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Abstract: The article presents the study of alumina nanoparticles’ (nanofibers) concentration effect
on the strength properties of pure nickel. The samples were obtained by spark plasma sintering of
previously mechanically activated metal powders. The dependence of the grain size and the relative
density of compacts on the number of nanofibers was investigated. It was found that with an increase
in the concentration of nanofibers, the average size of the matrix particles decreased. The effects
of the nanoparticle concentration (0.01-0.1 wt.%) on the elastic modulus and tensile strength were
determined for materials at 25 °C, 400 °C, and 750 °C. It was shown that with an increase in the
concentration of nanofibers, a 10-40% increase in the elastic modulus and ultimate tensile strength
occurred. A comparison of the mechanical properties of nickel in a wide range of temperatures,
obtained in this work with materials made by various technologies, is carried out. A description of
nanofibers” mechanisms of influence on the structure and mechanical properties of nickel is given. The
possible impact of impurity phases on the properties of nickel is estimated. The tendency of changes
in the mechanical properties of nickel, depending on the concentration of nanofibers, is shown.

Keywords: nanofibers; powder metallurgy; spark plasma sintering; elastic modulus; tensile strength;
nickel

1. Introduction

Nickel-based materials are used in various industries: aviation, astronautics, engineer-
ing, energy, and others [1]. Nickel is a universal chemically stable metal. Nickel strengthen-
ing can be associated with a wide range of different methods [2]: Peirls-Nabarro strengthen-
ing, solid solution strengthening, dislocation strengthening, dispersion strengthening, and
grain boundary strengthening. Pure nickel is not used as a structural material because of its
high density and relatively low strength. However, its modification allows one to achieve a
significant increase in mechanical properties [3].

Dispersion strengthening of metals is caused by both coherent and incoherent particles
and precipitates. There are many works related to the strengthening of molybdenum [4] and
aluminum [5-7] by 0.01-0.1 wt.% spherical nanoparticles of refractory oxides. It was shown
that the increase in tensile strength could reach 30-300% compared to pure metal. Materials
were obtained using powder metallurgy technologies. The addition of nanoparticles into a
powder matrix leads to various strengthening effects:

e  grain refinement;
e  prevents boundaries from growing and moving;
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e increases the yield strength and breaking stress, maintaining the distance between
matrix grains [8-11];
contributes to strengthening by the double grain boundaries mechanism [10,12];
inhibits creep along the grain boundaries, thru indenting into the matrix and turning
with crack propagation process [9,13];

e limits the nucleation and promotes the vacancies annihilation, increasing the creep
resistance along the grain boundaries [14];

e  prevents the diffusion of oxidizer due to adsorption on the nanoparticles surface [8].

Usually, materials based on nickel are obtained by casting or powder metallurgy.
The main advantage of spark plasma sintering (SPS) is the possibility of rapid powder
consolidation with the preservation of the initial particle sizes [15,16]. Powder materials
can significantly differ in properties when compared to cast materials. For example, in the
literature [17], nickel powders of various particle sizes and morphologies were used for
materials” production by the SPS method. Both nanosized (~10 nm) and bimodal-sized
(~15 pm) particles were used. The tensile strength of sintered samples was in the range
of 500-650 MPa. The samples’ microstructure was distinguished by the presence of small
grains (below 2 pm) and large grains with a size of 10-25 um. In the literature [18], nickel
powders with a particle size of 52-250 nm were ground in a planetary mill and sintered by
SPS. The tensile strength of this material was 680-700 MPa.

It should be noted that the addition of refractory insoluble high-modulus nanopar-
ticles into the metal matrix in small quantities (up to 0.1 wt.%) contributes to their more
straightforward and more uniform distribution [19,20]. This is because nanoparticles are
prone to aggregation. According to the Obraztsov—Lurie-Belov micromechanical model
based on the gradient theory of elasticity [5], a rigid nanoparticle, being in a soft matrix,
contributes to the formation of an interphase strengthening zone, characterized by in-
creased mechanical characteristics compared to the matrix. The better the nanoparticles are
distributed, the more uniform and continuous these zones are. In this case, the metal, as
noted above, can significantly harden. A preliminary theoretical estimate of the interfacial
layer size, made using the gradient model of the interfacial layer in elasticity theory [21],
shows that its relative value is approximately equal to 1y /1y = 7-10, where 1) is the spherical
nanoinclusions radius (in this case, the radius of the cylinder base) (Figure 1).
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Figure 1. The structure of the interfacial zone of strengthening around nanoinclusions.

