 

removing the oxygen attached to the surface of the grains and 
remained in the intergranular pores.

We developed a special method to achieve grain-size gra-
dient-structured materials Ni. The samples were fabricated by 
periodical sintering in the LVP. We conducted one cycle of peri-
odical sintering from room temperature (RT) to 1273 K with a 
heating rate of 100 K /min, and then the temperature was kept 
to 1273 K at 4.5 GPa for 5 min, after which the sample was 
quenched to room temperature (RT) by shutting off the heater 
power input directly. The pressure was kept the same during the 
sintering process and was then released after the whole sinter-
ing process finished. After 10 cycles of the periodical sintering, 
cylinder-shaped samples were obtained, as presented in Fig. 1b. 
Here, we define RD and AD to be the radial and axial directions 
of the samples, respectively. The cylindrical samples were then 
cut along the axial direction (AD) by using a diamond wire 
cutter. Before the EBSD measurement, the cut cross sections 

Figure 1.  (a) The large volume press (LVP) assembly. (b) The schematic diagram of the obtained cylinder-shaped Ni compact samples. RD 
and AD represent the radial and axial directions, respectively. The obtained cylinder-shaped Ni sample is 5 mm in height with 10 mm in 
diameter. The red-dashed rectangle in (b) indicates one flat area on the cross section along AD, rather than the cylindrical sample’s side 
surface. (c) The SEM micrograph with selected scanned area for EBSD mappings. (d) SEM morphology of the sample fracture surface 
along the AD. Grain-size gradient microstructure (GGS) can be observed. (e) IPF mapping characterization of grain-size gradient structure 
with depth along the AD. The scanned area is 1000 μm × 800 μm and the scanning step size is 5 μm.
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were firstly polished by using abrasive papers. Then the electro-
chemical polishing process was performed with 15 V for 90 s in 
acid solution (5%  HClO4 + 95%  CH3COOH) in order to remove 
the strained layer caused by mechanical polishing. The polished 
surface was observed to be clean and flat without scratch from 
optical microscopy, after electrochemical polishing. Here, we 
indicate that the outer marginal area refers to the area closest 
to the Mo capsule, as illustrated in Fig. 1c.

Results and discussion
We firstly performed SEM measurement to analyze the frac-
ture morphology and grain distribution along the AD with a 
larger scale. The SEM micrographs were taken near the sample 
edge along the axis of the cylinder-shaped sample. According 
to the SEM fracture morphology in Fig. 1d, an obvious gradi-
ent structure with grains size decreasing along the AD from 
top to bottom can be observed. The grains grow abnormally 
larger near the marginal area, whereas the grains in the interior 
area are smaller. As indicated above, the upper larger grains 
section is close to the outer marginal touching area between 

the sample and the sealed Mo capsule and the bottom is the 
inner parts of the cylinder, which is far from the Mo capsule, 
as illustrated in Fig. 1a, c. We also conducted EBSD measure-
ment to analyze the grain size distribution and evolution. Dur-
ing measurement, we selected and scanned the rectangle area 
from the marginal to interior along the AD and the scanned 
area is illustrated in Fig. 1c. Inverse Pole Figure (IPF) mapping 
(Fig. 1e) in Fig. 1e shows the IPF mapping corresponding to 
one flat area on the cross section in Fig. 1a, further confirming 
the profile of grained gradient structure with grain size decreas-
ing with depth. Also, the obtained grains in the scanning area 
were as large as 400 μm, but mainly located in the marginal 
area. And the smaller grains interior were below 100 μm. The 
IPF mapping demonstrated the grain-size gradient profile along 
AD ranging from 400 to 100 μm within a thickness of 1 mm 
(Fig. 1e), in agreement with the presented micrograph of grain-
size gradient morphology in the dashed red rectangle in Fig. 1d.

To further reveal the formation of the grain-size gradient 
structure associated with abnormal grain growth, we selected 
some gradient structure areas to analyze the microstructure evo-
lutions. Figure 2 shows the IPF and recrystallization mappings 

