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Abstract. The present work reports the detailed investigation of graphene-modified bulk nickel
composites with graphene+graphite phase content up to 4.7 at.%. The composites were fabri-
cated using ball milling and powder metallurgy methods with nickel nanopowder and exfoliated
graphite being starting materials. Phase composition and composites structure were studied
via X-ray diffraction technique (XRD), Differential scanning calorimetry (DSC), Raman spectros-
copy (RS) and scanning electron microscopy (SEM). The effect of graphene addition on the
grains size and orientation was determined from backscattered electrons images (EBSD
technique). The effect of graphene-graphite phase content on the mechanical properties of the
composite was studied. It was shown that small amounts of this phase result in the graphene
formation on the surface of metal grains; in turn, this phenomenon affects the composite me-
chanical properties: its hardness increases, its plasticity decreases, and the strength value
remains on the same level. The increase in the graphene-graphite phase content results in
graphene flakes formation and new phase allocation corresponding to graphite, leading to the
plasticity recovery and in the significant decrease of hardness and strength.

1.INTRODUCTION

Graphene (Gr) is a two-dimentional material, formed
by sp2 hybridized carbon atoms. Since its discov-
ery by Geim and Novoselov in 2004 [1,2], it has
attracted considerable attention because of the
unique mechanical, chemical and electrophysical
properties. Chemical stability, high thermal and elec-
trical conductivity, exceptional conductivity, excep-
tional mechanical characteristics, optical transpar-
ency, and high surface area of graphene make it

possible to use it for novel materials fabrication in
the field of energy conversion [3], supercapacitors
[4], gaseous sensors [5,6], field electric transistors
(FETs) [7], etc. The outstanding mechanical char-
acteristics of graphene should be also mentioned.
In particular, the yield stress of Gr according to
molecular dynamics simulations is 0.912 TPa [8],
Young’s modulus and tensile strength of graphene
monolayer being 1.1 TPa and 130 GPa, respectively
[9]. The decrease of mechanical properties with the
increase of layers in the graphene flake makes it
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perfect reinforcement addition for composite mate-
rials fabrication [10]. It was shown that ”polymer
matrix – graphene” composites exhibit higher me-
chanical strength and enhanced electrical conduc-
tivity comparing to “polymer matrix – graphite” and
polymer matrix – carbon nanotubes” composites
(polymer matrix -  CNTs [11-13]. Moreover, Gr found
a wide application as an additive for metallic matri-
ces reinforcement [14]. The incorporation of small
graphene addition to Al leads to Vickers hardness
and tensile strength values increase (up to 62 %) in
the composites [15,16]. Similar effects of graphene
addition were reported for magnesium [17] and cop-
per [18] composites.

Metal matrix nickel based composites find their
application in automobile and aerospace industries
as well as in turbine construction [19-22] due to
high strength and sustainable fatigue combined with
moderate plasticity and lower thermal expansion
coefficients of Ni as compared to other construct-
ing metals, e.g. Cu and Al. Ceramic powders, i.e.
SiC, Al

2
O

3
, and WC [23-25], as well as different types

of CNTs are the most commonly used additions to
metals [26]. In contrast to CNT’s, graphene can be
distributed homogeneously in the nickel matrix,
which allows enhancement of the mechanical prop-
erties of nickel composites. So far, there are few
works devoted to the fabrication of graphene, re-
duced graphene oxide (rGO), and graphene oxide
(GO) doped nickel composites. The outstanding
work of Zhao et al. [27] describing “nickel-rGO com-
posite” manufacturibg via molecular mixing tech-
nique and spark plasma sintering should be men-
tioned here. In this work, it was shown that the ad-
dition of Gr favors the applied load redistribution and
effectively blocks the dislocation growth. The ex-

treme character of mechanical characteristics de-
pendence on rGO concentration was also shown
with the maximal values being at ~1.5 wt.% rGO.