2. Materials and Methods

In this study, pure nickel has been modified by introducing alumina nanofibers. PNK-
UT3 nickel powder (3-5 pm, 99.9% Ni, OJSC MMC Norilsk Nickel, Norilsk, Russia) was
used as a matrix. Nafen™ alumina nanofibers (Nf, ANF Technology, Tallin, Estonia) were
used for modification (diameter ~ 10 nm, length up to 5 pm) [22]. Alumina nanofibers have
beneficial properties that make them an excellent hardener for metals. They have a high
tensile strength (up to 12 GPa), thermal stability of up to 1200 °C, a faceted surface for
better bonding with the matrix, and a high modulus of elasticity (400 GPa) [23,24].

The activation of nickel powder was carried out in a planetary mill “Activator-2SL”
(LLC “Plant of Chemical Engineering”, s. Dorogino, Russia) in steel jars for 20 min in
Ar atmosphere. Stainless steel grinding balls with a diameter of 5 mm and a ratio of
Powder:Ball = 1:10 were used (Hunan Togoal Instrument & Equipment Co., Ltd., Hunan,
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China). Activation was carried out in isopropyl alcohol of chemical purity with a 0.1 wt.%
surfactant addition. During the mechanical activation, iron was ground from the balls.
Before grinding, the nickel powder was stirred with steel balls for 20 h to form a protective
nickel layer on them and the jars’ walls. This technique is confirmed by several works [25,26].
The source [27] said that the fact that the amount of iron in nickel is up to 0.25 wt.% does
not significantly affect the properties.

The particle size distribution before and after grinding was investigated on a Microtrac
S 3500 unit.

Nanoparticles of alumina fibers were dispersed in isopropyl alcohol using a UPS
3600 Sonoplus ultrasonic homogenizer (BANDELIN electronic GmbH & Co. KG, Berlin,
Germany) for 3 min at a power level of 50% in pulsed mode. The addition of nanoparticles
in nickel powder was carried out in isopropyl alcohol under the influence of a low-power
ultrasound in an ultrasonic bath for 5 min while stirring the solution with an overhead
stirrer at a speed of 400 rpm. Then, it was dried in a vacuum oven at 250 °C for 10 h. After
that, the powder was sintered in a graphite mold in tablets with a diameter of 30 mm
and a height of 3 mm by a spark plasma sintering method using the FCT Systeme Gmbh
installation (Rauenstein, Germany). The sintering temperature was 950 °C, the duration
time was 20 min, the heating rate was 95° /min, the cooling rate was 45° /min, the process
was carried out in argon, and the pressing pressure was 50 MPa (pressing stages were:
25 MPa—first 10 min, 50 MPa—Ilast 10 min). Samples were obtained with a concentration
of nanoparticles equal to 0, 0.01, 0.025, 0.05, 0.075, and 0.1 wt.%.

The tensile tests were done using plane samples (overall length of 25 mm, thickness of
3 mm, width of 10 mm, and width of grip section of 5 mm) at 25 °C, 400 °C, and 750 °C
on a universal installation for mechanical testing TestSystems-VacEto (Keldysh Research
Center, VacEto LLC, Moscow, Russia). The Young’s modulus of nickel with the addition of
nanoparticles was determined by a MUZA ultrasonic machine at temperatures of 25 °C,
400 °C, and 750 °C. For this, rectangles 5 x 15 X 3 mm in size were cut from each tablet.

The structure of the samples was investigated using a Quanta 600 scanning electron
microscope (FEI Company, Hillsboro, OR, USA). The fine structure and composition were
examined with a transmission electron microscope FEI Osiris (Shubnikov Institute of
Crystallography, FEI Company, Hillsboro, OR, USA).

3. Results
3.1. Microstructure

Figure 2 shows the nickel particles size distribution before and after mechanical
activation in a planetary mill. Nickel particles after activation had a more uniform size
distribution compared to untreated powder. This is illustrated by the fact that powders
with a size of 20 um or more were ground to 10 pm or less.

X }{ % ® before MA
;10 %# E} % o after MA
E } t
N
z 4 i{u

’ Eﬁgu IR

. prabsd sttty

0 5 10 15 20 25 30 35

Particle size, um

Figure 2. Nickel particles’ size distribution before and after mechanical activation (MA).
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Figure 3 shows the microstructure of the sintered nickel samples without nanofibers
and with 0.1 wt.% nanofibers. Samples were etched with a solution of HNO; + H,O
+ CH3COOH. Figure 3a shows the microstructure surface of a sintered nickel without
nanofibers. Figure 3b,c shows the microstructure surface of a sintered nickel sample with
0.1 wt. % nanofibers.

