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Ultrafine-grained samples were produced from a Ni nanopowder by hot isostatic pressing
(HIP) and spark plasma sintering (SPS). The microstructure and mechanical behavior of
the two specimens were compared. The grain coarsening observed during the SPS
procedure was moderated due to a reduced temperature and time of consolidation
compared with HIP processing. The smaller grain-size and higher nickel-oxide content in
the SPS-processed sample resulted in a higher yield strength. Compression experiments

showed that the specimen produced by SPS reached a maximal flow stress at a small
strain, which was followed by a long steady-state softening while the HIP-processed

sample hardened until failure. It was revealed that the softening of the SPS-processed
sample resulted from microcracking along the grain boundaries.

. INTRODUCTION

Bulk ultrafine-grained (UFG) materials can be synthe-
sized in two essentially different ways. The first one is a
“top-down” approach, where the bulk coarse-grained
materials are refined by severe plastic deformation
(SPD)."™ The second way for producing ultrafine-
grained materials is a “bottom-up” approach, when
samples are assembled from individual atoms or nano-
particles.”’ Most bottom-up methods first produce nano-
powders, which need to be consolidated in a second step.
The ultrafine-grained microstructures obtained by powder
sintering are less textured compared with the SPD-
processed materials. At the same time, the sintered mate-
rials often have undesired contamination and remaining
porosity.® To avoid porosity, sintering is usually carried
out at elevated temperatures, such as in hot isostatic
pressing (HIP), which usually results in grain coarsen-
ing.” The grain growth can be moderated by optimizing
the compaction parameters (temperature, pressure, and
the duration of sintering), e.g., in spark plasma sintering
(SPS), where the consolidation is assisted by electric
current pulses.l(H2 The physics of the consolidation
process during SPS processing is not fully understood,
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but its main characteristic is an ultrafast compaction at
much lower temperatures than in the classic techniques,
thus reducing grain glrowth.13 The study of the correla-
tion between microstructure and mechanical behavior of
bulk UFG samples produced by different powder metal-
lurgy procedures is of great importance for practical
applications. In this article, the microstructures and the
mechanical properties of ultrafine-grained Ni samples
processed by SPS and HIP methods are compared. The
difference in the deformation behavior of the samples is
related to the different microstructures.

Il. EXPERIMENTAL

A Ni nanopowder with the nominal particle size of
100 nm was supplied by the Argonide Corporation
(Sanford, FL). The powder was produced by electro-
explosion of Ni wires.'*'> The powder is supplied in
high vacuum-sealed glass capsules to avoid oxidation.
Each capsule contained 100 g of Ni nanopowder. The
powder was consolidated using HIP and SPS methods.
Before HIP processing, the glass containing the powder
was broken in a glove-box under Ar atmosphere and
subsequently encapsulated in a steel can and sealed
under inert gas (Ar) flow to prevent oxidation. It
takes approximately 1 week to remove the gas that
was introduced during the encapsulation step. During
HIP processing, the capsule was subjected to a pressure
of 140 MPa at 700 °C for 150 min. In the first step of
SPS processing, the capsule containing the powder was
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broken in air and rapidly transferred to a graphite
mould. During the SPS procedure, the powder was held
under a pressure of 150 MPa at 500 °C for 1 min while
pulses of high current density (of the order of 1000 A/
cm?) were applied to the sample to promote consolida-
tion. The most important advantage of the latter meth-
od is that the compaction occurs more quickly and at
lower temperatures than in the classic techniques (e.g.,
HIP), thus preventing grain growth.

The densities of the sintered samples were determined
by the Archimedes-method. The densities relative to the
value of bulk pure Ni are 95.5 + 0.1 and 95.4 + 0.1%
for the HIP- and SPS-processed samples, respectively.
This means that the remaining porosity is nearly the
same for both samples. The phase composition was stud-
ied by x-ray diffraction using a Philips Xpert powder
diffractometer (Eindhoven, The Netherlands) with CuKa
radiation.