Powder metallurgy technique, i.e. the mixing of
powders of metal and dopant with their further sin-
tering, is one of the simple and effective ways to
manufacture “metal matrix-carbon composites”. In
case of copper [28,29], aluminium [30], and tung-
sten [31] matrix composites with the addition of
ceramics powders and CNTs, particle size distribu-
tion in the starting powders affects the homogene-
ity of composite components distribution and the
structure of the reinforcing addition. It was shown
that the decrease of the particle size of the starting
powders leads to hardness and compressive
strength increase. Great results have been recently
obtained by authors in a field of bulk nickel-based
composites [32]. Namely, in the fabrication
procedure of metal-Gr composites,
nickelnanopowder was for the first time in science
successfully used for bulk nickel-based composite
manufacturing. The use of nanopowders allowed the
elimination of graphene agglomeration due to the
high contact surface of matrix components and Gr.
Thus, the present work is devoted to the fhe detailed
characterization of the structure, phase composition
and mechanical properties of novel nickel graphene-
modified composites, obtained from nickel
nanopowders. Special attention was paid to the
allotropic form of carbon in the obtained materials.

2. EXPERIMENTAL

2.1. Sample preparation

Pure nickel, Ni - 0.47 at.% (Gr+graphite) and Ni –
4.7 at.% (Gr+graphite) composites were fabricated
utilizing ball milling and powder metallurgy meth-

Fig. 1. Particle size distribution in starting nanoNi
powder.

Fig. 2. Typical microphotograph of nanoNi powder.
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ods. The starting materials were commercial Ni
nanopowder (Ni content ~99.7 wt.%; mean particle
sizes of 70-80 nm; “Advanced Powder Technologies”,
Russia) and commercial exfoliated graphite plate-
lets. Characterization of the powder particle size
distribution is shown in Fig. 1, as seen from the
figure, the fraction of particles with the size over
125 nm is less than 5%.

Fig. 2 presents typical microphotograph of the
powder obtained using optical microscopy. Confirm-
ing the data on the particle average size, this image
also demonstrates the evident tendency to particle
agglomeration: a number of agglomerates with the
average size of ~200-300 nm consisting of individual
particles can be seen here. Note that such effect is
typical for most metal nanopowders.

The mixture of starting powders specified by 0.47
and 4.7 at.% graphite contents were ball-milled for
2 h with 2 min reverse cycles at 400 rpm in a plan-
etary mill Pulverisette-6. Following Refs. [33,34], this
treatment effectively induces graphite-to-Gr trans-
formations resulting in few-layer Gr nanoplatelets
homogeneously mixed with metal nanoparticles.
Also, pure Ni nanopowder was treated in the same
way. Since Ni nanopowder is a highly flammable
substance, all above operations were performed in
a box with dry nitrogen atmosphere.

The milled (pure and mixed) nanosized powders
were compacted for 15 min at the pressure of 12-
12.5 t/cm2 in stainless steel press forms. As a re-
sult, tablet-like specimens having 25 mm in diam-
eter and 9 mm in height were fabricated.

The final synthesis step was the annealing in a
vacuum furnace at 1523K. In this case, the tem-
perature increase rate was 10 K/min, the exposure
at maximum temperature was 1 h, and the cooling
regime was “cooling with the furnace” (~ 6 h down

to 773K). Hereinafter, the final specimens fabricated
from pure Ni powder, mixed Ni - 0.47 at.% graphite
and Ni – 4.7 at.% graphite powders will be called
specimens 1, 2, and 3, respectively.

2.2. Specimens characterization

Possible chemical interactions and phase transi-
tions in starting powders were considered from the
results of synchronic thermal analysis (STA,
NETZSCH STA 449 F3) in the temperature range
303-1773K in Ar ambiance, heating rate was 10K
per minute. Phase composition of the initial pow-
ders and final specimens was identified by XRD
(SHIMADZU XRD-6000, Cu-K,  = 1.54 Å). Corre-
sponding allotropic form of the carbon in the speci-
mens was identified via Raman Spectroscopy
(SENTERRA T64000, exciting radiation wave length
488 nm, gate voltage – 40 V).

Specimen microstructure was analyzed by SEM
(Supra 55VP, accelerating voltage 20 keV) with the
energy-dispersive X-ray spectroscopy (EDX) device
for identification of chemical composition. In addi-
tion, EBSD study was performed (electronic micro-
scope TESCANMIRA 3LMHFEG with EBSD device
“CHANNEL 5”, see [35] for the technique details).
The obtained results were subjected to standard data
processing. The accuracy of the misorientation
angle determination was 2°, the accuracy of axis
disorientation determination was 5°, and minimal
grain size to determine was 3 pixels. Grain bound-
aries were determined as linear section between
high-angle (HAB) grain boundaries with the
misorientation higher 15°.

