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Abstract: Ultrafine grained (UFG) materials in the bigger grain size range (0.5–1) µm display a good
combination of strength and ductility, unlike smaller size UFG and nanostructured metals, which
usually exhibit high strength but low ductility. Such difference can be attributed to a change in
plasticity mechanisms that modifies their strain hardening capability. The purpose of this work is
to investigate the work hardening mechanisms of UFG nickel considering samples with grain sizes
ranging from 0.82 to 25 µm. Specimens processed combining ball milling and spark plasma sintering
were subjected to monotonous tensile testing up to fracture. Then, microstructural observations of the
deformed state of the samples were carried out by electron backscattered diffraction and transmission
electron microscopy. A lower strain hardening capability is observed with decreasing grain size.
Samples in the submicrometric range display the three characteristic stages of strain hardening with
a short second stage and the third stage beginning soon after yielding. Microstructural observations
display a low fraction of low angle grain boundaries and dislocation density for the sample with
d = 0.82 µm, suggesting changes in plasticity mechanisms early in the UFG range.

Keywords: nickel; spark plasma sintering; ultrafine grained microstructure; plasticity mechanisms;
deformed state; dislocation structures

1. Introduction

Ultrafine grained (UFG) metals (with an average grain diameter d = 0.1–1 µm), situ-
ated between nanostructured metals (NsM) (d < 0.1 µm) and coarse grained (CG) materials
display intriguing mechanical properties and plasticity mechanisms [1–6]. In CG polycrys-
tals plastic deformation is controlled by dislocation dynamics, where dislocation sources
can be found in grain boundaries and the grain core [7]. Meanwhile, in UFG/NsM metals,
grain boundaries have been reported to be exclusively the dislocation sources and sinks,
limiting their mean free path and consequently modifying their mechanical properties
and hardening behavior [8,9]. The investigation of strain hardening in UFG/NsM metals
is not straightforward for different reasons. The low ductility often displayed by such
materials [10–12], with fracture or heterogeneous deformation after yielding, renders the
study of the plasticity mechanisms and the determination of the classical stages of strain
hardening challenging. In addition, the use of nonstandard tensile specimens [6,13,14] can
generate confusing results if not analyzed correctly. F. Dalla Torre et al. [15] succeeded in
the investigation of the evolution of the strain hardening rate and the hardening stages of
two nanostructured Ni samples processed by electrodeposition (d = 21 ± 9 nm) and by
high pressure torsion (d = 105 ± 69 nm). Both samples displayed a lower hardening rate
than CG Ni, characterized by a steep decrease in the beginning of plastic deformation, and
no transition between the first and second stages of work hardening. The reduced strain
hardening capability has been explained in terms of a lower ability of the specimens to ac-
cumulate dislocations, which act as obstacles to dislocation glide. It has been reported [8,9]
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that in the UFG/NsM regime, dislocation storage is lessened by dynamic recovery and
annihilation of dislocations at grain boundaries. Considering the continuous decrease in
hardening rate with increasing strain for NsM, some authors consider that the third stage
is directly reached whereas others suggest that no correlation exists between the hardening
stages in conventional polycrystals and in NsM/UFG materials [15,16]. To help clarify
these different positions, studies addressing the microstructure of NsM/UFG materials
after tensile deformation are needed.

Despite the large bibliography concerning the mechanical properties of NsM and
the smaller grain size range of UFG metals developed in the last three decades [17–24],
information concerning strain hardening of larger grain sized UFG metals (also called
submicrometric metals) is still lacking. The study of such samples could bring light to
the transition, in terms of plasticity mechanisms, between conventional CG metals and
NsM. Investigations on the mechanical properties of UFG copper [25], aluminum [26] and
austenitic stainless steel [27] display an intriguing transition of tensile deformation behavior
in samples with grain sizes in the range 0.4–4 µm. In this face centered cubic metals, a
Lüders-type deformation, preceded in some cases by a yield drop, was observed in the
beginning of plastic deformation. Moreover, the yield strength of specimens displaying the
Lüders-type deformation was reported higher than the expected value from the Hall–Petch
relation for aluminum by Yu et al. [26]. It was shown that such deviation corresponds
to inhomogeneous yielding associated with a lack of mobile dislocations in the smaller
grains of the UFG microstructures in the beginning of plastic deformation. This feature
has also been observed by the authors in a previous article dedicated to the mechanical
properties assessment of UFG Ni polycrystals [28]. The persistence of the deviation in UFG
Ni, at a lower extent, at higher deformation states, suggests changes in the strain hardening
mechanisms.