The microstructure of the consolidated samples was
investigated by x-ray line profile analysis. The x-ray
line profiles were measured by a high-resolution
rotating anode diffractometer (Nonius FR591, Dellft,
The Netherlands) using CuKo; radiation. The scattered
x-rays were detected by imaging plates with an angular
resolution of 0.005° in 2@, where ® is the angle of
diffraction. The line profiles of Ni phase were evalu-
ated using the extended Convolutional Multiple Whole
Profile fitting procedure described in detail in other
reports.m’17 This method gives the dislocation density
and the twin-fault probability with good statistics. The
microstructure of the bulk samples was also investi-
gated using a JEOL-2011 transmission electron micro-
scope (TEM; Tokyo, Japan) operating at 200 kV and
equipped with a Gatan energy filter system (Pleasanton,
CA). The TEM sample was thinned mechanically first
to approximately 50 pum and finally with a Gatan Ion
Polishing System until perforation. The distribution
of the grain boundary misorientation was measured
by electron backscatter diffraction (EBSD) conducted
on a conventional LEO S360 scanning electron micro-
scope (SEM; Oberkochen, Germany). The scans cov-
ered a region of approximately 50 x 50 um using a
step size between neighboring measurement positions
of 0.1 um. Misorientation across boundaries was deter-
mined using the software OIM version 4 produced by
TexSEM Laboratories (TSL; Draper, UT).

The mechanical behavior of the sintered samples was
studied by compression test (using an Instron Universal
Testing Machine, model 1195; Bucks, UK) at room tem-
perature and at a strain rate of 10~* s~ '. The dimensions
of the samples subjected to compression were 3 X 3 X 5
mm®. The strain was calculated from the crosshead dis-
placement corrected by the elastic stiffness of the testing
machine. The surfaces of the compressed samples were
investigated using a LEO S440 SEM.

lll. RESULTS

Figure 1(a) shows a TEM image taken from the initial
powder. It reveals that the powder particles have spheri-
cal shape and the characteristic lattice defects inside the
particles are twins. The twin fault probability is defined
as the fraction of the faulted {111} planes along their
normal vector and determined as the percentage ratio of
the {111} lattice spacing and the average spacing be-
tween twin boundaries. The twin probability in the initial
powder estimated roughly from TEM images is approxi-
mately 2 to 3%. The particle-size distribution that was
obtained from TEM is plotted in Fig. 1(b). The average
particle size that was determined from this distribution is
80 nm. It should be noted that particles larger than 1 pm
were scarcely detected by TEM in the initial powder, but
these particles were not included in the size distribution
plotted in Fig. 1(b) for the better visibility of its nano-
sized fraction. The energy-filtered TEM (EFTEM)
images in Figs. 1(c) and 1(d) show the element maps
for nickel and oxygen, respectively. It can be seen that
there is a significant amount of oxygen in the surface
layer (approximately 2-nm thick) of the particles in the
initial powder when it was exposed to air. The traces of
oxygen seen inside the particles may be a projected
image of the top and bottom surfaces of the particles.
The x-ray diffraction patterns in Fig. 2 show that in
addition to the main Ni phase, NiO is also identified
both in the powder and the bulk samples. It is suggested
that the oxygen that was detected in the initial powder
particles is actually contained in the NiO phase. To
compare the NiO phase content in the different samples,
the integrated intensity ratio of the NiO and Ni peaks
at 20 = 37.4° and 44.6°, respectively, was determined
and listed in Table I. It should be noted that this ratio
does not give the NiO phase content in the samples,
it is only proportional to the volume fraction of the
NiO phase. The intensity ratio for the initial powder was
found to be 0.5%, which does not change during HIP
processing as a result of the careful isolation of the sam-
ple from air. On the other hand, the SPS procedure results
in a material having significantly higher oxide content
(the intensity ratio is 0.9%), which can be attributed
to the powder processing in air before consolidation.

