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Abstract

In this work, the tensile properties of ultrafine grain Ni samples processed by spark
plasma sintering are investigated. To this aim, a high purity Ni powder was nanostructured by
ball milling using different processing conditions, and consolidation of the powder was
performed by spark plasma sintering. Milling parameters were varied to produce samples with
different microstructures. Each sample was characterised in terms of grain size and grain
boundary character distribution to study the influence of milling parameters on the
microstructure. Results show that suitable ball milling and subsequent sintering can be
employed to obtain specimens with grain sizes in the ultrafine grain range with a high fraction
of X3 grain boundaries. All samples exhibit a low internal stress state, which is evaluated in
terms of grain orientation spread computed from electron backscatter diffraction and
dislocation observation by transmission electron microscopy. Uniaxial tensile testing shows
an increase in yield strength with grain refinement with a pronounced deviation from the Hall-
Petch relation, for samples with grain sizes below 1.2 um. Heterogeneity in deformation at
yielding seems responsible for the deviation due to differences in the strain hardening
behaviour between ultrafine grains and conventional coarse grains. All samples display high
ductility with values of elongation to fracture above 35 % as well as good toughness. The
combination of ball milling with spark plasma sintering is therefore a promising tool to

produce ultrafine grain Ni with good mechanical properties.
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1. Introduction

Ultrafine grained (UFG) materials are characterised by a microstructure with a grain
size typically in the 0.1-1 um range. The current interest in UFG materials arises from their
specific physical properties [1-4], superior mechanical behaviour [5,6], and the attractive
combination with other functional properties, such as higher wear resistance [7] or ultrafast
diffusion rates [8,9]. The two main techniques to manufacture bulk UFG materials are powder
metallurgy and Severe Plastic Deformation (SPD). SPD techniques are more frequently used
and studied, however, they are limited by a lack of homogeneity [10], a low ductility [11,12],
and the small dimensions of the processed specimens. In addition, the control of the grain size
remains difficult with SPD due to the existence of a processing optimum, which leads to the

most homogeneous microstructure [6,13,14].

Powder metallurgy can overcome some of the drawbacks of SPD by enabling the
synthesis of homogeneous specimens with different microstructures in the UFG range. To this
aim, the starting powder consists of either nanopowder or nanostructured powder obtained by
ball milling. To preserve the refined microstructure, the precursors are sintered by means of
high isostatic pressure (HIP) or spark plasma sintering (SPS). Both techniques apply pressure
simultaneously to heating, achieving very fast heating rates and limiting grain growth as
reported for various metals and alloys [15-19] including nickel [20]. For this last reference, a
low relative density (86 %) and fracture occurring in the elastic regime indicates the presence
of oxides, mainly due to the use of nanopowder as starting material. Indeed, sensitivity to
oxidation strongly depends on the specific surface area of the powder and thus on the particle
size. Such layers of oxides are formed on the surface of the nanoparticles and act as diffusion
barriers, avoiding higher densification. Powder nanostructured by ball milling displays a

particle size of the order of micrometres being much less susceptible to oxidation.

Varying the ball milling parameters also leads to powders with diverse characteristics,
such as morphology, size, and microstructure i.e. crystallite size, microstrain and texture [21—
23]. The effect of some of these parameters on the resulting powder can be found for several
metals and alloys: Al [24-27], Cu [28], TiFe [29] or 316L [30,31]. Research activities

concerning Ni have focused on a single parameter, milling time [32,33], or on the properties



of powders after ball milling: oxidative behaviour [34], deformation evolution [35], and solid-
state transformations [36]. Nevertheless, to our knowledge, the coupled effects of ball milling
and SPS on the microstructure and tensile properties of bulk samples with grain sizes in the
UFG regime have not been deeply investigated. This characterisation is of prime importance
to ensure the development of powder metallurgy as a valuable tool for the elaboration of UFG

metals and alloys.

