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The paper presents results of the studies concerning aluminum�graphene composites produced with use of
step technique; �rst mechanical alloying of Al and graphene powders and later intensive deformation by the high
pressure torsion. As a result small, thin and round samples of composites, about 10 mm in diameter were achieved.
For comparison similar samples not containing graphene were investigated. The X-ray di�raction, transmission
electron microscopy, Raman spectroscopy and X-ray photoelectron spectroscopy were applied to study composites
structures and analyze graphene content and atomic bonds. The Raman spectroscopy method suggested multilayer
graphene, which could also be identi�ed as the defected nano-graphite as a component of the composite structure as
well as some small content of the aluminum carbides. The highly dispersed microstructures of aluminum matrices
were identi�ed with the transmission electron microscopy, showing di�erence between the samples produced with
the increased number of rotations, leading to the increased deformation realized. This method revealed carbon and
aluminum oxides in large amounts which is interpreted as a surface e�ect. This method suggested also formation
of the carbon�metal and carbon�metal� oxygen atomic bonds, which might partially result from formation of the
carbides.
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1. Introduction

From the time when the method of a monolayer
graphene preparation was published by Geim, Novoselov
et al. [1�3] the scienti�c activity concerning the proper-
ties, production and application of this special form of
carbon is very intensive. Graphene is two-dimensional
(2D) crystalline material, stable in a wide temperature
range, possessing unusual electronic, electrical, thermal
and mechanical properties [1, 4�6]. Particularly, the high
electron mobility end electrical conductivity of graphene
makes graphene a promising material for the future ap-
plication in electrical devices [7]. Similarly, the mechan-
ical properties like extremely high strength of the order
of 42 N/m, related to the large intrinsic strain ≈ 25%
and Young's modulus ≈ 1.0 TPa [8] may be used for
strengthening of composite materials. The interest in
the graphene properties also re-emerged interest in the
graphite oxide, which is a precursor for the mass produc-
tion of the graphene-based materials [9] and also may be
interesting as a part of composite structures.
Consequently, the application of the graphene is one

of new, current subjects in materials sciences. The main
e�ort concerns new graphene based electronics [10], catal-
ysis and composite structures including polymers and
graphene or graphite oxides. Less e�ort was done in
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the range of the metal matrix composites, in which case
graphene particles may improve electrical conductivity
or/and strength of the material.
The following paper presents results of the study con-

cerning aluminum�graphene composite produced with
use of one of the severe plastic deformation techniques,
high pressure torsion (HPT). The HPT was successfully
used for the formation of the unique microstructure in
case of the metals and alloys [11]. Such microstructure
consists on small grains from micro- to nanosize. It was
also used for the powder consolidation, especially in case
of the amorphous glass or amorphous�crystalline com-
posites [12]. The great advantage of the method is lack of
the temperature increase, however sometimes unexpected
metastable phase composition may be formed [13]. The
main disadvantage is limited by the anvils, rather small
sample size available.

2. Experimental

For the matrix of composite Al powder of the pu-
rity 99.99, with particles size approximately 1 µm was
used. Two procedures of Al powder consolidation were
used. First, the powder was consolidated directly by the
HPT. Some preliminary attempts let to choose 4 GPa
hydrostatic pressure and 5 rotations. The second proce-
dure included mechanical alloying (MA) in a ball mill.
The planetary ball mill (type PM 400 from Retsch) was
used in the experiment. Later similar HPT process
was performed. On the base of the results concerning
consolidation of the Al powders the second procedure
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was chosen for the Al-graphene composite production.
In this case two from four grinding stations available in
the equipment were charged during milling process. One
vial was charged with Al powder and special steel balls
with ball-to-powder weight ratio of 20:1, the total mass
of the powder was 89.97 g. The opposite tank was loaded
with the same amount of powder with 0.05 wt% addition
of the graphene. The graphene containing product was
produced by the Novosibirsk Scienti�c Center of Siberian
Branch of Russian Academy of Sciences.

Fig. 1. (a) HPT equipment on the base of hydraulic
press DE-2430-01, (b) the typical sample produced by
the HPT, (c) position of the thin foil samples used for
the TEM and HRTEM observations.