Vickers hardness was determined at the load of
3 N during 15 seconds (Micromet–5101, diamond,
pyramid shaped indentor). The mechanical proper-
ties of the specimens 1, 2 and 3 in compressionFig. 3. Ni-C phase diagram, modified from [36].
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Fig. 4. DTA results for specimens studied.
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tests (SHIMADZU AG X-Plus) were examined at 50
kN load with strain rate of 5×10-4 s-1. The stress-
strain dependences were plotted (each curve is av-
eraged over 5 tests).

3. RESULTS AND DISCUSSION

Visual inspection of annealed specimens shows no
changes in samples 1 and 2 after the heat treat-
ment, while partial cracking was observed in speci-
men 3: the crack was observed in the plane parallel

Table 1. Characterization of phase transition from DTA results.
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Fig. 5. Comparison of XRD patterns obtained for Specimens 2 and 3: upper row - general data; middle  -
magnified carbon peak region and the detalization of this reflex as a two peaks superposition.

SAMPLE
1 2 3

Melting temperature, K 1418 1420 1421
Enthalpy of fusion, H, kcal/mol 0.382 1.171 1.434

to tablet base at the height ~ ½ of the its height. It
should be also noted that specimen 3 melted a bit
on the corners upon annealing.

3.1. Phase composition of starting
powders and specimens

Fig. 3 depicts the phase diagram calculated in [36]
regarding for experimental data reported in [37]. As
follows from the diagram, Ni-C solid solution forma-
tion is possible at carbon content up to 3 wt.%.
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DSC results for powders after milling are shown
in Fig. 4. As seen from the figure, an exothermic
effect attributed to Ni melting is observed for all
samples. So, one can conclude that both nickel
compounds with graphene-graphite powder (in par-
ticular, Ni

3
C, see Fig. 1) and solid solution phase

are not formed at synthesis temperatures. As solid
solution formation often requires more annealing time
than it takes place during DSC experiment, the fi-
nal conclusion on this point was also confirmed by
XRD analysis of the annealed specimens (anneal-
ing time – 1 hour, cooling in furnace time ~ 6 hrs).
Table 1 summarizes the results of thermal analy-
sis, Sample 4 here is the microsized Ni sample
provided by NETZSCH as a reference from the stan-
dards set.

As seen from the Table, the thermal effects of
pure nanosized nickel powder, as well as nanoNi-
graphite-graphene composite powders are fairly
lower than the effect measured for reference Ni
sample (Sample 4). This is likely due to the effect
of the excess surface area of the nanoparticles.
Some increase in the melting enthalpy with the in-
crease in graphene-graphite content gives an op-
portunity to assume that such an addition decreases
the effect of surface area energy. One can suggest
that carbon-containing additions promote nickel
grains growth during the thermal analysis procedure;
an alternative mechanism could be the formation of
sub structure on the nickel particle surface that
partially compensates surface energy contribution.
XRD patterns of Specimens 1 and 3 fabricated of
pure nanosized nickel and composite powder with
4.7 at.% graphite-graphene mixture are shown in
Fig. 5a.

One can see that the pure Ni (Specimen 1) is a
single-phase material. The composite (Specimen 3)
is characterized by a peak in X-ray diffraction pat-
tern at 2=26.5°, corresponding to pure carbon
allotrope(s). At the same time, no peaks correspond-
ing to Ni-carbon compounds or solid solutions are
present in the pattern. A detailed examination of the
peak at 2=26.5° (see a magnified peak in Fig. 5b)
demonstrated that it is a superposition of two peaks.
Latter indicates the presence of two carbon allot-
ropes – graphene and, likely, graphite in the com-
posite. Further analysis of carbon allotropes was
carried out by Raman spectroscopy.

Raman spectra of Specimens 1-3 are demon-
strated in Fig. 6. The spectrum of Specimen 1 is
typical for metals. Since intensity of G peak at ~1590
nm-1 in the spectra of Specimens 2 and 3 is higher
than that of 2D peak at 2880 nm-1, one can con-
clude that few-layer Gr nanoplatelets are present in
large amount in composites 2 and 3. Thus, the X-
ray diffraction and Raman spectroscopy data (Figs.
5 and 6, respectively) allow us to conclude that car-
bon in the composites exists in the forms of Gr and
graphite, while carbides and carbonyls are absent.
The data obtained proves that the most part of graph-
ite to converted into graphene due to mechanical
activation during the ball milling.