Figure 2.  EBSD characteriza-
tions of structures along RD 
under 10 cycles (a, b) and 
20 cycles (c, d) of periodical 
sintering, respectively. Insets 
in (b) and (d) illustrated the 
fractions of recrystallized 
(blue color), substructured 
(yellow color), and deformed 
(red color) grains in the map-
pings. The scanning area is 
1 mm × 1 mm and the scan-
ning step size is 10 μm. The 
scale bar is indicated for all 
images from (a) to (d).
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of microstructures under 10 cycles (a, b) and 20 cycles (d, e, f) 
of periodical sintering as introduced above, respectively. IPF 
mappings in Fig. 2a, c provide the grain distributions along 
RD with the above two conditions, respectively. The grains 
in the interior area grow normally without abnormal grain 
growth, in contrast to the grains in the marginal area that 
grow exceptionally larger, as shown in Fig. 2a. The grain-
size distribution with depth along the AD is consistent with 
the grain-size profile along the AD in Fig. 1e. So grain-size 
gradient structures along AD and RD were built in the cyl-
inder sample as the coarser grains were located at the outer 
parts, while the finer grains were in the core of the sample. 
Recrystallization mappings were obtained by HKL Channel 
5 software. In general, the grain orientation spread (GOS) in 
each grain is determined by calculating the average misorienta-
tion angle between all points within the grain. And recrystal-
lization mappings are based on calculating the grain deviation 
between the average grain orientation and crystal orientation of 
each point within the grains. In our experiment, we define two 
cut-off values of misorientation angle (1° and 7.5°) to separate 
the recrystallized grains (< 1°), substructure (1° ~ 7.5°), and 
deformed grains (> 7.5°). As illustrated in Fig. 2b, we found 
that deformation mainly occurs in large grains (indicated with 
red color), whereas smaller grains deform less (indicated with 
blue color) or no deformation. The white arrow in Fig. 2b rep-
resents the transition from the deformed to recrystallized area. 
By increasing the number of cyclical times of periodical sin-
tering, the abnormal grain growth area propagates the smaller 
grains area. The distribution of grain sizes finally transforms 
from bimodal to unimodal owing to the contact of growing 
coarse grains. Consequently, the growth style converts from 
abnormal grain growth (AGG) to normal grain growth (NGG). 
These evolutions are demonstrated in Fig. 2b, d. As the pres-
sure was released after the whole sintering process finished, 
the deformation in large grains was mainly caused by the com-
pression from anvils. It is reported that cylindrical deformed 
Ni-based alloys samples partially recrystallized during the heat 
treatment, with the recrystallized grain size varying with the 
degree of deformation. New strain-free grains are formed from 
the deformed structure. Low-strain large recrystallized grains 
are surrounded by smaller deformed grains.[4–9] In our experi-
ment, the large grains were recognized as deformed grains as 
the pressure is released after heat treatment ceases. Therefore, it 
is different from the static abnormal grain growth without load-
ing as abovementioned cases. Furthermore, it can be inferred 
that the coarsening grains still experienced cold-compression 
deformation at the interval between two neighboring periodi-
cal sintering as the pressure was still applied during the whole 
periodical sintering process.

The mechanism accounting for abnormal grain growth and 
the formation of grain-size gradient can be well understood 
if we exam more details. Firstly, under the quasi-hydrostatic 
environment in the LVP, the temperature gradient effects on 
grain growth can be excluded because the compressed compact 
is much smaller than the outer graphite heating tube and no 

insulating protection was used in the LVP. Although the outer 
grains were heated in the first place, as compared to the inte-
rior grains, during the heating process, the outer grains would 
dissipate thermal energy faster than the interior grains. Thus, 
we believe that the temperature gradient has less effect on the 
grain growth and therefore can be excluded. The temperature 
gradient due to thermal conductivity caused by oxygen penetra-
tion can also be excluded as the reduced powder process was 
conducted prior to HPHT sintering to avoid oxidation. Moreo-
ver, the XRD and EDS (in Supplement Information) show no 
oxidation in the sample, indicating that the effect of oxygen 
incorporation through the samples and the associated amor-
phous phase resulting in gradient thermal conductivity can also 
be neglected. Also, even as the thermal expansion coefficients 
of Ni and Mo are nearly three times different, 13 and 5.2 (× 10–6 
/K) (as listed in Table 1), the thermal stress produced between 
the sample and anvil can also be neglected comparing to com-
pressive stress in the LVP. As demonstrated in Fig. 2b, the large 
grains usually experience larger compressive deformation than 
those grains in the interior but grow larger, suggesting that 
the plastic deformation caused by the imposed compression 
dominates the formation of abnormally large grains. Besides, 
the large grains were mostly located in the outer parts or mar-
ginal area of the sample (Figs. 1e, 2a). This indicates that the 
deformation arises from the constant squeezing or compression 
from anvils in the LVP. Also, the Mo capsule has a lower shear 
modulus (as listed in Table 1) than the encapsulated Ni sample; 
therefore, Mo capsule deformed more easily under a high-tem-
perature environment, thus unable to protect the encapsulated 
Ni sample from local compressive deformation. As previ-
ously reported,[3–9] more strain energy is stored in deformed 
grains and a few nuclei formed locally above recrystallization 
temperature (~ 0.5 Tm, Tm is the melting point of the sample), 
resulting in AGG. However, the interior grains can avoid large 
deformation and grow slowly compared to the marginal grains. 
So, the dependence on the degree of deformation leads to the 
grain-size gradient structure formation. Furthermore, smaller 
grains usually have higher strength exceeding those coarse-
grained counterparts as a result of dislocation sliding suppres-
sion by grain boundaries (GBs) according to the Hall-Patch 
relationship σy = σi + Kd

