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Nickel matrix composites are important materials for various engineering applications. The present paper describes the
fabrication of bulk graphene-nickel (Gr-Ni) and reduced graphene oxide-nickel (rGO-Ni) composites by powder metallurgy
technique using various graphene sources, namely, thermally exfoliated graphite (TEFG) and reduced graphene oxide (rGO)
and the investigation of the mechanical properties of the composites. Homogeneous distribution of graphene derivatives in
the composite matrices was confirmed for all compositions by XRD and Raman spectroscopy. It was proved that different
Gr sources in the initial powder mixtures result in some different graphene derivatives type in the composites produced.
Nevertheless, scanning electron microscopy data demonstrated that the microstructure of the samples produced using the
different graphene sources is rather similar. It was shown that the mechanical properties of the composites are very sensitive
to the type of graphene derivative chosen at low additive contents. TEFG addition results in the decreased values of tensile
strength, ductility, and elongation for all compositions. It was shown that 0.1 wt.% of rGO addition resulted in the 34%
elongation-to-failure increase with no change in the UTS value of composite. The 0.1 wt.% rGO-Ni composite showed the
increased elongation and the tensile strength value comparable to pure nickel specimen. Fractography tests revealed the
difference in the mechanical behaviour of rGO-Ni and Gr-Ni composites.
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Brusinue BoccraHoBIeHHOTO oKcupa rpadena (rGO)
u tepmopacmmpenHoro rpadpura (TEFG) Ha mexannmyeckue
CBOIICTBA HUKeNb-TpadeHOBBIX KOMIIO3UTOB
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KoMmosuTsl ¢ HuKeNeBOJ MATpUIlell SIB/ISIIOTCS BAXXHBIMYM MaTepyajaMyl [/IsI Pas/IMIHbIX TEXHWYIECKMX IPUMEHEHMIL.
B HacrosiIeil cTaThe OINCBHIBAETCS M3TOTOB/IEHNE 00BEeMHBIX TpadeH-HyKeneBbx (Gr-Ni) KOMIIO3UTOB Ha OCHOBE HUKETIs
C BOCCTAQHOBJIEHHBIM OKcupoM rpadena (rGO-Ni) MeTOOM IOPOIIKOBON META/UTypPIii C MCIOIb30BAHMEM Pas/INIHbIX
JICTOYHMKOB TIpadeHa, a MMeHHO TepMopacummpeHHoro rpagura (TEFG) m BoccranosnenHoro oxcupa rpagena (rGO)
U VICCTIE[IOBAHIE MEXaHIIECKIX CBOICTB KOMIIO3nToB. OZHOPOHOE pacipefie/ieHie IPOU3BOAHBIX rpadeHa B HUKETEBOI
Marpuiie ObUIO MOATBEPXK/EHO /ST BCEX COCTABOB METOfAMV PEHTTE€HOBCKON M PAMAaHOBCKOIM CIIEKTpOCKommm. Brimo
JOKA3aHO, YTO Pas3/N4Hble UCTOYHVNKN GI B MCXOJHBIX MOPOLIKOBBIX CMECSX IPUBOASAT K HEKOTOPOMY Pas3NIHOMY THUILY
IPOU3BOAHBIX IpadpeHa B MOMYYEHHBIX KOMIIO3UTAX. TeM He MeHee JAHHBIE CKAHVPYIOLIEeH 37IeKTPOHHON MUKPOCKOIINN
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TMIOKa3a/i, 4YTO MUKPOCTPYKTypa 06pasIioB, MONTYYEHHBIX C MCIIONb30BAaHMEM PasINYHbIX MCTOUYHNMKOB TpadeHa, JOBOTbHO
cxoxa. bpIIo TToKa3aHo, YTO MeXaHNYeCKNe CBOCTBAa KOMIIO3UTOB OYeHb YYBCTBUTEIbHBI K TUITY IPOU3BOITHOTO TpadeHa,
BBIOPAaHHOTO TIPM HUSKOM cofiep>kaHuu fo6aBku. Jlo6aBmenne TEFG mpmBoguT K CHIDKEHMIO 3HAYeHMI IMPOYHOCTH
Ha pacTsDKeHWe, IUVIACTUYHOCTU M VAJVMHEHMs I BCeX KOMIOo3uumit. Bputo mokasaHo, uto po6asnenye 0.1 mac.%
rGO mpMBOAMIO K YBEMTMYEHWIO YIIMHEHMA [IO paspylleHus Ha 34% 6e3 M3MeHeHUS 3HaUeHU:A Ipefena MpPOYHOCTH
ana xomnosuta. Kommosut rGO-Ni ¢ konneHTpanymert 0.1 mac.% Iokasan yBelInueHHOe y/IMHeHMe U Ipefiesl IPOYHOCTI
Ha paspbIB, COITOCTABUMBIN ¢ 06pasIloM YMCTOro Hukena. PpakTorpaduyeckiie TeCTHl BHIABIIN PasHNIY B MEXaHIYECKOM