A large bibliography is available for pure Ni, often used as model material to investi-
gate different properties such as diffusivity, mechanical strength, resistivity, etc. [29–33].
The lack of complex phases, precipitates or other structural features simplifies the study of
such properties enabling the investigation of the effect of single parameters (grain size for
instance). Thus, Ni was chosen as a starting point to understanding plastic deformation in
UFG materials that are more complex.

This paper aims to study the evolution of strain hardening mechanisms for samples
with grain sizes in the range 0.82–25 µm and to contribute to the knowledge of plastic
deformation in the UFG range. Uniaxial tensile testing up to fracture was performed using
standardized specimens and the obtained results analyzed focusing in strain hardening.
Finally, electron backscattered diffraction (EBSD) and transition electron microscopy (TEM)
were used to examine microstructures deformed at fracture and investigate dislocation
accumulation and structures, shedding light on the hardening mechanisms.

2. Materials and Methods
2.1. Sample Synthesis and Characterization

Powder metallurgy was chosen for the synthesis of the specimens, combining high
energy ball milling (BM) and consolidation by spark plasma sintering (SPS), to produce
specific fine grained (FG) and UFG microstructures. High purity nickel powder (>99.8%)
was used as the starting material, with Fe 100 ppm, C 200–600 ppm, O 1000 ppm and S
10 ppm as the main impurities. To produce FG/UFG samples the as-received powder was
modified by BM in a Fritsh planetary pulverisette 7, using WC vials (80 mL) and grinding
balls (5 mm in diameter). A ball to powder ratio was fixed to 10:1 and anhydrous methanol
was used as a process control agent. To avoid oxidation of the powders, vials were filled
with high purity argon. Rotation speed and milling time were selected to produce highly
deformed UFG powders with different characteristics, to process specimens with distinct
microstructures after sintering. The synthesis parameters and grain size for each sample
are displayed in Table 1. More information concerning the impact of BM parameters in the
microstructure of consolidated samples can be found elsewhere [28].
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Table 1. Synthesis parameters of the samples (BM: ball milling).

Sample Grain Size
(µm) ρrel (%) Type of

Powder BM Time (h) BM Speed
(rpm)

Amount of
Methanol (%)

Sintering
Temperature (K)

1 0.82 ± 0.67 98.5 BM 10 350 66.7 1023
2 1.11 ± 0.84 99.5 BM 3 350 16.7 1023
3 1.39 ± 1.11 99.3 BM 3 300 66.7 1023
4 4.0 ± 2.4 97.6 As-received – – – 1023
5 25 ± 17 98.7 As-received – – – 1273

The powders were sintered by SPS with a FCT System GmbH, HD25 SPS apparatus
(Figure 1a left), under medium dynamic vacuum (0.5 mbar), using graphite dies, punches
and foils (Figure 1a right). To limit grain growth, the sintering temperature was set
to 1023 K, with a heating rate of 100 K/min by continuous current. The heating cycle
was accompanied by a uniaxial pressure cycle throughout the sintering process, with a
maximum value of 75 MPa. Maximum pressure and temperature were maintained for
10 min to ensure high density. Four disc-like specimens were processed using this program,
with a diameter of approximately 50 mm and a thickness of 6 mm, to extract tensile
specimens for mechanical testing (Figure 1b). To assess the impact of grain size on strain
hardening mechanisms, an extra sample with a grain size in the CG range was produced
from the as-received powder using the same sintering conditions, with the exception of
temperature, 1273 K (Table 1). To confirm good homogeneity, hardness maps of the surface
were performed in all samples. The density of the bulk samples was determined by an
immersion densitometry method, with a mass accuracy of 1 mg.
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Figure 1. FCT System GmbH, HD25 SPS apparatus (left) and sintering set-up (right) (a). The metallic
wire positioned in a hole in the die is a thermocouple used to control the sintering temperature.
Tensile specimen extracted from a 50 mm sintered disc (b).