−
1

2  , where σy is yield strength, d 
is grain size, and σi and K  are constants.[3] After each peri-
odical sintering finished, the abnormal grains can experience 
larger deformation compared to smaller grains as the pressure 

Table 1.  Mechanical parameters of Ni, Mo, and W.[25]

Element Shear Modulus 
(GPa)

Mohs Hardness Thermal 
expansion
Coefficient 
(× 10–6 /K)

Ni 76 4 13
Mo 20 5.5 5.2
W 161 7.5 4.5
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remained. Therefore, AGG repeated and occurred by periodical 
sintering, resulting in exceptionally large grains in the marginal 
area of compressive samples, but the inner grains are still small.

Under loading, the plastic deformation usually occurs ini-
tially in the coarse-grained parts and extends gradually into 
smaller-grained parts with high strength in grained gradient 
materials.[14, 15, 22] In our experiment, the gradient architecture 
obtained by using Mo-capsuled assembly still has a narrow 
shape interface between the coarse grains and smaller grains 
(Fig. 1e) and cannot avoid strain localization well under load-
ing or satisfy the combination of high yield strength and good 
plasticity.[14, 15, 22] As is discussed above, large deformation 
yields large grains if the deformation does not exceed the criti-
cal value that activates more nucleation sites and growth.[4–9] 
Based on this principle, the deformation can be further con-
trolled if we change Mo capsule with another metal with high 
shear modulus, so that bulk gradient materials with more uni-
form graded grain-size can be fabricated. As listed in Table 1, 
as one of the hardest metals (Mohs hardness: 7.5), the shear 
modulus of tungsten (W) is as high as 161 GPa, suggesting that 
W has higher capacity to resist more deformation in contrast to 
Ni and Mo with a smaller shear modulus. Thus, W was utilized 
in our experiment to tolerate high compressive deformation and 
protect the capsulated Ni from the larger local deformation.

Thus, we improved the LVP assembly in order to obtain 
good profile of gradient structure. In the improved LVP assem-
bly (Fig. 3a), W tablets were inserted between the Ni sam-
ple and the outmost Mo capsule, so that the deformation or 
concentration of stress can be eliminated with the shield of 
the W tablet. The same procedure for removing the oxygen 
remaining in the compressive powders was conducted as the 
Mo-capsuled case before HPHT sintering. The experimental 
sintering condition with this new improved LVP assembly is 
also the same as that for Mo capsule case. In order to compare 
the degree of AGG with and without W tablet, the EBSD map-
ping scanning started at a similar location near the W tablet, as 
illustrated in Fig. 3b. The EBSD mapping in Fig. 3c revealed 
that gradient structure with smaller grains were obtained and 
the largest grains near the marginal area is below 200 μm. By 
misorientation profile analysis, we found plenty of large-angle 
GBs formation between recrystallized grains with different 
orientation (Fig. 3d, e), and no obvious preferred texture was 
observed. Moreover, the grain growth seems to be dominated 
by GB diffusion during sintering, driven by the GB curvature 
elimination. By comparing the EBSD mappings in Figs. 1e and 
3c, we can find that the grained gradient obtained new assem-
bly with W is more uniform than that obtained in the previous 
LVP assembly without W. Also, the average grain size without 
W insertion is about ~ 124 μm, two times larger than that with 
W insertion (~ 60 μm), according to the histograms shown in 
Fig. 4. The gradient grain size from 200 to 50 μm which spans 
about 1 mm in depth is obtained using the improved W cap-
suled case. Inverse Pole Figure (IPF) mapping in Fig. 1c. con-
firmed the profile of grained gradient structure with grain size 
decreasing with depth. The obtained grains in the scanning area 

were as large as 400 μm, but mainly located at the marginal 
area, whereas the smaller grains in the interior area were below 
100 μm. The IPF mapping (Fig. 1e) demonstrated the grain-size 
gradient profile along AD ranged from 400 to 100 μm within 
a thickness of 1 mm, and the transition area in Mo-capsuled 
case is also smaller than that in W capsuled case. Therefore, by 
taking the advantage of W tablet with high hardness and shear 
modulus, an optimized grained gradient structure profile with 
more uniform gradient can be achieved.