The ball milling was performed up to 7.5 h, in the air
atmosphere with 150 rpm speed. To avoid the increase
of the temperature, the milling was stopped after each
1 min of the work and the vials were cooled down for 30 s.
Subsequently HPT consolidation was applied. A small
amount of powder was placed on the unconstrained type
anvils with 10 mm diameter (Fig. 1a). 5 rotations at the
pressure level of 4 GPa were performed. As a result ho-
mogeneous, bulk samples in form of the thin discs about
10 mm in diameter were achieved. The HPT method was
further modi�ed and 10 rotations was also applied with
the same hydrostatic pressure like before. The typical
sample is shown in Fig. 1b and the procedures summa-
rized in Table I. The samples prepared in a di�erent way
were compared with use of the results of XRD and micro-
hardness, which was measured in the center and at the
edge of the samples (Table I).
The samples containing graphene were investigated

with X-ray di�raction (XRD), scanning electron mi-
croscopy (SEM), and atomic force microscopy (AFM) to
identify macro- and microstructure. The Raman spec-
troscopy was used to identify graphene content. For the
precise investigation of microstructure the transmission
electron microscopy (TEM) was used. For this type of
investigations thin foils were cut and polished with use

TABLE I

Summary of the applied methods of the sample produc-
tion and comparison of the sizes of the Scherrer's di�rac-
tion domains, relative compression ∆D/D and micro-
hardness measured in two points (Gr � graphene). #1
� Sample, #2 � Mechanical synthesis: time [min], #3
� HPT: hydrostatic pressure/rotation number [GPa/N],
#4 � Size of the Scherer's di�raction domains [nm], #5
� ∆D/D [%], #6 � µHV, center [GPa], #7 � µHV,
edge [GPa].

#1 #2 #3 #4 #5 #6 #7
Al consol. 0 4/5 40 32 0.9 1.6
Al consol. 300 4/5 100 47 1.5 2.0
Al + 0.05 wt% Gr 300 4/5 95 47 1.5 2.0
Al + 0.05 wt% Gr 300 4/10 � � � �

of the �ne ion beam (FIB) technique. The orientation
of the foils in relation to the sample is shown in Fig. 1c.
As is visible, the plane of the foils was perpendicular
both to the diameter and to the gradient of deforma-
tion. The foils were cut from the places at the edge of
the samples, where deformation was near to the maxi-
mal. Micro-Raman spectra were taken using a Renishaw
inVia Raman microscope (50× or 100× objectives) with
633 nm He�Ne excitation laser and 100% laser power
(21 mW output power), with spatial resolution better
than 1 µm. The experiments with photoelectron spec-
troscopy (ESCA/XPS) were performed with hemispher-
ical analyser SES R4000 (Gammadata Scienta) and ex-
citation by the Al Kα (1486.6 eV) lamp of the 200 W
power. In the energy scale resolution for the Ag 3d5/2
line was 1.0 eV, the measurements were performed in vac-
uum 3 × 10−9 mbar. The surface layer was removed by
the Ar ion etching in 10 min period with the parameters:
1.2 kV, 10 mA and under 2 × 10−6 mbar Ar pressure.

3. Results and discussion

The homogeneously consolidated bulk samples from
the Al and graphene powders were produced by both
procedures. As is shown in Tab. I, ball milling which was
introduced as a preliminary step of the samples prepa-
ration increased relative compression ∆D/D of the Al
powders after HPT consolidation from about 30 to 50%.
Also microhardness measured at the center and at the
edge of Al samples increased in both cases from 0.9 to
1.5 and from 1.6 to 2.0 GPa respectively (Table I, line
1 and 2). However, it is also visible that neither ∆D/D
nor µHV changed as a result of the 0.05 wt% of graphene
addition. Also XRD patterns made for Al samples pro-
duced in both ways and Al + graphene sample produced
with the same number of N = 5 rotations did not reveal
any di�erences and could be well �tted to the standard
pattern of pure Al (PDF 00-004-0787) (Fig. 2).
The estimation of the deformation range in the case

of the HPT is not easy, as many formulae for this were
suggested [14]. In this paper the formulae
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Fig. 2. Comparison of the XRD patterns from the
samples: (a) Al produced with ball milling and HPT
(N = 5), (b) Al produced seldom by HPT (N = 5), (c)
Al + 0.05 wt.% of graphene, produced by ball milling
and HPT (N = 5). Position of Al di�raction lines (PDF
00-004-0787) marked. Line Co Kα used.

γ = 2πN(R/D) (1)

and

ε = (2/31/3) ln
(

(1 + γ2/4 + γ/2)1/2
)

(2)

for the shear strain γ and the equivalent strain ε are
used, where D is �nal thickness and R � the radius to
the deformed point [14]. This gives maximal equivalent
strain at the edges of the samples at the level of 7.60
for sample, N = 5 rotations and 8.30 for the N = 10
rotations.