In the present work, UFG Ni samples with variable grain size were processed by SPS.
The obtained microstructure and the initial internal stress level were investigated by means of
electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM).
Afterwards, uniaxial tensile testing was performed in selected samples to evaluate their
mechanical properties. The synthesis parameters were selected to produce samples with
different grain sizes in the fine grained (FG)/UFG range, which can involve changes in
deformation mechanisms [37-39]. Ductility was investigated as the major drawback in UFG

metals, as well as the impact of the refined microstructure in strength (Hall-Petch relation).

2. Experimental procedures

2.1. Ball milling process and characterization of the powder

Nanostructured powders were prepared by high-energy ball milling from a high purity
commercial nickel powder provided by Good Fellow©. The powder has a certified purity of
99.8 %, the main impurities being: Fe 100 ppm, C 200 - 600 ppm, O 1000 ppm and S 10
ppm.. Ball milling (BM) was performed in a Fritsh planetary pulverisette 7 using WC vials
(80 mL) and grinding balls (5 mm in diameter). Ball-to-powder ratio was fixed to 10:1. In
order to modify the characteristics of powders and study their impact on the microstructure of
samples after consolidation by SPS, rotation speed and milling time were varied. Time and
rotation speed ranges were chosen to limit processing time and probability of contamination
from the milling media. Anhydrous methanol was chosen as process control agent (PCA) for
its low reaction with Ni powders [40,41] and its low boiling point, making elimination easier.
The amount of methanol ranged from 16.7%wt.% to 66.7 wt.% [30], and showed little impact
on the corresponding microstructures. Vials were prepared and closed in a glove box with a
high purity argon atmosphere in order to avoid oxidation of the powders. The milling time

was divided in cycles of 5 min followed by a 1 min pause to reduce overheating which can



enhance powder reactivity. Rotation direction was systematically reversed between cycles to

make the process more effective and homogeneous.

Morphology and particle size of the as-received and ball milled powders were
analysed by Scanning Electron Microscopy (SEM) using a Zeiss Supra 55. X-ray diffraction
(XRD) measurements with a Panalytical X Pert diffractometer using Cu Ka radiation (A =
0.1541 nm) were employed to examine the presence of diffraction peaks corresponding to

oxides.

2.2. Spark Plasma Sintering

Consolidation of the powders was performed by SPS with a FCT System GmbH,
HD25 SPS apparatus. Graphite dies, punches and foils were employed in the synthesis. To
limit grain growth, the sintering temperature was set to 1023 K, with a heating rate of 100
K/min by continuous current. Sintering was performed under a medium dynamic vacuum
(~0.5 mbar). A thermocouple placed inside a hole in the die a few millimetres from the
powder was used to monitor the temperature. A uniaxial force was applied throughout the
sintering process. The maximum pressure was set to 75 MPa and a dwell time of 10 min was
employed. For microstructural characterisation, disc-like specimens with a diameter of 20 mm
and 2 mm in thickness were produced. In addition, 50 mm diameter samples, with a thickness
of 6 mm were sintered with the same temperature and pressure cycles to produce tensile
testing specimens for uniaxial tensile testing. The homogeneity of the samples was verified by
hardness cartographies of the surfaces as performed previously for ceramic materials [42]. An
additional sample with a grain size in the coarse-grained range was produced from the as
received powder using the sintering conditions employed for the synthesis of UFG samples,
with the exception of temperature (1273 K). The density of the bulk samples was determined

using an immersion densitometry method (mass accuracy 1 mg).