The intensity of G-peak gives an opportunity to
estimate the amount of Gr content in material. It is
interesting to note that the intensity of G peak for
Specimen 2 with 0.47 at.% of graphite-graphene
addition is significantly higher than that for a Speci-
men 3 with 4.7 at.% of graphite-graphene addition.
It means that the amount of graphene in Specimen
2 is higher than in Specimen 3. The key factor of

Fig. 6. Raman spectra of Specimens 1, 2, and 3.
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Fig. 8. Evolution of composites structure according to SEM (x20000) data: (a), (b), and (c) – Specimens
(1), (2), and (3), respectively.

Fig. 7. Evolution of composites structure according to SEM (x3000) data: (a), (b), and (c) – Specimens (1),
(2), and (3), respectively.

the tendency observed is, likely, the ratio of surface
areas of the composite components: nickel
nanopowder and thermally expanded graphite plate-
lets. When the above ratio is optimal, graphene
monolayer is preferably formed on the surface of
metallic particles. The increase of thermally ex-
panded graphite platelets concentration leads to
graphene flakes formation. When the amount of
carbon is above some critical value for a given par-
ticle size, the formation of the individual graphite
phase is possible. The form and intensity of 2D peak
at 2880 nm-1 corresponds with the ordering of
graphene in Specimens 2 and 3. In case of spectra
3, 2D peak is more intensive. The detailed exami-
nation of that peak gives a possibility to assume
the existence of 7-10 layers in one graphene flake
in case of composite 3.

3.2. Samples microstructure

Scanning electron microscopy data on the micro-
structural observations cleavage surface of speci-
mens 1-3 is shown in Fig. 7. As it follows from Fig.
7a, the structure of Specimen 1 is globular, similar
to compact dimpled structure. The incorporation of
0.47 at.% of graphite-graphene phase (see Fig. 7b)
results in the structural changes: some part of the
surface remains of the same structure (zone I in
Fig. 5b), while the most part consists of larger struc-
tural elements (zone II in Fig. 5b). One can assume

that the enlarged structural elements are the scaled
replica of the initial structure of the surface. The
presence of 4.7 at.% of graphite-graphene phase
leads to major structural changes (see Fig. 7c). The
initial structure of pure nickel specimen is almost
absent. Compared to zone II in Fig. 7b, the size of
structural elements of the surface structure of Speci-
men 3 even more enlarged. The oval shaped struc-
tural elements typical for dimpled structure trans-
formed into polygonal with clearly defined angles
and edges (see, zone III in Fig. 7c).

The analysis of microphotos of the specimen
surface taken at higher magnification (x10000, Fig.
8) proved the character of structural changes de-
scribed above. As it is seen from the microphoto-
graph of Specimen 1 (see Fig. 8a), the typical struc-
ture elements of pure nanonickel surface are spheri-
cal agglomerates with characteristic linear dimen-
sions less than 1 m. They are likely a result of
initial nickel powder agglomeration during
specimen’s milling and compaction. As it was men-
tioned before, the average particle size in the initial
powder was ~70-80 nm. Even the addition of small
amount of graphite-graphene mixture (Specimen 2,
Fig. 8b) significantly changes the character of ag-
glomeration processes. Spherical elements are
practically absent. Polygonal structures with linear
dimensions ~ 1 m (see elements marked as IV in
Fig. 8b) can clearly seen on the background of par-
tially preserved initial structure (zone V, Fig. 8b ).

(a) (b) (c)

(a) (b) (c)
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Fig. 9. Microphotograph of Specimen 3 surface with
the regions where EDX spectra were obtained.

It should be noted that the liner dimensions of
these structures are of the same order of magni-
tude than the spherical elements observed in Speci-
men 1. In Specimen 3 with maximal graphite-
graphene content (Fig. 8c), linear dimensions of
polygonal structural elements significantly increase
and can reach up to tenth of micrometers (elements
marked as IV in Fig. 8c). The region marked as VII
in Fig. 8c is of particular interest as it is most likely
a graphene flake, this conclusion is confirmed by
chemical analysis of the surface performed by EDX.
Table 2 summarizes the results of this analysis,
the regions of scanning are shown in Fig. 9.