noBegeHuy KoMmnosutoB rGO-Ni n Gr-Ni.

KirroueBble croBa: KOMIIO3UT C HUKE/IEBOIT MaTpulieii, rpad)eH, BOCCTAHOB/ICHHbI OKcu, rpadeHa, npefe/l IPOYHOCTH, TBEPHOCTD.

1. Introduction

Nickel-matrix composites are in high demand for automobile
and aerospace industries due to high strength, lighter weight,
relatively low thermal expansion and corrosion. Recently, it
has been shown [1- 3] that the addition of graphene (Gr) as
a modifying additive is preferable over other carbon-based
fillers: carbon nanotubes (CNTs), carbon fibers, etc. Great
mechanical characteristics of graphene-nickel (Gr-Ni)
composites are attributed to the homogeneous incorporation
of Gr into a nickel matrix and, unlike copper and aluminum,
a possibility of strong bonding between graphene and Ni [3].
Analysis of the data reported in modern literature shows
[4-6] that the achievement of homogeneous distribution
and sufficient bonding between graphene and metal matrix is
governed by following key issues: (i) a type of Gr-containing
additive and (ii) the synthesis technique chosen. It should be
noted that graphene in its single-layered form is rarely used
for metal matrix composite synthesis due to the instability
caused by free surface energy excess of the material. That
induces severe graphene agglomeration and its stacking
to multilayered flakes [7]. As an alternative to monolayer
Gr, graphene derivatives are used to produce Gr-modified
composites: graphene nanoplatelets, graphene oxide (GrO),
and reduced graphene oxide (rGO) should be noted here
as they possess the defect structure as well as high level of
oxygen containing groups that prevent their agglomeration.
As mentioned in [8], the oxygen-mediated bonding between
residual rGO groups and nickel atoms can result in the
enhanced interfacial bonding in rGO-Ni composites.
Several processing approaches were proposed for
effective dispersing of Gr derivatives in a Ni matrix. It should
be noted that the major part of the publications is devoted
to the electrochemical deposition [5,9-11], which allows to
obtain a required uniformity of the graphene distribution;
however, this approach allows only films/coatings fabrication.
According to [9], the elastic modulus of the composite
electrochemically deposited from the solution containing
0.05 g Gr per 1L was 1.7 times higher than that for pure Ni
deposited under the same conditions (240 GPa), while the
hardness of the composite layer exceeded the hardness of
pure Ni layer by 1.2 times (4.6 GPa). Kim et al. fabricated
Gr-Ni nanolayered composite films by chemical vapor
deposition [5]. The films consisted of alternating Ni layers and
Gr monolayers with 100-nm repeat layer spacing. Such Gr-Ni
composite films demonstrated extremely high mechanical
characteristics. The values of flow stress being 5% and plastic
strain up to 4 GPa, obtained in the nanopillar tension tests,
were reported. In [8], the synthesis of Ni-based composite

reinforced by reduced graphene oxide was performed
via molecular level mixing with following spark plasma
synthesis (SPS) technique. Bulk Ni-1.5 wt.% Gr composites
characterized by the 95.2% increased tensile strength and
327.6% increased yield strength and simultaneously retained
a12.1% of elongation were obtained. In-situ high-temperature
CVD process followed by SPS was suggested in [3] to prepare
uniform bulk Ni-Gr composites. The fabrication of bulk
Ni-Gr composites by graphene in-situ growth in the nickel
matrix using the powder metallurgy method was reported
in [12].