2.3. Microstructure analysis and mechanical properties

The microstructure of the sintered samples was investigated by means of EBSD. For
the sake of accuracy, at least 1000 grains were covered for each sample with a step size
ensuring more than 4 points per grain along a given direction. For an optimal surface
condition, samples were first mechanically polished with SiC paper and afterwards
electropolished using a solution of perchloric acid, 2-butoxyethanol and ethanol at a voltage
of 24 V. The TSL OIM® analysis software was used to estimate average grain size, grain

boundary character distribution (GBCD), grain orientation spread (GOS), and to study the



crystallographic microtexture of the sintered specimens from their pole figures. Brandon’s
criterion [43] was used for coincidence site lattice (CSL) fraction determinations, which were
calculated on a number basis. The misorientation for determining low angle grain boundaries
(LAGBs), was defined as 2°-15° [44]. Basic clean-up was performed before each analysis to
eliminate artefacts. In addition, TEM observations were performed on a JEOL 2010 at an
operating voltage of 200 kV. The observation of dislocation structures by TEM gave
complementary indications to the overall GOS analysis related to the initial internal stress of
the samples. Specimens were prepared from 3 mm discs mechanically polished down to
approximately 100 um and then electropolished using a solution of 17 % perchloric acid in

ethanol by the twin jet method in a Tenupol 5.

The influence of grain size on the mechanical properties was studied using uniaxial
tensile testing up to fracture. From the 50 mm discs, dog-bone tensile samples with a gauge
length of 11 mm and a thickness of 1 mm were extracted by electrical discharge machining to
avoid sample damage. To remove the roughness induced by the machining, the surface of the
specimens were carefully polished with a diamond suspension of 6 um. Uniaxial tensile
testing was carried out at room temperature using a Zwick device with a load cell of 50 kN

maximum capacity. Strain rate was fixed to 107 s!

, and deformation was recorded by
measuring displacement fields using digital image correlation (DIC) with the ARAMIS®
software. The results reported for each sample correspond to the average of three

measurements.

3. Results

3.1 Synthesis and microstructural characterization of SPS processed samples

In addition to grain size, other microstructural features have a major impact on tensile
properties, leading to contradictions found in scientific literature concerning the intrinsic
characteristics of UFG materials. For instance, £3 grain boundaries have been characterised as
strong barriers for dislocation motion inducing, in turn, a larger strengthening than random
boundaries [45-47]. In this study, BM parameters have been modified to produce

microstructures with different grain sizes and GBCD, which are investigated by EBSD.

For the synthesis of the samples, two types of powders were considered, the as-

received commercial powder and powders obtained by BM. The as-received powder is



characterised by polycrystalline particles of spherical/cubic “spiky-dendritic” aspect (Fig. 1
(a)). It displays an average particle size of 3.5 um # 1.5 um and a narrow particle distribution.
Ball milling powders are characterised by highly deformed particles of flattened morphology
(Fig. 1 (b)). The BM powder evolves at higher milling speed and after longer milling times to
a more homogeneous powder with bigger particles as reported in a previous work [48]. The

powder displayed in Fig. 1 (b) prepared by milling for 3h at 350 rpm, displays an average

particle size of 60 + 22 um and an approximate thickness of 1 um.
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Fig. 1 — SEM image of the as-received powder (a) and BM powder (350 rpm, 3 h) (b), and

corresponding particle distribution.

XRD was used to investigate the presence of contamination species such as oxides as
well as for texture examination. Diffractograms exclusively displayed peaks that correspond
to the face centred cubic (FCC) phase of nickel, irrespective of the conditions of elaboration
(Fig. 2). No contamination peaks were observed for any powder, or in their corresponding
sintered states. Preferred crystallographic orientation in powders was examined from the
intensity ratio, Ioo/li11. This ratio varied between 0.37 and 0.5 depending on the milling

conditions, which is close to the value of random orientation I2o0/I111 = 0.42 as determined



from the standard diffractogram for Ni [49]. No marked crystallographic texture was thus

observed independently of the elaboration conditions.
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Fig. 2 — XRD diffractograms of the as-received and the BM powder (350 rpm, 3 h) (solid lines), and

results of the corresponding sintered specimens (dashed lines).