The average size of nickel grains depending on the nanofibers’ concentration (Figure 4)
was determined by the secant method. With an increase of the nanofibers’ concentration,
the average grain size decreases significantly compared to pure sintered nickel from 8
to 3 um. This is due to the fact that nanofibers are playing the role of obstacles to the
recrystallization of nickel grains during sintering.

T —

Figure 3. Cont.
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Figure 3. The microstructure of the sintered nickel samples: (a) Surface of nickel without nanofibers;
(b,c) Surface of nickel with 0.1 wt.% nanofibers at different magnifications.
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Figure 4. The effect of the nanofibers’ concentration on the average grain size of nickel.

The images in Figures 5-7 show the results of transmission electron microscopy (TEM)
microscopy of the sintered nickel without and with an addition of 0.1 wt.% nanofibers.

It was found that the nickel samples contained elongated submicron grains 50-70 nm
wide and more than 200 nm long (Figure 5a,b). According to spectral mapping analysis re-
sults, the samples contain nickel and a small amount of oxygen on the surface (Figure 5c—f).
Figure 5g shows carbon formed during spark plasma sintering, which can contribute to
the hardening of nickel. The unnamed peak in Figure 5f on the left is from surface carbon
pollution. The copper peak refers to the holder material. The grain boundaries are clean
and have no visible oxide layers (Figure 5g,h).

Figure 6a shows a bright-field image of the modified material microstructure. Nickel
grains also have an elongated shape with a width of more than 50 nm and a length of
more than 200 nm. Spectral mapping and dark-field imaging (Figure 6b—f) show alumina
nanofibers’ presence along the grain boundaries of the nickel. The length of nanofibers varies
from 300 to 1000 nm. One can also see no additional oxide layers between the nanofibers
and nickel grains (Figure 6g,h).
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Figure 5. TEM studies of sintered nickel: (a,b) Microstructure at different magnifications; (c—f)
Spectral analysis results; (g,h) Grain boundary structure.
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Figure 6. The results of TEM studies of sintered nickel with 0.1 wt.% nanofibers: (a) Grains’ mi-
crostructure; (b—e) Results of spectral analysis; (f) The dark-field image of the microstructure; (g,h)

The structure of the interfaces.
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nanofiber

Figure 7. Results of TEM studies of the area with nanofibers: (a) Grains’ microstructure; (b) Diffrac-
tion pattern; (c,d) The structure of the interphase layer.

Figure 7 shows high-magnification images of the structure and a diffraction pattern.
Nanoparticles have an elongated shape with curved faceted boundaries (Figure 7a,c). The
boundary between the nanofiber and the matrix appears to be exact (Figure 7d). The
diffraction pattern, taken from the sample area in Figure 7a, shows that the material is
polycrystalline (Figure 7b). It looks like there are phases that may be contained in sintered
material, like Al,O3 (rings NeNe 1, 2, 4-7, 10-12), Ni (rings NeNe 7-10, 12), and NiO (rings
NeNe 11, 12).

3.2. Elastic properties

Figure 8 shows that the modified materials’ Young’s modulus trend changes depend-
ing on the nanofibers’ concentration and test temperature. The module’s growth at room
temperature was 1-10% for nickel with different nanofiber contents when compared with
“pure” nickel.

The elastic properties behavior of SPS-sintered nickel looks interesting, both without
and with nanofibers. Figure 9 shows the change in Young’s modulus of nickel depending
on the composition compared with cast samples produced by other researchers [27-30].
The elastic modulus of nickel with nanofibers is higher than that of unmodified materials
over practically the entire test temperature range. Furthermore, it should be clarified that
the nickel studied by Farraro [28] was annealed (tempered) at 1000 °C for 20 h. Koster [30]
investigated nickel tempered at 900 °C. Orlov and Fedotov [30] used 99.98% nickel.
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Figure 8. The effect of nanofibers” concentration and test temperature on the elastic modulus of nickel.

250
F m Orlov, Fedotov
'® O Farraro
I A Koster
= 225 fa o Eletrolytic Ni
CJ“ _‘ ™ ONi (this work)
4 L A . - @ Ni-0.1Nf (this work)
E - A
5200 o o u [ ]
= 3 o (o] o
o0 i O oA =m . o
5 I °% a4 o
175
L mA g AO o
- o .
L o
1 50 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
0 200 400 600 800

Temperature, °C
Figure 9. Young’s modulus depending on the temperature for different manufacturing methods.