2.2. Microstructure Analysis and Mechanical Properties

The microstructure of the sintered samples was investigated in the initial state and
the deformed state at fracture by means of EBSD. Prior to measurements, samples were
mechanically polished with SiC paper and electropolished using a solution of perchloric
acid, 2-butoxyethanol and ethanol at a voltage of 24 V, for an optimal surface condition.
The EBSD acquisition system used was a QUANTAX EBSD (Bruker, Berlin, Germany)
mounted on a Zeiss Supra 55. An operating voltage of 15 kV, aperture size of 60 µm and a
working distance (WD) of 14.5–16.5 mm were the acquisition parameters. For each sample,
at least 1000 grains were covered using a step size ensuring more than 4 points per grain
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along a given direction. Data was analyzed with the TSL OIM 6 × 64 Analysis™ v 6.2
software (EDAX, Ametek Inc., Berwyn, PA USA) to estimate average grain size, grain
boundary character distribution (GBCD), grain orientation, grain orientation spread (GOS)
and Kernel average misorientation (KAM) of the sintered specimens. A misorientation an-
gle of 2–15◦ [34] was chosen to define low angle grain boundaries (LAGBs), and Brandon’s
criterion [35] was used to determine coincidence site lattice (CSL) fractions, calculated on a
length basis. Basic clean-up was performed before each analysis to eliminate artifacts. In
addition, TEM observations of dislocation structures were performed on selected samples
with a JEOL 2010 at an operating voltage of 200 kV. To this aim, specimens were prepared
from 3 mm discs mechanically polished down to approximately 100 µm and then elec-
tropolished using a solution of 17% perchloric acid in ethanol by the twin jet method in a
Tenupol 5.

The influence of grain size in the UFG range on the strain hardening mechanisms
was investigated using uniaxial tensile testing up to fracture. Dog-bone tensile samples
with a gauge length of 11 mm and a thickness of 1 mm were extracted from the 50 mm
discs (Figure 1b), using electrical discharge machining to avoid sample damage. More
information concerning the dimensions of the tensile specimens and their position in
the sintered sample can be found elsewhere [36,37]. Prior to testing the surfaces of the
specimens were carefully polished with a diamond suspension of 6 µm to remove the
roughness induced by the machining and to eliminate any contamination in the near
surface area. A Zwick device with a load cell of 50 kN maximum capability was used
for uniaxial tensile testing at room temperature. The strain rate was set to 10−3 s−1, and
the deformation was recorded with the ARAMIS® software (Mentel Co., Ltd., Bangkok,
Thailand) by measuring displacement fields using digital image correlation. The stress–
strain measurements reported in the following paragraphs correspond to the average value
from three different samples.

3. Results and Discussion
3.1. Strain Hardening in FG and UFG Ni

To investigate the influence of grain size in the FG/UFG range on the mechanisms of
plasticity, five samples were prepared with grain sizes ranging from 0.82 to 25 µm. The
synthesis parameters (Table 1) were selected to produce specimens with a small fraction
of low angle grain boundaries (LAGBs) and a high fraction of Σ3 grain boundaries, and
random high angle boundaries (HABs) [28]. The high relative density for all samples
(Table 1) confirms the good consolidation of powders by SPS. In addition, specimens
show overall low internal stress in the initial state, quantitatively estimated from a grain
orientation spread (GOS) below 1◦ [28,38].

The respective true stress (σ)/true strain (ε) curves are plotted in Figure 2. Regardless
the grain size, all samples display high strength and ductility in tensile deformation, with
the best combination found for sample 1 (d = 0.82 µm).

As discussed in our previous work [28,37], samples 1 (d = 0.82 µm) and 2 (d = 1.11 µm),
display an unusual Lüders-type plateau in the beginning of plastic deformation. The origin
of this phenomenon seems to be an inhomogeneous yielding associated with a microstruc-
ture displaying grains of different sizes, which present specific deformation behaviors. The
lack of mobile dislocations in the smallest grains of the UFG microstructures increases
the yielding strength, followed by a Lüders-type deformation before homogeneous defor-
mation begins. Despite the differences in grain size, covering three ranges, CG, FG and
UFG, all samples display considerable strain hardening after yielding. However, if the
ratio of maximum stress over yield stress is considered, bigger grain size samples display
higher ratios with a value of seven observed for sample 5 (d = 25 µm), against a ratio of
two displayed by sample 1 (d = 0.82 µm).
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The evolution of the strain hardening rate θ =
(