After sintering, bulk samples with relative densities between 96 % and 99 % were
obtained, in agreement with literature [50]. The microstructures were investigated in terms of
grain size and GBCD, highlighting X3 grain boundaries and LAGBs. The sample sintered
from the as-received powder (S-PC) (Fig. 3 (a)) exhibits an average grain size of 3.4 um in
agreement with previous values reported for Ni sintered under similar conditions [51,52]. The
grain size of the samples processed from BM powder (Fig. 3 (b)-(c)) correlates to the milling
condition. Thus, an average grain size of 1.43 um is obtained sintering a powder milled at 200
rpm for 3 hours (Fig. 3 (b)) and of 0.79 pm for the same milling time but higher milling
speed, 350 rpm (Fig. 3 (c)).
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Fig. 3 — EBSD inverse pole figure (IPF) and corresponding grain size distribution for SPS samples
with different grain sizes: d = 3.4 ym £ 2.4 (2) um (S-PC) (a), d = 1.43 um + 1.01 (5) um, prepared
from milled powder (3 hours at 200 rpm) (b) and d = 0.79 pym £ 0.47 (6) um, prepared from milled

powder (3 hours at 350 rpm) (c). IPF reference, normal direction to the surface of the sample.

The influence of the milling parameters on the final grain size is summarised in Fig. 4.
An exponential decrease in grain size with milling time is shown (dashed red line), suggesting
that the steady state is achieved after 12 hours, considering a rotation speed of 200 rpm. Such
evolution is also observed in other methods that use high deformation for grain refinement,
like equal channel angular pressing, in which the number of passes is the key parameter [53].
A linear decrease in the average grain size is observed for increasing rotation speed (Fig. 4
(blue line)). Higher speed triggers more energetic collisions [25,54] which, in turn, accelerates
plastic strain reducing grain size faster. For instance, the sample processed from the powder
obtained after milling for 3 hours at 350 rpm has an average grain size in the same range as

the specimen milled for 12 hours at 200 rpm.
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Fig. 4 — Effect of milling time (rotation speed of 200 rpm) and rotation speed (milling time of 3 h) on
the final grain size of SPS sintered Ni.

The smallest grain size value obtained in the present study is 0.69 + 0.44 (3) um. Such
sample (labelled S-PO in the following) was obtained from a powder prepared with a milling
time of 10 h (to optimize processing time) and the most severe milling speed, 350 rpm. EBSD
analyses of the surface of this sample are displayed in Fig. 5 (a). To verify the homogeneity of
the microstructure, EBSD was also performed in the cross-section with regard to the SPS
applied force direction (Fig. 5 (b)). The grain size displayed by this sample in the cross section
was 0.65 £ 0.39 (3) um and differences in GBCD were below 4 % between the two
measurements. Pole figures do not reveal any development of crystallographic microtexture.
Despite the patterns in the stereographic projection for the <001> pole, showing a slight
preference for a cube texture, values of the maximum density pole, 1.8 in surface and 1.7 in
cross section, combined with the random patterns in stereographic projections for <011> and

<111> poles, confirm that the sample has no strong preferential crystallographic orientation.
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Fig. 5 — EBSD orientation grain map of sample S-PO (left) with grain size distribution (inset), pole
figures (middle) and diagram of the acquisition setting (right) of the sample in surface (a) and cross

section (b).

The determination of GBCD for all processed samples revealed a correlation between
the fractions of each type of grain boundaries and grain size (Fig. 6). The fraction of X3 grain
boundaries decreases significantly with grain size, especially for values below 1 um, whereas
the fractions of LAGBs and random high angle grain boundaries (HAGBs) increase. The
fraction of other CSL (X5-X29) grain boundaries displays no significant variations. These
evolutions can be related to the processing techniques. On the one hand, microstructures
obtained by BM are characterised by a high fraction of LAGBs [55,56]. The fast sintering