3.3. Tensile Strength

Figure 10 shows the temperature dependences of the tensile strength for Ni and
Ni-0.1Nf alloys in comparison with materials obtained in other works [27]. Nickel with
nanofibers demonstrates a tensile strength increase throughout the entire test temper-
ature range. At 750 °C, this trend becomes less noticeable. To clarify, Bregowsky and
Spring [27,30] used cast nickel. Sykes investigated tempered nickel at 800 °C as rolled wire
(99.8% Ni, 0.15% Fe, and Co), and Ni200 and Ni201 were also tempered [29].

In this regard, alumina nanofibers prevent high-temperature creep when the matrix
still retains strength properties. At 750 °C, the metal softens significantly, recrystallizes,
and the action of nanofibers located at the grain boundaries slows down the deformation
processes. Figure 11 shows the effect of nanofibers’ concentration and test temperature on
nickel strength. It is known that the rate of high-temperature deformation depends on the
microstructure [14]. High-strength and melting-point nanoparticles could help slow the
deformation, playing roles as dislocation stoppers and vacancy annihilators.
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Figure 10. The tensile strength of nickel depending on the temperature for different nickel manufac-
turing methods.
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Figure 11. Effect of nanofibers’ concentration and test temperature on nickel strength.

Figure 11 shows that nanofibers” addition affects the strength of nickel, especially at
temperatures of up to 400 °C. This is associated with the inhibition of nickel, primarily
recrystallization, which usually takes place at temperatures of 250-400 °C, according to
the Bollman diagram [31]. During the statistical processing of the strength-concentration
plots, it was noted that the tendency for nickel hardening modified with aluminum oxide
nanofibers persists over the entire test temperature range (25-750 °C).

Figure 12 shows a tendentious relationship between the strength, Young’s modulus,
and nanoparticle concentration at various test temperatures of nickel samples. As noted
above, the temperature range of 250-400 °C for pure nickel is critical, after which there is a
sharp drop in mechanical properties. Nanoparticles at the grain boundaries of the matrix
effectively prevent its deformation.
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Figure 12. The change in the ultimate tensile strength and elastic modulus of nickel depends on
nanofibers’ concentration and the test temperature.

4. Discussion

When nanofibers are added to nickel the general trend of increasing Young’s modulus
by 10% takes place (Figure 8). This is most likely due to the high surface energy of alumina
nanofibers, which contributes to the development of contact with the matrix and a better
adhesion.

The tensile strength of sintered nickel increases by 10-40% with an increase of the
nanofibers’ content in the range of 0.01-0.1 wt.% at room temperature. It is known that the
temperature range of 250-400 °C for pure nickel is a turning point, after which a decrease
of an extreme character occurs in the tensile strength (Figure 10).

The impurities formed during nanofibers’ introduction strongly affect the adhesion
between the grains in “pure” nickel and lead to the material strength changing. However, it
is known that nickel grade 200 (99.6% Ni, 0.04% C) or 201 (99.6% Ni, 0.02% C maximum) [3]
has a lower purity than PNK-UT3. However, that does not lead to a tensile strength increase
above 750 °C and more. The tensile strength of the materials obtained in this work is higher
than in the literature [29] by an average of 70 MPa. The influence of carbon impurities is
ambiguous. It is noted in various works as a positive [32] and negative [33,34] effect on
nickel cohesion.

According to the Obraztsov-Lurie-Belov micromechanical model [21], based on the
gradient theory of elasticity, even small amounts of high-modulus particles that are in-
troduced into a softer porous matrix promote the development of interparticle contacts
in the matrix and a gradient change in the mechanical properties from the hard particles
to the matrix. The formed layer between the particle and the matrix has higher strength
properties than the matrix, which positively affects the strength of the entire material. This
effect has been demonstrated on many materials [3,19-21].

The occurrence of barriers to the movement of dislocations in the form of added
nanofibers slows down the deformation of the material, in this case along the grain bound-
aries. With an increase in the nanoparticles” concentration to 0.1 wt.%, the plasticity of the
material decreases, but the tensile strength increases. The tensile strength tests of nickel
materials are consistent with those previously obtained for nickel with bimodal grain size
particles from 50 nm to 25 pm [30,35].