dσ
dε

)
, with true stress normalized

by yield strength (σy) is plotted in Figure 3. At low flow stress, a strong decrease in the
hardening rate can be observed, which evolves towards a more stabilized hardening rate,
irrespective of the sample. However, a clear difference can be observed between UFG
and FG/CG samples. Samples 3–5 display the same hardening behavior at the beginning
of plastic deformation, a steep decrease in θ followed by a smoother decrease. Then, for
σ/σy = 2, hardening rates diverge as sample 5 (d = 25 µm) displays a higher hardening
capability than samples 3 (d = 1.39 µm) and 4 (d = 4.0 µm). Samples 1 (d = 0.82 µm) and
2 (d = 1.11 µm) display, on the other hand, a much steeper decrease of θ in the beginning
of plastic deformation followed by a much lower strain hardening rate, compared to the
FG/CG counterparts. The lower hardening capability assessed for the UFG samples in this
study, is in agreement with the tendency observed by F. Dalla Torre et al. [15]. Nevertheless,
the transition to a more stabilized decrease in θ for UFG, contrasting with their observations
on nanocrystalline Ni, suggests different hardening mechanisms in our samples.

Work hardening in polycrystals can be divided into three stages that are related to
different plasticity mechanisms that can be investigated by physical models [39]. Using the
Mecking–Kocks model, the relation between flow stress (σ) and total dislocation density
(ρ) can be expressed as [40–42]:

σ = αµbM
√
ρ, (1)

where α is a coefficient that depends on the type of interaction between dislocations and
their configuration, µ is the shear modulus, b is the norm of the Burgers vector and M is
the Taylor factor [43,44]. Furthermore, for monophasic and recrystallized face centered
cubic metals, the evolution of ρ with deformation can be described by the following
equation [40,45,46]:

dρ
dε

=
M
√
ρ

βb
+

kgM
bd
− 2MPyaρ

b
. (2)
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The first term of the right-hand side of Equation (2) concerns the accumulation of
mobile dislocations, where β represents the ratio between the dislocation mean free path
(Λ) and the near neighbor dislocation spacing (ld): β = Λ

ld
, and the other parameters

have their usual meaning. The dislocation mean free path is the distance travelled by a
dislocation before being stopped by crystalline defects (i.e., other dislocations, precipitates
and grain boundaries) and becomes stored [47]. The second term accounts for the genera-
tion of geometrically necessary dislocations (GNDs) at grain boundaries [46,48], where kg
represents a geometric factor that depends on the morphology of grains. Finally, the last
term corresponds to dislocation annihilation that results from generalized cross-slip. The
probability of annihilation is represented by P and ya symbolizes the distance of annihi-
lation of two dislocations by cross-slip [46,48]. If Equations (1) and (2) are combined the
following expression is obtained:

σ·θ = σ
dσ

dε
=
αµM2

2β
σ +

α2µ2bM3kg

2d
− αµMPyaσ2

b
. (3)

The low probability of dislocation annihilation in the beginning of strain hardening
makes the last term in Equation (3) negligible throughout stages I and II. Thus, the study
of the transition between hardening stages can be performed from the evolution of the
product σ·θ as it displays clear slope changes. Stage I is characterized by a steep decrease
in σ·θ and is characterized by non-homogeneous deformation with a gradual elastic to
plastic transition, which depends on grain orientation and size. Planar/single slip is the
main deformation mechanism and the elevated hardening rate is due to deformation
incompatibility between grains. Then, a linear part of increasing σ·θ represents stage II,
which is characterized by multiple slip, beginning of cross-slip and the formation of dense
dislocation structures, including tangles, dislocation walls and cells [49]. Assuming the
Mecking–Kocks model and the approximation of low probability of dislocation annihilation,
stage II can be investigated as dependent on two terms [50]:

σ·θ =
αµM2

2β
σ +

α2µ2bM3kg

2d
= ∆I Iσ + (σθ)0. (4)