Figures 3(a) and 3(b) show TEM images that were
obtained on the HIP- and SPS-processed samples, re-
spectively. The grain-size distributions that were deter-
mined from TEM are presented in Figs. 3(c) and 3(d).
The mean grain size that was obtained from TEM
images as well as the dislocation density and the twin-
fault probability that was determined by an x-ray line
profile analysis are listed in Table I. The mean grain size
for the HIP- and SPS-processed samples were 403 and
294 nm, respectively. The mean grain-size values for the
consolidated samples are 4 to 5 times larger than the
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FIG. 1. (a) Bright-field TEM image for the initial powder. The particle size distribution obtained from TEM images is shown in (b). EFTEM
images in (c) and (d) show the element maps for nickel and oxygen, respectively. The lighter the color in (c) and (d), the higher the local nickel

and oxygen contents, respectively.

mean particle size of the initial powder, which indicates
that the high temperature consolidation results in a grain
coarsening. The smaller grain size in the specimen pro-
duced by SPS is attributed to the lower temperature and
the shorter duration of processing, which reduced the
grain-growth during consolidation. The higher degree
of oxidation of the particle surfaces during SPS may
also have a retarding effect on grain coarsening during
consolidation. TEM and x-ray line profile analysis show
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that the twin-fault probability decreases from 2-3 to 0.2—
0.3% during sintering either by the HIP or SPS method
(see Table I). At the same time, although dislocations
were not observed in the initial powder by TEM, after
consolidation a significant amount of dislocations
(5-6 x 10" m™2) were detected by the evaluation of
x-ray line profiles. It should be noted that x-ray line
profile analysis was not performed on the initial powder
because the intensity in the Debye-Scherrer rings was

219



J. Gubicza et al.: Microstructure and mechanical behavior of ultrafine-grained Ni processed by different powder metallurgy methods

0 Initial powder | 100000 L O HIP-processed sample
0 O Ni ? O - ONi
100000 £ m NiO O = NiO
0] O ©
= O
S | 10000 |
8 ‘ 0 @ O
\ O E
10000 ¢ | _ §
‘ } | 1000} o™ . | I
A/ b ; o W b - ]
1000 1 " 1 " ! " I L AI I 1 N 1 . 1 " 1 " 1
40 60 80 100 120 40 60 80 100 120
(a) 2 theta [deg] (b) 2 theta [deg]
O SPS-processed sample
© o O Ni
100000 o = NiO
0
10000 | O
_.g - m| ’ |
§ T M“Jk -A I(,' )\._Jl n -
1000 e
40 60 80 100 120
(c) 2 theta [deg]

FIG. 2. X-ray diffraction patterns in logarithmic intensity scale for the (a) initial powder and the samples consolidated by (b) HIP and (c) SPS methods.

TABLE I. The intensity ratio (Injo/In;) of the x-ray peaks for NiO and Ni at 20 = 37.4° and 44.6°, respectively, the mean grain size (Drgwm)
obtained from TEM images, the dislocation density (p), the twin-fault probability (3), and the yield strength (oy) for the samples processed by

HIP and SPS.

Sample Inio/Ini [%] Drgwm [nm] p (10" mfz] B [%] oy [MPa]
HIP 0.5+0.1 403 5.6 +0.5 0.32 + 0.03 542 + 14
SPS 0.9 £ 0.1 294 5.1+£0.5 0.29 + 0.03 682 £ 15

very inhomogeneous due to some reflecting particles
larger than 1 pm. Figures 3(c) and 3(d) also show the
distribution of grains containing twins. The relative frac-
tions of twinned grains are 19 and 17% in the HIP- and
SPS-processed specimens, respectively. The size distri-
butions of twinned grains follow the total grain-size dis-
tributions for both samples.

The true stress versus true strain curves that were
obtained for the two consolidated samples by quasistatic
compression at room temperature are presented in Fig. 4.
The yield strength values that were determined at 0.2%
plastic strain are listed in Table I. The specimen pro-
cessed by SPS has a higher yield strength (682 + 15
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MPa) than that obtained for the sample consolidated by
the HIP method (542 4 14 MPa). This may be the result
of the higher oxide dispersoid content and/or the smaller
grain size of the former specimen. Comparing the me-
chanical behavior of the two samples, it is revealed that
the HIP-processed sample hardens in the whole range of
strain, whereas for the SPS-processed specimen the flow
stress saturates at a small strain value (¢ ~ 0.04), and
after a short plateau the sample softens until rupture.
The values of strain to failure were 0.22 and 0.35 for
the SPS- and HIP-processed samples, respectively.