process ensured by SPS hinders the evolution of these boundaries into HAGB, due to the
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lower mobility of LAGBs as reported for Cu [58] and Al [59]. Consequently, sample S-PO,
prepared with the powder obtained under the most severe milling conditions, displays the
highest fraction of LAGBs. Regarding X3 boundaries, the high fraction emerges from the
intermediate stacking fault energy of nickel [60], which enables the formation of annealing
twin boundaries upon sintering. With the exception of the sample with the smallest grain size,
in all samples, a high fraction of 75 - 87 % of the X3 grain boundaries corresponds to twin
boundaries (TB). Deformation and consequent annealing to increase the density of TB has
been studied and reported by many authors [61-65]. It explains the elevated fraction of this
type of boundaries in the sintered specimens from BM powders, compared to the fractions
found in SPD processed UFG nickel (less than 5 %) [66]. In addition, the decrease of the TB

density with grain size is in agreement with studies by C.S. Pande et al. [67].
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Fig. 7 — GOS maps processed from EBSD data obtained for the initial state of samples, d = 3.5 um (S-
PC) (a) and d = 686 nm (S-P0) (b) (left). Bright field TEM images corresponding to the same samples
(right).

The initial internal stress state was investigated by grain orientation spread (GOS)
obtained from EBSD analyses and the observation of dislocation structures by TEM imaging'.

GOS represents a statistical measurement of the local weak crystallographic misorientations

! Black spots in GOS cartographies correspond to badly indexed zones that match the presence of pores,
which become larger by electropolishing. Likewise, pores appear as white spots in TEM images. Porosity
structures are displayed at grain boundaries as well as in the bulk of the samples, as confirmed by focused ion

beam observations.
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existing inside grains and can be related to local internal stress fluctuations. A mean value
below 1° corresponds to the stress free internal state displayed by recrystallized samples [68].
Fig. 7 (left) displays GOS cartographies for two different grain sizes. In these samples, 88 %
(Fig. 7 (a)) and 74 % (Fig. 7 (b)) of grains display an average misorientation below 1°. GOS
histograms (inset to GOS cartographies in Fig. 7) verify a statistical distribution centred
around 0.5°. More generally, the average GOS determined for all samples is in the range 0.5°-

0.8°.

These crystallographic misorientations inside the grains can result from dislocation
configurations as evidenced by TEM observations. Sample S-PC (processed from the as-
received powder) exhibits mostly defect free grains. Nevertheless, a few grains display some
straight dislocation arrangements, as evidenced in the grain displayed in Fig. 7 (a) right, which
was observed using a diffraction vector § = [202], or pile-ups. Sample S-P0O, with smaller
grain size and observed using a diffraction vector g = [111], also displays mainly straight
dislocation segments (Fig. 7 (b) right) even if small tangles can be scarcely found in some
grains. The absence of dislocation cells, together with the existence of straight dislocation
segments, few in number, are representative of the weak internal stress level inside UFG

specimens, in agreement with GOS results.

3.2 Mechanical properties of UFG Ni processed by SPS

In order to study the influence of grain size in the FG/UFG regime on strength and
ductility, five samples were prepared, two from the as-received powder and three from BM
powders (Table 1). To hinder the influence of GBCD, BM parameters were chosen taking into
account the aforementioned results to process samples with different grain sizes and grossly
the same fraction of X3 grain boundaries. A relative density over 97 % was obtained for all

samples.

Table 1 Relative density and synthesis parameters of samples processed for tensile testing.

Sample Prel (%) Precursor powder BM time (h) BM speed (rpm)