The first one (∆I I), known as the latent hardening rate, is related to the accumulation
and interaction between dislocations. The second one ((σθ)0) corresponds, for a polycrystal
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of a pure single-phase metal, to the contribution of grain boundaries, through GNDs,
to strain hardening. The contribution of (σθ)0 to strain hardening increases when the
microstructure is refined. Both terms can be obtained from the fraction of the plots of σ·θ
as a function of stress situated between the transition stress from stage I to stage III (σI/II)
and the one from stage II to III (σII/III). A linear fit of this section gives ∆I I as the slope and
(σθ)0 as the origin intercept (Figure 4). Once linearity is lost, stage III of strain hardening
begins, where cross-slip is generally occurring and dislocation annihilation predominantly
takes place.
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Figure 5a displays the evolution of σ·θ with stress for the sintered samples. A strong
effect of grain size on σI/II is observed, arising from the difference in σy between individual
samples. When normalizing stress by σy (Figure 5b), the transition took place at a value of
σ/σy close to 1.5 independently of the grain size.
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The transition stress from stage II to stage III (σII/III), normalized by yield strength
decreased with decreasing grain size (Figure 6). The stress necessary for the transition to
stage III for CG nickel (sample 5) was 3.5 times its yield strength, whereas for the two UFG
samples (framed in blue) the transition took place shortly after the initial yield stress. The
faster transition from stage II to stage III in UFG samples suggests different hardening
mechanisms compared to CG specimens.
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Figure 6. Evolution of the transition stress from work hardening stage II to stage III (σII/III) normalized
by yield strength as a function of 1/d for the five sintered samples. The two UFG samples are framed
in blue.

The evolution of ∆I I with grain size is plotted in Figure 7a. Despite the important
scattering of experimental values, resulting from noisy data, a decrease of the latent
hardening rate with decreasing grain size can be observed, approaching zero for the
smallest grain sizes. The latent hardening rate is related to the rate in which mobile
dislocations are stored within the grain from the interaction with the dislocation density
that is already stored [43]. In the second work hardening stage, dislocations store by
rearranging into low energy structures such as dislocation cells. The faster transition
to stage III in UFG specimens suggests that generalized cross-slip and annihilation of
dislocations takes place in the beginning of plastic deformation, reducing the possibility
of dislocation interaction and reorganization. A decrease in ∆I I implies a decrease of the
interaction coefficient, α, and/or an increase of the parameter β (Equation (4)). A lower α
suggests low dislocation interaction and organization. A higher β entails an increase in Λ
and/or a decrease in ld, thus, a lower possibility of interaction between dislocations. The
evolution of (σθ)0 as a function of the inverse value of grain size is displayed in Figure 7b.
A linear trend can be depicted, where the parameter (σθ)0 increases with decreasing grain
size. The value of kg can be determined from the slope:

(σθ)0 =
α2µ2bM3kg

2
·1
d

. (5)
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Considering the value of α estimated for polycrystals in [45], α = 0.45, the obtained
value of kg in this study was 0.15 ± 0.02, which was in good agreement with the experimen-
tal value obtained in [45] for polycrystalline nickel, kg = 0.20. Thus, the Mecking–Kocks
model applies to the study of the plasticity mechanisms in this work [51]. Given that (σθ)0
is related to the contribution of grain boundaries to strain hardening, these results suggest
that for UFG samples, the hardening mechanisms mainly take place at grain boundaries.
In consequence, when grain size decreases, dislocation interaction with grain boundaries
becomes the main hardening mechanism.

3.2. Investigation of the Deformed State at Fracture by EBSD and TEM Observations

Previous conclusions issued from the Mecking–Kocks model suggest a change in
strain hardening mechanisms with grain refinement. Dislocation accumulation through
cell formation would be present in the core of the grain for coarse grain specimens. Whereas
in UFG samples, hardening would be mainly related to interactions between dislocations
and grain boundaries. To explore this possibility, the deformed state at fracture was
investigated by means of EBSD.

Figure 8 displays a global outlook of the deformed microstructures from the inverse
pole figure (IPF) taking the tensile stress direction as reference. The good quality of the data
was ensured by an indexation rate above 88% for all samples. A preferred crystallographic
orientation is observed where grains rotate so that a <111> or <100> axis tends to become
parallel to the tensile axis, which is the expected behavior for highly deformed face centered
cubic (FCC) metals [52,53]. In addition, elongation of grains following the tensile stress
axis can be observed, leading to an increase in the grain boundary area. This phenomenon
is more present for samples 4 and 5 depicting higher grain size (Figure 8c,d) and almost
negligible for sample 1, with the smallest grain size (Figure 8a). The area increase requires a
high fraction of dislocations storing in the grain boundaries, which accounts for a significant
part of the strain hardening energy [54]. The difference in elongation to fracture (εf) could
explain such a difference as εf = 49% ± 3% for sample 4 (d = 4 µm) and εf = 39% ± 3% for
sample 1 [28]. Nevertheless, Q.H. Bui et al. [33] reported a similar result for samples of CG
and UFG Ni deformed in compression at the same level of deformation.
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Figure 8. Superposition of inverse pole figure (IPF) + image quality (IQ) cartography for samples 1
(d = 0.82 µm) (a), 3 (d = 1.39 µm) (b), 4 (d = 4.0 µm) (c) and 5 (d = 25 µm) (d) with the tensile stress
direction as reference, for fractured samples. White arrows indicate the tensile direction.