In all cases authors used both various Gr derivatives
and modern techniques which are often rather complicated.
So, the particular effects of the manufacturing technique and
the graphene reinforcing additive itself still remain fairly
unclear. The modified powder metallurgy technique was
recently suggested in the works of the authors of the present
study; the suggested approach provides the homogeneous
Gr distribution in various metal and ceramic matrices
[13-15]. No destruction of the Gr structural integrity nor
its amorphization were shown to take place during milling,
processing, and thermal treatment steps of the production
procedure.

Summarizing the above data, one can see that the
information on the impacts of the Gr derivative type and
manufacturing technique would allow a possibility of novel
Gr-Ni composites development. So, the goal of the present
work was the study of the Gr source effect (rGO or thermally
exfoliated graphite) on the mechanical properties of bulk
Gr-Ni composites.

2. Materials and methods

Micron-sized Ni powder (60-80 pum, “Advanced Powder
Technologies”, Ltd., Russia) was used as a starting material
for the composites manufacturing. rGO manufactured by
modified Hummers technique [15-17] and commercial
TEFG platelets were taken as Gr sources. Sample 1 (the
reference one) was produced from pure Ni powder. Primary
powder mixtures containing 0.1, 0.2, 0.5, 1.0 wt.% rGO were
used to produce Samples 2-5, respectively, and mixtures
with 0.1 and 0.5 wt.% of TEFG were used to manufacture
Samples 6 and 7, respectively. The prepared powder mixtures
were ball milled (Pulverisete-6, 400 rpm for 2 hours 2 min.
reverse cycles). Then powders were compacted using cold
isostatic pressing (12.5 ton/cm? 15 min), the pellets with
25 mm diameter and 9 mm height were manufactured. Then
the samples were annealed in a vacuum furnace at 1250°C
for 1 hour.
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The identification of the Samples phase composition was
performed by X-ray diffraction analysis (XRD, SHIMADZU
XRD-6000, Cu-K  at a=1.5406 A). Raman spectroscopy
(SENTERRA, T64000, excitation wave length 526 nm)
was used to identify carbon allotropes. Scanning electron
microscopy (SEM, Hitachi S-3400N), electron back-
scattering diffraction (EBSD, Hitachi S-3400N) were used to
analyze the microstructure of specimens (rectangular grid
with the step size of 0.5 pm for 23 psec per one mapping).
Vickers microhardness tests (Shimadzu HMV-G21DT) were
performed using diamond pyramidal indenter with 0.5 N
load applied for 15 seconds (data averaged over 15 tests
along the Sample’s cross-section). Mechanical properties
tests were carried out via uniaxial tensile tests (SHIMADZU
AG-50kNX, strain rate of 10 s!). The flat dog-bone shaped
specimens were cut along the cross-section of the Samples
using electrical discharge machine (working part: 6 mm in
length, 2 mm in width, 1.3 mm in thickness). The data was
averaged over 3 specimens per each Sample. Fractography
(Zeiss Auriga Laser) was used to perform failure analysis of
the Samples.

3. Results and discussion

Typical Raman spectroscopy results for Samples 2 and 6
manufactured using different Gr sources are shown in Fig. 1,
the spectra obtained are generally similar. The position of
D band for both Samples is 1350 cm™, whereas the position
of G band depends on the Gr source used. The position of
G peak in Sample 2 spectrum is slightly shifted comparing
to spectrum obtained for pure rGO (Fig. S1, Supplementary
Material) [15] and with the results for rGO-Ni composites
obtained by SPS [8]: 1587 cm™ (Sample 2) vs 1575 cm™
for pure rGO and 1580 cm™! for Ni-Gr composites [8,15].
Since G band is due to ordered state of sp? carbon lattice, the
shift observed, likely, indicates the interaction of rGO with
the nickel matrix. The I /I_ intensity ratio is ~0.75-0.78
for Samples 2 -5 and ~0.85 for Samples 6 and 7; following
[6,8,10], I/I is <1 indicates that no structural damage of
Gr derivative took place.