1 98.5 BM 10 350
2 99.5 BM 3 350
3 99.3 BM 3 300

13



4 97.6 As-received - -

5 98.7 As-received — —

The microstructural characteristics of the five samples are collected in Table 2. Grain
size ranges from 0.8 um to 25 um. Low GOS is displayed by all samples and a high fraction
of £3 grain boundaries (above 45 %) can be observed. The density of geometrically necessary
dislocations (GNDs) determined from kernel misorientations by EBSD analysis is also
collected in Table 2. The measurement of GNDs by EBSD is gaining popularity as a useful
tool for dislocation quantification to analyse big surfaces of the microstructure, as compared
to TEM observations [69,70]. It enables a minimum GND density of about 2x10'?> m™ to be
measured with a better sensitivity at low plastic strain levels [71]. GND densities are
calculated from the local misorientations inside a grain and using the algorithm already
implemented in OIM 8 software. In the present study, a higher density of GNDs is observed
in samples prepared from BM powders. pgnp is also higher for sample 5 than for bulk
specimens obtained by casting and careful annealing that display the same grain size (pgnp =
3-4x10'2 m™2) [71]. A plastic deformation in tension of 0.08 is needed in cast nickel to obtain
the same range of GND density as sample 5, indicating some residual deformation from the
applied pressure during sintering. The value of pgnp obtained for sample 1, the most refined
microstructure, is in agreement with results obtained for UFG Ni processed by SPS from

nanopowders, penp = 5.1x10 m™ [72].

Table 2 Microstructural features of tensile specimens.

Sample  Grain size (um) GOS (°) LAGB 23 CSL HAB ponp (m2)
1 0.82 +£0.67 0.7 0.036 0.495 0.056 0.587 3.5x10"
2 1.11 £0.84 0.6 0.04 0.456 0.044 0.54 2.1x10"
3 1.39+1.11 0.7 0.023 0.535 0.057 0.385 2.1x10"
4 45+33 0.6 0.02 0.526 0.046 0.592 5.1x10"
5 25+17 0.7 0.02 0.616 0.037 0.327 1.4x10"

14



Corresponding engineering stress-strain curves are provided in Fig. 8, showing two
distinct tensile behaviours. Samples 3-5 (d > 1.2 um) exhibit homogeneous plastic
deformation. Samples with grain sizes below 1.2 pm display a “Liiders-type” strain at the
beginning of the plastic domain, larger in sample 1 than in sample 2, and followed by

homogeneous deformation at higher strain.
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Fig. 8 — Engineering tensile curves corresponding to samples processed by SPS with different grain

sizes.

Table 3 Tensile characteristics of Ni samples processed by SPS.

Sample UTS (MPa) 60.2%) (MPa) g (%) g (%) G(0.02%) X &
1 625 + 4 441 +7 39+3 30+5 17199 + 21
2 58246 325+7 431 37+ 1 13975 +7
3 506+ 8 183+9 46 + 4 38+ 4 8418 + 36
4 443 +2 130 +2 49 +3 412 6370 6
5 408 + 1 87 + 4 58+3 44+5 5046 + 12
ECAP =+ Cold 1050 990 7 6930
rolling [11]
SPD + heat 890 835 12 10020

treatment [11]
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Table 3 collects the mechanical characteristics in tension of the samples. High yield
strength (c(.2%)) and ultimate tensile strength (UTS) are observed for the UFG samples. The
smaller difference between yield strength and the UTS for UFG samples indicates their lower
strain-hardening capacity as reported by other authors [12]. Good ductility is displayed by all
samples in terms of elongation to fracture (¢r) and uniform elongation (gu). It is noteworthy
that for sample 1, & = 39 %, and uniform elongation &, = 30 %, which is far above what is
reported for UFG Ni processed by SPD [11]. The high fraction of X3 grain boundaries in the
SPS processed samples may be responsible for the high ductility as reported for Cu [46] and

other metals [73].

The product of 6(0.2%) and &¢ is included in Table 3 as an indicator of toughness. For
comparison, the value of this product for a SPD processed sample and a sample produced by
SPD and subsequent annealing are added. A value three times higher is observed for sample 1
compared to sample 5 and 2.5 times higher than the value obtained for the SPD sample. The
specific microstructure obtained by BM and SPS, which combines a reduced grain size with a
high fraction of £3 grain boundaries, enables the good combination of strength and ductility,

especially in specimens with grain sizes in the UFG range.