A change in the GBCD is also observed after deformation (Table 2), where a decrease
in the Σ3 grain boundary density was accompanied by an important increase in the LAGB
density. The lower fraction of Σ3 grain boundaries can be explained as the outcome
of gliding dislocations interacting with pre-existing twin boundaries (a particular case
of Σ3 grain boundaries), resulting in the accumulation of the slip dislocations in such
boundaries. This can be achieved by dissociation of slip dislocations into partials under
high stress [55,56]. Gubicza et al. [57] observed the same phenomenon for UFG Ni prepared
by SPS from nanopowders deformed by the compression test. The higher fraction of LAGBs
is the outcome of the arrangement of dislocations into subgrain boundaries at high levels
of deformation [58].

Table 2. Grain boundary character distribution (GBCD) of samples in the initial state and deformed at fracture.

Sample Grain Size (µm)
Initial State [28] Deformed at Fracture

LAGBs Σ3 CSL HABs LAGBs Σ3 CSL HABs

1 0.82 ± 0.67 0.036 0.495 0.056 0.413 0.057 0.388 0.047 0.508
2 1.11 ± 0.84 0.04 0.456 0.044 0.46 0.133 0.246 0.056 0.565
3 1.39 ± 1.11 0.023 0.535 0.057 0.385 0.093 0.336 0.044 0.527
4 4.0 ± 2.4 0.02 0.526 0.046 0.408 0.383 0.202 0.036 0.379
5 25 ± 17 0.02 0.616 0.037 0.327 0.73 0.088 0.022 0.16

Table 2 shows that bigger grain size entailed a sharper decrease in Σ3 grain boundaries
and a stronger increase of LAGBs. The probability of reducing the fraction of Σ3 grain
boundaries was thus higher for samples with grain sizes in the CG regime. The considerable
difference in the fraction of LAGBs for fractured samples 4 and 5, compared to samples
1–3, can be related to the short strain hardening stage II in UFG samples. In this second
stage, dislocations reorganize into lower energy structures to accommodate deformation.
They evolve with increasing strain from tangled dislocations to dislocation cells due to a
multiple slip, which enables the multiplication of dislocations. In stage III, cross-slip is
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generalized and dislocation cells are the predominant dislocation arrangement. For higher
deformation levels, the misorientation across dislocation walls increases, which results in
the development of subgrains from the original dislocation cells [59], ultimately forming
LAGBs [54]. The fast occurrence of stage III in the UFG samples hinders the formation
dislocation cells and their evolution to LAGBs.

EBSD is also useful in the investigation of the misorientations within grains, as this
can be related to the presence of dislocations [29,38]. Figure 9 displays GOS cartographies
of samples 1 (d = 0.82 µm) (a), 3 (d = 1.39 µm) (b) and 4 (d = 4 µm) (c), calculated for
the initial state (left) and the deformed state at fracture (right). The average GOS value
increased for all samples from 0.6◦, in the initial state, to around 2◦, in fractured samples,
with the smallest value corresponding to sample 1 (GOS = 1.7◦ ± 0.9◦). Nevertheless, the
distribution of the GOS value highly depended on grain size. For instance, the fraction of
grains with a GOS < 2◦ for sample 5 (d = 25 µm) was 2.9%, whereas sample 1 (d = 0.82 µm)
exhibited a fraction of 29.8%.
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Figure 9. Grain orientation spread (GOS) + IQ map of samples 1 (d = 0.82 µm) (a), 3 (d = 1.39 µm) (b)
and 4 (d = 4.0 µm) (c) at the initial state (left) and deformed state at fracture (right). Color legend
represents the orientation spread in degrees. Inserts display the distribution of GOS values for each
state and sample.