XRD patterns (Fig. S2, Supplementary Material) show the
absence of oxides and carbides in all Samples. Note that the
Gr contents in all Samples was below the sensitivity limit of
the approach, hence, no direct information on Gr derivatives
was obtained.
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Fig. 1. (Color online) Raman data for Samples 2 and 6 fabricated
from powder mixtures with different Gr sources.

SEM images of Samples surface are shown in Fig. 2.
Comparing the microstructure of pure Ni Sample and
composite Samples 2, 5, and 6, one can see that low (0.1 wt.%)
contents of both rGO and TEFG results in slight porosity
decrease. Elongated pores along the grain boundaries that
present in pure nickel are almost absent in the composites.
rGO can be considered as some more effective porosity
inhibitor (Fig. 3b,¢) due to the absence of the elongated and
interconnected pores. The increase of rGO contents in the
initial powder mixture up to 1 wt.% results in microstructural
inhomogeneity and severe cracks formation. In parallel with
[15,18] two possible mechanisms may cause the cracking:
(i) difference of thermal expansion coeflicient of graphene
and nickel matrix may result in the lattice distortion on the
interfaces, voids formation during heating-cooling step;
(ii) Gragglomerates hinder the composite powder compaction
thus increasing the distance between Ni powder particles
and decreasing powder sintering ability or limiting material
matrix flow. Both factors induce pores/voids formation in
composite and, thus, the cracking.

The EBSD results obtained for Samples 1 and 4 are
shown in Fig. 3. It demonstrates that pure nickel Sample is
composed of mostly elongated grains, its microstructure is
characterized by moderate porosity. The introduction of
0.5 wt.% rGO results in more homogeneous structure. Slight
grain coarsening takes place along with pores size decrease
(Fig. S3, Supplementary Material) from ~5 to ~8 pm. In case
of pure nickel both coarse and fine grains, likely, present in
the structure due to wider particle size distribution in the
initial precursor. Grain growth takes place according to the
mechanism when coarser grains are formed due to finer
grains merging. During milling graphene flakes form a layer
on the Ni agglomerates, but not the individual particles
[15,18]. So the distribution of agglomerates by size, likely,
becomes narrower and slightly coarser grains of similar size
are obtained after sintering. In both pure nickel and composite
specimen, the amount of high-angle grain boundaries (HAB)
is rather low.

The dependence of Vickers microhardness on rGO and
TEFG content is shown in Fig. 4. Microhardness values
of pure nickel and composites with 0.1 and 0.2 wt.% Gr

Fig. 2. SEM images in backscattered regime for Samples 1 (pure Ni) (a);
2 (0.1 wt.% rGO) (b); 6 (0.1 wt.% TEFG) (c); 5 (max rGO contents
of 1 wt.%) (d).
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derivative are close to each other within the experimental
error. Remarkably, the Gr source chosen (TEFG, rGO) does
not affect the microhardness values and composites 2 and 6,
as well as 4 and 7 showed the same microhardness within
the measurement error. Microhardness increase takes place
with graphene derivative content increase to 0.5 and 1 wt.%.
Sample 5 showed the highest hardness of 106.3+10.3 HV.
The effect of graphene source is more evident on the
mechanical properties of samples. Fig. 5 presents typical
stress-strain curves obtained for Samples 1-7, see also
Table 1.

As seen from Fig.5 and Table1, generally, the
incorporation of both rGO and TEFG to Ni matrix results
in a gradual decrease of composites tensile strength and
ductility. The change of UTS, yield strength and elongation
at break of rGO-Ni composites is non-linear. Sample 2
(0.1 wt.% rGO) showed the increased elongation along with
the same UTS value as pure nickel which is uncommon for
metal matrix composites, while the same TEFG amount does
not provide the same effect and lower UTS value is observed.
Further increase of rGO and TEFG contents resulted in the
decreased mechanical properties. The type of Gr source did
not produce obvious difference in UTS, yield strength and
elongation values for Samples 4 and 7 (0.5 wt.% Gr). It should
be noted that despite the highest Vickers microhardness
values, Sample 5 with 1 wt.% rGO contents demonstrated
drastically reduced tensile strength.