To investigate the influence of grain size on yield strength, its evolution as a function
of d''2 is plotted (Fig. 9). The Hall-Petch (HP) [74] relation provides an expression that relates

the two parameters as follows:

O(0.2) = 0o + kup % (1)
where oo is the friction stress and kyp the HP constant. As a reference, the linear HP fit for
nanostructured (NsM)/UFG Ni samples processed by electrodeposition is included in Fig. 9
[75]. Such linear fit corresponds to a friction stress of 37 MPa and a HP constant of 175
MPa/um'”. These values are very close to those previously determined [76] for coarse
grained Ni, 6o = 14.23 MPa and kup = 180 MPa/um'?. A good agreement with the expected
values of yield strength is observed for samples 3-5, whereas UFG samples 1-2 strongly

deviate from the expected values.
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Fig. 9 — Grain size dependence of yield strength for Ni samples, in which the dashed line represents a

linear fit for UFG Ni processed by electrodeposition [75].

4. Discussion

The results in the previous section show that the synthesis of samples from BM
powders and SPS consolidation produces grain sizes in the UFG range with a GBCD
characterised by a high fraction of £3 grain boundaries and low internal stresses. The sintered
samples exhibit good tensile properties despite, especially in the UFG regime, with an

improved toughness, a small percentage of porosities.

The grain size dependence on yield strength exhibits a deviation from the expected
value from the HP relation in the UFG samples. Such deviation has been reported for UFG Ni
processed by other means including SPS sintering of nanopowders [75]. The higher density of
dislocations in UFG samples could be at the origin of this deviation as flow stress is related to

the total density of dislocations (p) following Eq. (2) [77-79]:

o = aubM.[p (2)

where o is an interaction coefficient that depends on the type of interaction between
dislocations as well as their configuration, M is the Taylor factor, p is the shear modulus, and
b is the norm of the Burgers vector. The total dislocation density includes GNDs and
statistically stored dislocations (SSD). Thus, the higher density of GNDs collected in Table 2

for the UFG samples obtained from BM could account for the extra-strengthening. Assuming,
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in first approximation, additive effects of the crystalline defects on the tensile strength
[11,75], characterized by Eq. (3), the contribution to strength from GNDs (cgnp) can be
evaluated using Eq. (2) considering only the density of GNDs (panp).

0 = 0ssp + 0gND T Oprecipitatest- - 3)

A new value of strength, can thus be computed by the subtraction of ognp from the yield

strength, 6(.2%) - oenp, to investigate the origin of the HP deviation.
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Fig. 10 — Grain size dependence of yield strength (red circles) and computed stress G.2%) - oonp (blue

stars).

Fig. 10 illustrates the evolution of 624, - 6enp as a function of d'/2, for fine and coarse
grained samples. In samples 3-5 the effect of grain size in the strength at € = 0.002 is erased
by subtracting the contribution of GNDs as these dislocations are mainly responsible for the
grain size strengthening [80]. Nevertheless, an additional strength is always observed in the

case of UFG samples, which reveals that another mechanism is linked to this phenomenon.

The origin of such additional stress may be related to the unusual “Liiders-type” strain

displayed by the two samples in the UFG regime. This Liiders-type strain has already been
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reported for other UFG FCC metals such as Cu [55,81], Al [82] and austenitic stainless steel
[83], indicating the occurrence of heterogeneous deformation at the beginning of the plastic
domain. In such cases, the average strain measured across the gauge length is not
representative of the strain in the deformed zone. Heterogeneity in deformation can be
observed in sample 1 from strain cartographies obtained by DIC (Fig. 11). In addition, during
tensile testing deformation bands in the centre of the gauge length at approximately 45° from
the tensile axis were depicted at low strain. C.Y. Yu ef al. [82] suggest that the origin of such
behaviour lies on a microstructure that contains grains with very variable grain sizes that
display different deformation behaviours. Yielding is easier in bigger grains, which undergo a
pre-yielding microstrain that then percolates to smaller grains, generating homogeneous
yielding and deformation. The lower strain hardening reported for small size grains delays the

homogenization of deformation, triggering a Liiders-type deformation.