To investigate the correlation between grain size and orientation spread, the EBSD data
for sample 1 at fracture (d = 0.82 µm) was divided into two groups, based on the GOS value.
The first group included grains that display a GOS < 2◦ and the second group grains with
GOS > 2◦. The measured average grain sizes of each partition were d = 0.54 ± 0.38 µm and
d = 1.39 ± 0.84 µm, respectively. These results indicate that deformed grains in the UFG
regime display less orientation spread and thus exhibited a lower level of deformation [60].
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This difference in deformation capability offers an explanation to the heterogeneous de-
formation (Lüders-type plateau) at the beginning of plastic deformation. In addition,
Figure 9 shows that at higher deformation levels, despite the macroscopic homogeneous
deformation displayed in Figure 2, the deformation at a microscopic scale is heterogeneous
and dependent on grain size. The same analysis was performed in samples 2 and 3, and a
similar trend was observed concerning the grains in the UFG regime. The fraction of grains
that displayed a GOS < 1◦ (considered as non-deformed grains) was less than 3% for all
samples.

GOS cartographies offer a general view of deformation considering averaged values
for each grain. Nevertheless, different deformation levels are present on a microscale
inside the grains, where dislocations are frequently distributed in a heterogeneous manner,
alternating regions of high and low local dislocation density. KAM cartographies can be
employed for a local description of the presence of misorientations within a grain [61].
The first neighbor KAM cartographies of samples 1 (d = 0.82 µm) (a), 3 (d = 1.39 µm)
(b) and 4 (d = 4 µm) (c) are displayed in Figure 10. In the deformed state in sample
4 (Figure 10c right), it is noticeable that high misorientations (above 1◦) are present at
grain boundaries and in the bulk of grains. In addition, the average KAM value in this
sample increased from 0.7◦ in the initial state to 1.4◦ deformed at fracture, as expected
for deformed samples [62]. With grain refinement, lower misorientations are observed
and are mostly located at grain boundaries (Figure 10a,b right). The generalized higher
dislocation density at grain boundaries is in agreement with the model developed by
Meyers and Ashworth based on a different deformation behavior between the inside of
grains and their boundaries [63]. Deformation incompatibility between grains develops
a stress concentration at grain boundaries, which entails the activation of supplementary
slip systems as compared to the core of the grain [7]. Hence, regions closer to the grain
boundaries will strain harden faster. This effect is particularly noticeable in the UFG
grains, which display low misorientations in the core of grains. These observations are
in agreement with the results obtained in the previous section and suggest hardening
mechanisms mainly related to interactions between dislocations and grain boundaries.
Samples 1–3 display no significant change in the average KAM value between the initial
state and the deformed state.

To complete these observations, TEM observations were performed at fracture for
two samples, representing the FG and the UFG range. Figure 11 displays bright field
TEM images of sample 4 (d = 4.0 µm). Grains divided by geometrical dislocation cells
(or subgrains) can be observed with different misorientations as depicted in Figure 11a
for a single grain observed using a diffraction vector

→
g =

[
111

]
. The high density of

dislocations in the cell walls and cores can be observed in Figure 11b, where a grain
boundary is displayed edge-on. The average size of the dislocation cells was estimated as
0.53 ± 0.18 µm, from 28 cells in different grains. This value, rather independent of grain
size, is in agreement with the value of 0.35–0.55 µm observed in CG nickel [64] for a high
plastic strain. The features of the deformed microstructure correspond to those expected for
highly deformed nickel, characterized by high dislocation density and dislocation cells [65].
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Figure 11. TEM images of grains of fractured sample 4 (d = 4.0 µm), containing dislocation cells. 
Accumulation of geometric dislocation cells of similar size in a single grain (�⃗� = 111 ) (a) and 
contiguous grains displaying dislocation cells with a high density of dislocations (b). 

Figure 10. First neighbor kernel average misorientation (KAM)+IQ cartographies of samples 1
(d = 0.82 µm) (a), 3 (d = 1.39 µm) (b) and 4 (d = 4 µm) (c) in the initial state (left) and for fractured
samples (right). Color legend represents the kernel average misorientation in degrees. Inserts display
the distribution of first neighbor KAM values for each state and sample.
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Figure 11. TEM images of grains of fractured sample 4 (d = 4.0 µm), containing dislocation cells.
Accumulation of geometric dislocation cells of similar size in a single grain (