To better understand the difference in the mechanical
behavior of both samples, the defect structure was also
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FIG. 3. TEM images of the sample processed by (a) HIP and (b) SPS. Grain-size distributions for the (c) HIP- and (d) SPS-processed bulk
samples determined from TEM images. The distributions of twinned grains are also shown by streaked columns.
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FIG. 4. True stress—true strain curves obtained by compression for the
bulk samples processed by HIP and SPS.

determined after the compression test by x-ray line
profile analysis. Figures 5(a) and 5(b) show the disloca-
tion density and twin probability for the HIP- and SPS-
processed samples before and after compression. It can
be seen that during room temperature deformation, the
dislocation density increased from 5.6 4+ 0.5 to 16 £ 2 x
10" m™2 for the HIP-processed sample and from 5.1 & 0.5
to 21 + 3 x 10" m~2 for the SPS-processed specimen.
At the same time, the twin probability decreased during
compression for both samples: in the case of the
HIP-processed sample, it decreased from 0.32 4 0.03 to
0.02 4+ 0.02%, and for the SPS-processed specimen, it
decreased from 0.29 £ 0.03 to 0.18 £ 0.02%.

Figures 5(c) and 5(d) show the distribution of the
angle of misorientation between the grains in the as-
consolidated samples and in the specimens compressed
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FIG. 5. (a) The dislocation density and (b) the twin fault probability for the HIP- and SPS-processed samples before and after compression test
determined by x-ray line profile analysis. The distribution of the angle of misorientation between the grains in the (c) HIP-processed sample and
after compression up to 10% strain and (d) in the SPS-processed sample and after compression up to 10% strain determined by EBSD.

up to 10% strain determined by EBSD experiments.
For the as-consolidated samples, there is a peak at approx-
imately 60° in the misorientation distribution, which cor-
responds to 23 coincident-site lattice twin boundaries. 18.19
After compression at 10% strain, this peak disappeared for
both samples, indicating the reduction of densities of twin
boundaries. This observation is in agreement with the
results of x-ray line profile analysis.

The TEM images in Figs. 6(a) and 6(b) show twin
boundaries in large grains after a compression test for
the SPS-processed specimen. Figure 6(a) shows steps on
twin boundaries denoted by arrows, whereas Fig. 6(b)
illustrates the partial disappearance of twin boundaries
(arrowed). Inside the white circle in Fig. 6(b) a disloca-
tion pinned by oxide dispersoids is shown.

Figure 7 shows SEM images that were taken on the
surface of the SPS-processed sample that was deformed
by compression to the strain value of (a) 7%, (b) 18%, and
(c) 22% and the HIP-processed specimen at a strain value of

222

(d) 25%. The loading axis is vertical on the figure. It can be
seen that cracks (indicated by arrows) formed in the SPS-
processed sample during compression, and they became
more significant with increasing strain. At the same time,
no decohesion or crack formation was observed in the HIP-
processed sample that was compressed up to 25% strain
[see Fig. 7(d)]. Figure 8 shows a TEM picture obtained on
the SPS-processed sample deformed by compression until
failure (up to 22% strain). This image illustrates that the
cracks (arrowed) are formed at the grain boundaries during
compression tests.