Local strain Local strain Local strain
[%] (%] [%]
4.0 4.0 4.0
36 36 36
32 3.2 3.2
2.8 2.8 2.8
B 24 24 24
2.0 2.0 . 2.0
1.6 1.6 16
1.2 1.2 1.2
0.8 0.8 0.8
0.4 0.4 0.4
0.0 0.0 0.0
(a) (b) (©)

Fig. 11 — Deformation cartographies obtained from DIC at different strain levels: € = 0.003 (a), € =

0.009 (b) and € = 0.02 (c), for sample 1 (d = 0.82 pm).

To eliminate the “heterogeneous yielding factor”, C.Y. Yu et al. suggest extrapolating
the stress at € = 0.002 using a strain-hardening model capable of describing the deformation
behaviour of the investigated samples. In the present case, the true stress-true strain curves

can be correctly modelled for coarse-grained samples using the Hollomon model:
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o=K-&" 4)

where O is the true stress, € the true strain, K the Hollomon strain-hardening coefficient and n

the strain hardening exponent.
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Fig. 12 — Computed stress superposed to experimental true stress vs true strain curves for samples 4
(a) and 1 (b). Grain size vs measured yield strength (red circles) and extrapolated yield strength (green

stars) for samples 1 and 2 (c).

In Fig. 12 (a), the modelled stress and the true stress determined from the experimental

data of sample 4 show good agreement. On the other hand, Fig. 12 (b) shows that for the UFG
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sample 1, the model correctly describes the experimental results only for & values above 0.05.
If the yield strengths for samples 1 and 2 are extrapolated from the modelled curves, the

obtained values correspond to the one expected by the HP relation (Fig. 12 (¢)).

To verify if heterogeneous yielding is the only factor leading to higher stress, true
stresses at higher deformation levels were determined and plotted against d'/? (Fig. 13). The
HP relation holds for higher levels of deformation [84], thus the persistence of the deviation
indicates that other factors should account for the supplementary strengthening. Despite a
lower deviation at higher strain, the additional strength that persists through strain hardening
could indicate modified plasticity mechanisms specific to the UFG range. In the case of UFG
metals obtained by SPD, a deviation from the expected HP relation has also been reported for
pure nickel, justified by the presence of dislocation substructures and “non-equilibrium” grain
boundaries [85]. Due to the highly deformed nature of BM powders, the existence of such
grain boundaries in the UFG samples of this study is possible. Thus, to verify their presence,
grain boundary diffusion measurements [86] or high resolution TEM observations [87] of the

grain boundaries should be performed.
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Fig. 13 — Effect of grain size on stress at different deformation levels.
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5. Conclusion

UFG Ni samples were successfully produced by nanostructuration of powders via ball

milling and subsequent SPS consolidation resulting into highly dense samples with

homogeneous microstructures and good tensile properties. The main results obtained in this

study can be summarised as follows:

The synthesis of highly dense samples (relative density > 96 %) with grain sizes in the
FG/UFG range can be achieved combining BM and SPS.

Varying milling conditions enable the synthesis of samples in the FG/UFG range with
average grain sizes ranging from 0.6 um to 3 um and a GBCD dependent on grain
size. A large fraction of X3 grain boundaries is depicted, which decreases with grain
size.

GOS analysis and TEM observations illustrate the low internal stress level after SPS
processing regardless the final grain size.

Sintered samples display a good combination of strength and ductility, especially for
samples in the UFG regime, with & > 35 % and 6029 > 300 MPa.

A deviation from the HP relation is depicted for samples in the UFG range, which is
explained by heterogeneous yielding at yield strength. The persistence of the deviation
at higher deformation levels suggests a change in plasticity mechanisms characteristic

for UFG samples.

Data Availability Statement

The raw/processed data required to reproduce these findings cannot be shared at this time as
the data also forms part of an ongoing study.
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