The nanofibers have an uneven surface with convex and concave sections, chips, and
a variable composition. This can lead to the introduction of voids in the interphase zone of
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strengthening, leading to a state of nonequilibrium grain boundaries. In the early stages
of sintering, nanoparticles contribute to shrinkage due to the introduction of additional
defects and stresses, and on the other hand they prevent the coarsening of matrix grains in
the late stages of consolidation. Nanopowders are nonequilibrium systems with an excess
of free energy. The pressure resulting from a curved surface with two principal radii of
curvature can exceed 300 MPa for particles with a size of 20 nm compared with 3 MPa for
particles with a size of 1 um [36].

According to TEM images, the obtained nickel samples contain grains of submicron
size, contributing to strengthening [2,21]. One might assume that there are oxide films on
metal powders, including NiO on nickel, which can also inhibit nickel self-diffusion during
sintering. If we rely on studies [37], a significant strengthening of nickel is provided with
films with a thickness of 45-110 nm. The TEM results confirm that nickel oxide films at
grain boundaries are minimal in our materials. It can be argued that in this case, their effect
is not significant. The formation of chemical compounds between nickel oxide and alumina
nanoparticles as alumina—nickel spinel NiAl,Oy is not excluded [16,38,39]. However, TEM
data did not totally confirm this.

In the literature [40], the properties and effect of Ni-NiO system composites’ formation
modes were investigated. It was found that the amount of nickel oxide in “natural” film did
not affect the mechanical properties of nickel, incl. at a concentration of NiO of up to 1 wt.%.
In the literature, [41] said that in order to form more than 0.5 wt.% NiO (in the Ni-Al,O3
system), it is necessary to make the process in the air (except at a high temperature of up to
800 °C with a holding time over 12 min). According to work [42] about the SPS sintering
influence of nickel with a high alumina content, at a sintering temperature of 1200 °C for
10 min there was no noticeable nickel oxide formation. It should also be noted that the
probability of the appearance of metal-to-metal contacts during spark plasma sintering
at a pressure of more than 10 MPa makes it possible to destroy the film by analogy with
aluminum [43,44]. The high temperature of pulsed discharges during SPS sintering can
also lead to the dissociation of NiO. According to the literature [37], the oxygen pressure
increases almost 160-fold for the reaction NiO — Ni + 3O, with the temperature rising
from 1127 °C to 1327 °C. The technology of composites obtaining in this work does not
imply compliance with the conditions favorable for strengthening by oxide films’ formation.
Studies of the presence of nickel oxide Ni;O3 cannot be accepted for these estimates since
they are not confirmed by systematic studies and analytical methods [45,46].

As was established as a result of a sintered samples’ microstructure TEM analysis, a
small amount of free carbon was formed in the porous material during sintering, which
could affect some hardening.

5. Conclusions

Nickel samples containing alumina nanofibers in the range of 0-0.1 wt.% were ob-
tained by mechanical activation of powders with the subsequent addition of nanoparticles
under the influence of ultrasound during mixing and spark plasma sintering. The mi-
crostructure TEM analysis shows that there are no nickel oxide films that could affect the
material’s mechanical properties. Nickel grains have an elongated shape with a length of
more than 300 nm and a width of 50 nm. During spark plasma sintering in graphite form,
some diffusion of carbon into nickel occurs, due to which pyrocarbon is formed at the grain
boundaries. Nanofibers of aluminum oxide have different lengths and are located along
the grain boundaries of the nickel matrix, incl. grasping the grains of metal.

The tensile strength of sintered nickel increases by 10-40% with an increase in the
nanofibers’ concentration to 0.1 wt.% at room temperature. With an increase of the tensile
strength test temperature to 400-750 °C, the increase in strength is not so pronounced
(5-10%) when compared with “pure” nickel. The nanoparticles affect the elastic properties
of nickel, which increase by 10% in room temperature tests. Besides, it was noted that the
nanofibers interfered with the softening of nickel when the test temperature was in the
range of 400-750 °C.
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Changes in the short-term tensile strength and Young’s modulus dependent on the
nanofibers’ concentration and the test temperature have been shown. Increasing the
nanofibers’ concentration to the range of 0.01-0.1 wt.% leads to an increase in the mechani-
cal properties of nickel of 50-100% depending on the test temperature (25-750 °C). Based
on the analysis of the literature and the data obtained in this work, it can be assumed that
the main effect on hardening is most likely due to the shape and size of the grains of nickel
themselves and the addition of nanofibers of aluminum oxide. However, in the future it is
necessary to assess the possible contribution of carbon that gets into nickel when sintering
in graphite form.
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