Interpreting the EDX results presented in Table
2, one should account for the specific experimental
features of EDX technique applied here that result

in rather high background carbon content in all the
spectra is (12-15 wt. %). With regard to this fact,
one can state that spectra for regions 1, 2, 11, and
12 correspond to nickel matrix and Ni content can
be estimated as being >95 wt.% here. Spectra 5-8
indirectly confirm the presence of graphene flakes.
Carbon amount in this regions is >96 wt.%, whereas
spectra 4 and 13 are related to “nickel-graphene”.
Spectra 9 and 10 give an evidence for the presence
of the impurities, that, more likely, were brought in
the sample during probe preparation as no one of
spectra obtained for Specimens 1 and 2, and the
additional measurements undertaken for Specimen
3, did not show such a high amount of oxygen, sul-
fur, and strontium.

EBSD analysis was performed in order to get
the detailed information about the structure of the
surface and grain orientation of the composites. Fig.
10 shows the inverse pole figure (IPF) maps of Speci-
mens 1, 2, and 3. It should be noted that the scale
bars in Fig. 10 are different for different specimens.
Grain size distributions together with grain-bound-
ary character distributions for pure Ni and compos-
ite specimens are presented in Fig. 11. Grain size
distributions represent the initial information, i.e. the
fraction of scanned surface area that is occupied
by the grains of certain size. Note that the data for
Specimens 1 and 2 was averaged over 3 sites, for
Specimen 3 it was averaged over 4 sites. As it is
seen from the figure, Specimen 3 (4.7 at.% graph-
ite-graphene mixture) contains  grains with linear
size 5-35 m, while in Specimen 1 (pure nickel),
the grains with the linear size greater than 5 mm
are almost absent. The comparison of Figs. 10 and
11 shows that the main part of grains in the both

Table 2. EDX data on the composition of Specimen 3 (wt.%). The location of the analyzed regions is shown
in Fig. 9.

Spectrum Ni C O Na Mg S Ca Sr
Spectrum 1 80 19 1
Spectrum 2 85 14 <1
Spectrum 4 73 26 2
Spectrum 5 2 97 <1
Spectrum 6 3 96 1
Spectrum 7 1 99 <1
Spectrum 8 4 95 <1
Spectrum 9 5 26 18 1 <1 17 19 14
Spectrum 10 3 17 20 1 <1 20 22 16
Spectrum 11 85 14 <1
Spectrum 12 83 15 2
Spectrum 13 9 90 <1
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specimens has linear size d 5 m. Pure Ni exhib-
its grain sizes about 0.25-1.5 m, while the typical
grain size for the composite containing 4.7 at.% of
graphite-graphene mixture is about 0.5 m. It should
be mentioned that the data on the grain size deter-
mined from EBSD analysis is in the good agree-
ment with linear size of polygonal structures deter-
mined by SEM.

In general, the specimens are characterized by
bimodal grain size distributions in Ni matrix (Fig.
11, upper row). Specimen 3 is characterized by com-
paratively high fraction of low-angle grain boundaries
(Table 3) and high volume fraction of carbon inclu-
sions (black inclusions in Fig. 10c). These inclu-
sions are treated as graphite that did not transform
into Gr during the ball mill treatment. High magnifi-
cation of the IPF map (Fig. 10c) reveals that graph-
ite inclusions tend to have hexagon-like shape (Fig.
12).

Fig. 10. Inverse pole figure (IPF) maps of Specimens (a) 1, (b) 2, and (c) 3.

a) b) c)

Fig. 11. (a) - grain size distribution (recalculated by number) and (b) grain-boundary character distribution
for the specimens under study.

Fig. 12. Magnified IPF map for Ni-4.7 at.%
(Gr+graphite) composite. Hexagon-like graphite in-
clusions are roughly outlined by red hexagons.
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Misorientation angle distributions obtained for
Specimens 1, 2, and 3 are demonstrated in Fig. 13.
As seen from the figure, the addition of graphene-
graphite mixture results in the increase of low angle
misorientations (up to 15°). At the same time, the
main fraction of misorientations corresponds to
misorientation angles about 60. The data obtained
on that fraction increase from 35 and 37 to 45% for
Specimens 1, 2, and 3, respectively, can be ex-
plained in terms of graphene-graphite mixture in-
crease. However that tendency requires the addi-
tional experimental tests.