As the thermal expansion coefficient of W is 4.5 × 10–6 /K, 
slightly smaller than Mo (Table 1), differential stress due to 
the thermal expansion difference between the Ni sample and 
W tablet can also be neglected comparing to the imposed 
compression from anvils. In our experiment, the W tablets 
were used to resist local large stress from the anvil and sup-
press rapid grains growth by reducing the degree of defor-
mation (Fig. 3). The plastic deformation of Ni grains in the 
new assembly should be more homogeneous as the W tab-
let is tough, underlying that individual grain deformed less 
under the same pressure. The less deformed grains recrystal-
lized into smaller grains during the sintering as the recrys-
tallized grain size varies with the degree of deformation.[3, 

4, 9] Besides, the plastic deformation is not as large as Mo-
capsuled sample during the cold-compression step, so the 
lower storage plastic energy itself also could play a role lead-
ing to smaller grain size. On the other hand, as the larger 
grains at the outmost marginal area can tolerate higher plastic 
deformation and vice versa,[3, 5] the inner grains with less 
deformation naturally grow smaller, finally leading to the 
heterogeneous gradient structure in only Mo-capsuled case. 
However, in the improved assembly, the sharp stress gradi-
ent caused by easy-to-deform Mo capsule can be mediated 
as the serious local stress concentration can be effectively 
avoided as the strong W tablet is used. It is reported that the 
modulus of elasticity is affected by temperature, porosity, 
humidity, among others.[27–29] Especially, for nanograined 
Ni, the change of modulus is associated with texture forma-
tion. In our experiment, in the cyclical sintering, the modulus 
of elasticity may be diminished by porosity as the original 
samples are compressive powders with low densification. 
With increasing temperature or as the cyclical sintering pro-
ceeds, the densification increases with the porous elimination 
due to grain growth by boundaries diffusion. Therefore, the 
effect of porosity on modulus of elasticity can be excluded 
as the grains grow larger and densification increases. Also 
we found no texture formation after several cyclical sinter-
ing at LVP (Figs. 1e and 3c) and these mappings also show 
that the obtained microstructures were composed of coarse 
grains and the modulus of elasticity should be constant. Here, 
we emphasize that the shear modulus of tungsten (W) is as 
high as 161 GPa (As listed in Table 1), suggesting that W has 
higher capacity to resist more deformation in contrast to Ni 
and Mo with a smaller shear modulus. Thus, W was utilized in 
our experiment to tolerate high compressive deformation and 
protect the capsulated Ni from the larger local deformation. 
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Therefore, the homogeneous stress gradient or even plastic 
deformation caused by W tablets plays a role in the uniformity 
of grain-size gradient. Although the strain and stress gradient 
cannot be evaluated accurately at current status, this principle 
we propose in this work can be applied to fabricate the bulk 
grain-size gradient structural materials that can achieve excel-
lent synergy between strength and ductility.

Conclusion
In summary, we report a new method to synthesize bulk Ni sam-
ple with grain-size gradient structure (GGS). And the mecha-
nism accounting for GGS is discussed. Our results reveal that 

abnormal grain growth (AGG) was induced by deformation, 
acting a role in architecting grain-size gradient structure. Peri-
odical sintering facilitates the deformation of larger grains in the 
marginal area, resulting in abnormally large grains. The finding 
that the deformation takes effect in the abnormal grain growth 
can be explained by recrystallization in cold-deformation met-
als as reported.[3, 9, 26] Moreover, we improved the assembly by 
employing the W tablet with high shear modulus for resisting 
large deformation and finally obtained uniform grain-size gradi-
ent structures with smaller grains. This work would provide a 
potential way to synthesize gradient nanostructures or other het-
erogeneous structures with simultaneous ductility and strength 
by bottom-to-up powder-metallurgical engineering.

Figure 3.  The grained gradient structure obtained with the improved LVP assembly. (a) The improved LVP assembly with W tablet used 
between Ni sample and outer Mo capsule. (b) The SEM micrograph with selected scanned area for EBSD mappings. (c) IPF mapping 
characterization of uniform grain-size gradient structure comprised of smaller grains. (d) GB distribution mapping with GB misorienta-
tion > 10°. The scanned area is 1000 μm × 800 μm and the scanning step size is 8 μm. (e)Misorientation profile along the red line AB in (d). 
The blue line indicates the 10°separating high-angle GBs and low-angle GBs between grains with different orientation.
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