IV. DISCUSSION

TEM, EBSD, and x-ray line profile analysis show that
both during consolidation of the powder and compression
of the consolidated samples, the dislocation density
increased while the twin probability decreased, indicating
that plastic deformation is basically controlled
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FIG. 6. TEM images showing twins in large grains after compression test for the SPS-processed sample. The arrows in (a) show steps in twins,
whereas in (b) they illustrate the disappearance of twin boundaries. Inside the white circle in (b) a dislocation pinned by oxide dispersoids is shown.

by dislocations. The decrease of the density of twin
boundaries has been also reported during cyclic shear-
straining of the same specimens.”’ Previous studies
have shown that the reduction of twin density (here-
after referred to as untwinning) is a consequence of an
interaction between gliding dislocations and twins.*'>
Untwinning has been frequently detected experimentally
during plastic deformation in conventional coarse- or
ultrafine-grained cubic metals (e.g., in Cu,21 Ni,18 and
austenitic steelzz), and this process was also observed
in nanocrystalline Al with the grain size of 30-100 nm by
molecular dynamic simulations.” At the same time, pre-
vious TEM studies proved that in Al with a grain size of
10 to 20 nm, twinning became a preferred deformation
mode.?*** These observations suggest that in addition to
the value of the stacking fault energy, the grain size also
has a significant effect on the contributions of the different
deformation mechanisms (dislocation glide or twinning)
to plastic deformation. According to the literature, because
our Ni samples have relatively high stacking fault energy
and the mean grain size values are several hundreds of
nanometers, the majority of twin boundaries in our sam-
ples are most probably growth twins, and the observed
untwinning is a result of the interaction between gliding
dislocations and pre-existing twin boundaries. However, it
is not excluded that mechanical twinning may also occur
during plastic deformation in our samples, mainly in the
small grains. Nonetheless, the observed decrease of the
total twin density suggests that untwinning is more pro-
nounced than twinning.

Previous investigations indicated that the first step
of untwinning is usually the dissociation of gliding
dislocations into partials at the twin boundaries.”® For
example, if a dislocation having a Burgers vector of
1/2[101] and gliding on (111) plane reaches a (111)
twin boundary, then this dislocation may dissociate
into a Shockley-partial and a nonglissile Frank dislo-
cation, such as 1/2[101] — 1/6[121] + 1/3[111].*°
Rémy?’ has shown that other dislocation reactions
are also possible at a (111) twin boundary, such as
1/2[110] — 1/6[121] + 1/2[011];, where the subscript
T denotes a dislocation in the twin. Although this
dislocation dissociation is energetically unfavorable, it
may occur due to a stress concentration at twin
boundary—slip band intersections.>” The latter reaction
produces glissile dislocations: a Shockley-partial in the
twin boundary and a lattice dislocation in the twin. If
any interaction from the above occurs, a Shockley-partial
with the Burgers-vector of 1/6[121] is formed, which may
slip on the (111) plane, resulting in a narrowing of a part of
the twin by one (111) lattice spacing. If a slip band inter-
sects a (111) twin boundary, the slipping of Shockley-
partials on successive (111) planes yields to partial
untwinning (see Fig. 3 in Ref. 22 or Fig. 8 in Ref. 23).
Figures 6(a) and 6(b) illustrate the results of the interaction
between gliding dislocations and twins during compres-
sion in the SPS-processed specimen. The steps on twin
boundaries in Fig. 6(a) and the partial disappearance of
the arrowed twins in Fig. 6(b) were most likely due to
dislocation activity. Similar steps on twin boundaries were
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FIG. 7. SEM images showing the surface of the SPS-processed sample deformed by compression to the strain values of (a) 7%, (b) 18%, and
(c) 22% and (d) the surface of the HIP-processed specimen at a strain of 25%. The loading axis is vertical in the figure.

also previously observed in plastically deformed Cu (see
Fig. 7 in Ref. 28). In general, in our samples, we noted that
untwinning can only be observed in large grains that have
grain sizes higher than approximately 500 nm. This result
is in agreement with previous observations in the litera-
ture: the larger the grain size, the higher the contribution
of dislocations to plastic deformation in Ni.