→
g =

[
111

]
) (a) and

contiguous grains displaying dislocation cells with a high density of dislocations (b).
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Concerning the UFG regime, the deformed state of sample 1 (d = 0.82 µm) displays a
much different appearance (Figure 12). Figure 12a shows an overview of small equiaxed
grains with a lower dislocation density inside grains, compared with sample 4 (d = 4.0 µm)
(Figure 11). Moreover, dislocations tend to accumulate preferably close to grain boundaries.
The lack of dislocation walls, tangles or cells indicates low misorientation (as seen in
EBSD) and hardening mechanisms related mainly to the interaction between individual
dislocations. A decrease in the interactions between dislocations and dense dislocation
structures implies a decrease in the value of α and thus of ∆I I . Small size dislocation
cells were rarely found in the deformed microstructure (Figure 12b). Given the grain size
(d = 0.82 µm), which approaches the cell size in CG Ni, the few dislocation cells observed
display in all cases a smaller size than those observed in FG specimens. Nevertheless, TEM
observations show that dislocation cells are not a characteristic feature of the deformed
state of UFG Ni. These results are in agreement with the EBSD analyses, and with the
strain hardening behavior of UFG samples. The lower density of dislocations and the lack
of dislocation substructures hinder the hardening capability of UFG specimens and has a
major impact in their strain hardening mechanisms.
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4. Conclusions

Changes in the plasticity mechanisms were investigated in Ni samples obtained by
SPS with grain sizes ranging from 0.82 to 25 µm, through tensile testing up to fracture and
microstructural observations. The main results obtained in this study can be summarized
as follows:

- Considerable strain hardening is displayed by all samples, including those with grain
sizes in the UFG regime, although a decrease in the strain hardening capacity is
observed with decreasing grain size.

- The three stages characteristic of plastic deformation in CG specimens were identified
in the UFG samples. Considering the normalized stress σ/σy, the transition stress from
stage I to II was similar in all samples, whereas a very short stage II was displayed by
the UFG samples, entering in stage III just after initial yielding.

- A decrease of ∆I I with decreasing grain size was observed suggesting low accumula-
tion and interaction between dislocations in UFG specimens. In addition, the increase
of (σθ)0 with 1/d indicate a high contribution of dislocation interaction with grain
boundaries to the strain hardening of such samples.
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- Microstructural observations performed by EBSD showed fewer changes in the mi-
crostructure, such as changes in morphology or low formation of LAGBs, in samples
with grain sizes in the UFG range.

- Misorientation cartographies (GOS and KAM), suggest low deformation of small size
grains with low values of GOS and KAM, and preferred accumulation of dislocations
close to grain boundaries.

- TEM observations of the deformed state of UFG samples (d = 0.82 µm) showed low
dislocation density heterogeneously distributed, and lack of well-defined dislocation
cells.

From these results, we could conclude that with grain refinement in the UFG regime,
dislocation storage was lessened by generalized cross-slip mechanisms and dislocation
annihilation starting just after yielding, hindering the formation of organized dislocation
structures in the grain core. Hardening is thus mainly mediated by dislocation interactions
with grain boundaries, for grain sizes below d = 1.11 µm, which enable good ductility
contrary to deformation mechanism such as grain sliding, observed in smaller size UFG
and NsM metals.
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Glossary
Abbreviations
BM Ball milling
CG Coarse grained
CSL Coincidence site lattice
EBSD Electron backscatter diffraction
FCC Face centered cubic
FG Fine grained
GBCD Grain boundary character distribution
GNDs Geometrically necessary dislocations
GOS Grain orientation spread
HABs High angle boundaries
IQ Image quality
IPF Inverse pole figure
KAM Kernel average misorientation
LAGBs Low angle grain boundaries
NsM Nanostructured materials
SPS Spark plasma sintering
TEM Transmission electron microscopy
UFG Ultrafine grained
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Abbreviations
Symbols
α Parameter of dislocation interaction and configuration
b Norm of the Burgers vector
β Parameter that relates Λ and ld.
d Grain size
∆I I Latent hardening rate
ε True strain
εf Elongation to failure
→
g Diffraction vector
θ Work hardening rate
kg Geometric factor related to grain morphology
ld Average distance between dislocations
Λ Average distance traveled by a dislocation
M Taylor factor
P Probability of dislocation annihilation
ρ Total dislocation density
ρrel Relative density
σ True stress
σy Yield strength
σI/II Stress of transition between hardening stages I and II.
σII/II Stress of transition between hardening stages II and III.
ya Dislocation annihilation distance
(σθ)0 Parameter of contribution of grain boundaries to strain hardening
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