Note that the obtained data agree with results obtained
for Gr-Ni composites produced from Ni nanopowder [13].
In spite of the fact that the use of nanopowders provided
much higher UTS and yield strength, the same tendency to
UTS decrease at Gr contents increase is observed. Following
[5,8], some increase in Sample 2 mechanical properties can
be attributed to homogeneously dispersed carbon additive
and strong interphase rGO bonding with Ni matrix.

Thus the simultaneous decrease of strength and ductility
of the composite materials obtained in the current work can
be explained from the position of the agglomeration of rGO
and TEFG excess on the grain boundaries of the nickel matrix
which leads to the low interphase bonding between graphene
derivative and nickel matrix. In case of TEFG additive the
agglomeration is due to the presence of graphite which was
not completely converted to graphene during ball milling.
Such coarse bundles of graphene are not able to effectively
transfer stress and efliciently constrain the dislocations
propagation across the interface.

The above discussed data agree with the fractography
results, see Figs. 6 and 7). The pronounced slip traces on the
grain surface, as well as the presence of secondary cracks on

Table 1. The results of mechanical testing of composites 1-7.

Fig. 3. (Color online) EBSD maps obtained for Sample 1 (a) and 4 (b).
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Fig. 4. (Color online) The effect of graphene contents on Vickers
microhardness of composites.
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Fig. 5. (Color online) Typical stress-strain curves obtained for Gr-Ni
composites.

Sample Ultimate tensile strength [MPa] Yield limit [MPa] Elongation [%]
1 174.19+16.63 110.26+2.74 2.91+£0.29
2 175.28 £35.21 112.55+35.16 3.07+1.39
3 79.89+14.14 52.26+4.56 0.60+0.30
4 109.07+5.99 81.46+12.18 0.69+0.21
5 6.50+0.45 - 1.30+0.96
6 156.62 £26.22 119.99+7.33 3.23+1.81
7 106.04 £5.09 93.68 £1.60 0.59+0.30
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Fig. 6. SEM images of fracture surface of Sample 1 (a and b),
Sample 2 (c and d), and Sample 6 (e and f) after the tensile tests.

the grain boundaries and pore craters are common features
for all fracture surfaces obtained. A fracture surface of pure
nickel (Sample 1) corresponds to mainly intergranular type
of fracture along with the presence of secondary cracks and
slip bands on the surface of grain boundaries (see Fig. 6a,b).
Besides, the zones of dimple-like fracture with the sizes
of 2-5 pm are randomly located on the fracture surface.
The addition of rGO or TEFG results in more smooth details
of relief. The fracture surfaces here can be divided into
groups. The first group (see Fig. 6) includes similar surfaces
of Samples 2 and 6 (0.1 wt.% rGO and TEFG).The mixed
fracture mechanism corresponds to this group. In addition
to the smoothened grain boundaries, their fracture surface
contains multiple zones of cone dimples with the diameter
up to 10 um.

The second group (see Fig. 7) includes the surfaces of
Samples 3 -5 and 7. The surfaces of Samples 4 and 7 (0.5 wt.%
of Gr derivative) are quite similar. They are characterized by
the absence of typical dimple-like fracture, but a lot of crater-
like features are present here. These surfaces differ just in
the degree of smoothing of angle grain boundaries which
increase with the increase of graphene derivative content as
well as the surface of craters itself.

4. Conclusions

Using XRD, SEM, and Raman spectroscopy, it was shown
that obtained graphene-nickel composites possess the
homogeneous distribution of rGO and graphene in the nickel
matrix. Raman spectroscopy revealed a certain amount of
graphite present in Gr-Ni composites obtained using TEFG.
It was shown that 0.1 wt.% of rGO addition resulted in the
34% elongation-to-failure increase with no change in the

Fig. 7. SEM images of fractured surface of: Sample 3 (a and b),
Sample 4 (c and d), Sample 5 (e and f) after the tensile tests.

UTS value of composite. The results of mechanical testing
indicated the decrease of UTS value of composites and
moderate microhardness increase with the increase of rGO
and TEFG content. Despite high Vickers microhardness
values, composite manufactured from 1 wt.% rGO-Ni
powder mixture showed drastically low tensile strength.

Supplementary Material. The online version of this paper
contains supplementary material available free of charge at the
journal's Web site (lettersonmaterials.com).
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