Figures 3(c) and 3(d) show that the size distribution
of grains containing twins follows the total grain size dis-
tribution in both consolidated samples. Because the HIP-
processed sample has larger grains [compare Figs. 3(c) and
3(d)] and untwinning mainly occurred in large grains,
the decrease of twin probability during compression is
expected to be higher for the HIP-processed sample. This
is in agreement with the experimental results of x-ray line
profile analysis, which shows that the reduction of twin
probability is much higher for the HIP-processed sample
than for the SPS-processed specimen [see Fig. 5(b)]. In the
latter sample, the plastic deformation of the small grains
may be partially mediated by grain boundary-related

mechanisms, such as grain boundary sliding and/or grain
rotation”* ' or mechanical twinning.”** Tt is noted that
the larger strain to failure for the HIP-processed sample
may also contribute to the higher degree of untwinning in
this specimen.

Figure 4 shows that the mechanical behavior of the
UFG Ni samples consolidated by HIP and SPS methods
are significantly different. The higher compressive
yield strength of the SPS-processed specimen can be
attributed to the smaller grain size and the higher content
of NiO dispersoids compared with the sample produced
by HIP (see Table I). The smaller grain size is due to the
reduced temperature and time of SPS procedure, where-
as the higher NiO content resulted from the processing
of the powder in air. Dislocations and twin boundaries in
the consolidated samples also increase the strength be-
cause they act as obstacles against dislocation motion.
However, they should have similar hardening effects in
the two specimens because the dislocation densities and
twin-fault probabilities are nearly the same after SPS and
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FIG. 8. TEM image showing a long crack (arrowed) along the grain
boundaries of ultrafine grains in the SPS-processed sample deformed
up to failure.

HIP procedures (see Table 1), in spite of the lower tem-
perature and time of the SPS processing. It is noted that
in both processes, the level of the applied pressure is
almost the same.

In the beginning of compression test, the strain harden-
ing for the SPS-processed sample is larger and the flow
stress saturates at a relatively low strain value (¢ ~ 0.04,
see Fig. 4). This can be explained by the larger fraction
of oxide dispersoids, which interact with the dislocations
emitted from grain boundaries, leaving dislocation loops
around the particles, and thereby increasing the dislocation
density quickly.* It is noted that the low strain value at
saturation does not exclude a high value of the saturated
dislocation density, as can be seen in the sample processed
by SPS (21 +£3 x 10" m~?). After saturation of the flow
stress, strain softening occurs during deformation of the
SPS-processed sample, whereas the HIP-processed speci-
men hardens until failure (see Fig. 4). Figures 7 and 8
show that cracking occurs at the grain boundaries of the
specimen processed by SPS even at a strain of 0.07, and
the concentration and length of cracks increased with in-
creasing strain. At the same time, for the HIP-processed
specimen cracking was not observed even at a strain of
0.25. The crack formation is most likely the reason for
flow softening during compression test and the smaller
strain until failure in the SPS-processed sample. The crack
formation can be attributed to grain boundary-related de-
formation processes, which may be more pronounced for
the SPS-processed sample due to its smaller grain size.
The other reason for cracking could be the higher flow
stress level during deformation of the SPS-processed sam-
ple, which results in a larger probability of debonding
between the grain boundaries. In addition, it should
be noted that the higher total oxide content in the
SPS-processed sample probably involves higher oxide

content on the grain boundaries, which may reduce the
grain boundary strength, resulting in easier cracking
during deformation.™

V. CONCLUSIONS

The microstructure and the mechanical behavior of
ultrafine-grained Ni samples consolidated from a nano-
powder by two different methods were studied. It was
found that starting from the same powder, the SPS meth-
od resulted in a moderated grain-growth compared with
the HIP procedure due to the reduced processing time
and temperature. Moreover, the SPS-processed sample
has a higher oxide phase content because during this
procedure the powder was transferred from the capsule
to the mould in air. The HIP-processed sample showed a
strain-hardening behavior up to the rupture of the speci-
men, and in this sample the twin-fault probability de-
creased drastically during deformation as a consequence
of the interaction between twins and gliding disloca-
tions. In the SPS-processed sample, the higher concen-
tration of oxide dispersoids and the smaller grain size
resulted in a higher yield strength and an early saturation
of the flow stress during compression. The further strain
softening is attributed to cracking, which is most likely a
consequence of high flow stress level and weak bound-
ary strength influenced by the presence of oxides.
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