3.3. Mechanical characteristics

Mechanical properties of pure nickel (Specimen 1)
and composites 2 and 3 in the compression mode
were estimated by three parameters which describe
the main features of their mechanical behavior, such
as compression yield limit (

0.2
), ultimate stress (

T
),

and plastic strain value (). The results of the tests
are presented in Fig. 14. As it is seen from the stress-
strain diagram, pure nanonickel exhibits brittle and
ductile deformation type. The deformation of globu-
lar structure takes place without strengthening indi-
cating high closed porosity of the specimen. The
process is likely accompanied by pore walls col-
lapse. Latter causes the change in the area of force
application. That could also contribute in the ob-
served deformation character. The hypothesis is
confirmed by fractography data (see Fig. 15a). In
particular, pure Ni and Ni-0.47 at.% (Gr+graphite)
specimens exhibit moderate values (~ 235 and ~
410 MPa, respectively) of the compressive stress,
while strain-to-failure 

f
 ~ 7% of pure Ni is larger

than 
f
 ~ 1% of and Ni-4.7 at.% (Gr+graphite) com-

posite.
The addition of graphene-graphite mixture results

in the changes in deformation character to more

Fig. 13. Misorientation angle distributions obtained for Specimens (a) 1, (b) 2, and (c) 3.

a) b) c)

Fig. 14. The data on mechanical testing of the samples (a) Stress-strain dependencies for Specimens 1, 2,
and 3 in compression test; (b) the dependencies of 
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brittle for Specimen 2 (0.47 at.% graphite-graphene
mixture) and ductile for Specimen 3 (4.7 at.% graph-
ite-graphene mixture). The incorporation of small
amount of graphite-graphene mixture leads to duc-
tility suppression without strength value change.
However, further increase of graphite-graphene mix-
ture content leads to ductility recover accompanied
with strength decrease. The comparison of SEM
and mechanical tests data allows to assume that
the change in deformation character can be related
to the transformation of globular microstructure to
polygonal, characterized by large structural ele-
ments size and low closed porosity up on graphite-
graphene mixture content increase. Strain-to-failure


f
 ~ 7% of Ni – 4.7 at.% (Gr+graphite) composite is

by practice the same as with pure Ni (Fig. 14 ).
However, flow stresses characterizing the former
material are much lower than those specifying pure
Ni (Fig. 14). The low flow stress of Ni-4.7 at.%
(Gr+graphite) composite can be related to its larger
grain size (see Fig. 11 upper row), as compared to
those in counterpart Specimens 1 and 2 as because
strength of metals typically decreases with rising
grain sizes.

The assumption on deformation mechanism in
the composite is confirmed by Vickers hardness
data obtained. Vickers hardness dependence on
graphite-graphene mixture content is shown in Fig.
16. As seen from the figure, the dependence of
Vickers hardness on graphite-graphene content has
a maximum. The incorporation of 0.47 at.% graphite-
graphene mixture to Ni matrix results in insignifi-
cant hardness increase, further increase of dopant
content leads to hardness decrease.

4. CONCLUSIONS

It was shown that the addition of 0.47 at.% graph-
ite-graphene mixture results in ductility decrease
with no decrease in the initial strength, and slight
Vickers hardness increase of graphene-modified
bulk nuickel composites. Using XRD and Raman
spectroscopy methods it was confirmed that up on
the small addition of graphite-graphene mixture the
most part of graphite converts to graphene flakes
having 5-7 graphene layers; graphene flakes are dis-
tributed on the surface of metal particles. It was
revealed, that Gr flakes in bulk nickel 0.47 at.%
graphene reinforced composites composite eliminate
grain growth during its synthesis so that this
composite has a comparatively small grain. Ni-4.7
at.% Gr+graphite composite is characterized by

Fig. 15. The results of phactography of (a) Specimen 1 and (b) Specimen 2.

Fig. 16. Vickers hardness dependence  on graphite-
graphene mixture content.
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comparatively large mean  grain size (~6 m) and
high volume fraction of graphite inclusions. Bimodal
grain size distributions have been observed in the
composite samples. The stress-strain dependences
showed no enhancement of strength and ductility
in bulk nickel due to Gr reinforcement.
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