Fig. 3. Precise XRD pattern from the sample Al�5
wt.% graphene after HPT with N = 5. Only Al peaks
identi�ed. Position of the expected graphene intensities
marked. Line Cu Kα was used.

Fig. 4. XRD precise pattern from the sample of
graphene used for the composite. Line Cu Kα.

The structure of the composite samples containing
graphene was further investigated by XRD, SEM, and
TEM. The result of the high precision XRD measure-
ments of the Al + graphene sample prepared by ball
milling and HPT with N = 5 is shown in Fig. 3. For
the comparison the graphene sample was also measured
in the same way (Fig. 4). The graphene XRD pattern
contains one very intensive peak (002) and two others at
26◦ and 43◦ which may be directly connected with the
graphene in the form of nanoplates [15, 16]. The com-
parison with the composite XRD pattern in Fig. 3 shows
lack of the noticeable intensities which cold be connected
with the presence of the graphene. As was shown by
Zhou and Li [17] in case of the Al-graphite composites,
ball milling leads quickly to the dissolution of C in Al
matrix and after 600 min of milling only small trace of
the C (002) peak in the XRD may be observed. In our
experiment no traces of the C (002) peak are visible af-
ter 300 min of MA and HPT process, also no changes in
µHV which could result from the solid solution of C in Al
matrix could be observed (Table I). This may be results
of much smaller addition of the graphene than in [17] or
of the predominant in�uence of the intensive deformation
on the composite properties.
The microstructure of the composites prepared with

N = 5 and with N = 10 rotation are presented in Figs.
5�8. Both the SADP and microstructure in Fig. 5a, b
show dispersed structure of Al grains. The SADP is
typical for the highly deformed microcrystalline sample
being composed of the elongated spots. All the rings
�t to the pure Al phase. This is also con�rmed by the
SADP of the monocrystalline character and microstruc-
ture in Fig. 6a,b. In Fig. 5c, in slightly de-focused con-
ditions more transparent, bright lenticular or elongated
forms are visible, which cannot be connected with the
Al grains themselves. In large magni�cation this type of
microstructure elements is visible in Fig. 6c. Compari-
son of Figs. 5 and 6 with Figs. 7 and 8a,b, concerning
composite prepared with N = 10 rotations shows much
more re�ned microstructure. The Al grains are smaller
and SADP in Fig. 7b exhibits nearly continuous rings.
The same concerns also elements of the microstructure,
which may be related to the presence of the graphene, in
Figs. 6c and 8c. Unluckily EDS analysis did not reveal
local variations in Al, C and O content in the scale of the
TEM observations.

Fig. 5. TEM microstructure of the Al�graphene com-
posite prepared by ball milling and HPT with N = 5
rot.: (a) small magni�cation, (b) SADP from Al, (c)
light areas between the grains of Al.
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Fig. 6. TEM microstructure of the Al�graphene com-
posite prepared by ball milling and HPT with N = 5
rot, large magni�cation: (a) SADP from the Al grain
in contrast, (b) small Al grains, (c) magni�cation of the
light areas between the grains of Al visible in slightly
out-of-focus conditions.

Fig. 7. TEM microstructure of the Al�graphene com-
posite prepared by ball milling and HPT with N = 10
rot.: (a) BF � small magni�cation, (b) SADP from Al,
(c) DF � the same area, light grains of Al.

Fig. 8. TEM microstructures of the Al�graphene com-
posite prepared by ball milling and HPT with N =
10 Rot.: (a) BF, Al grains in contrast, (b) DF from
the same area, small Al grains bright, (c) larger magni-
�cation of the light areas between the grains of Al visible
in slightly out-of-focus conditions.

As both XRD and TEM investigations did not prove
the presence of any particular form of carbon, the Ra-
man spectroscopy was used. In Fig. 9a the Raman spec-
tra from the used graphene is shown, while in Fig. 9b�e
the image of the observed area identifying the particu-
lar points of analysis and the respectful Raman spectra,
in case of the sample, produced with N = 5 rotation are
presented. As is visible in Fig. 9a the peak G (1589 cm−1)
is intensive while the band 2D (2650 cm−1) which may

be related to the non-defected graphene if single, is very
small. The same time peaks named D, D′ and D+D′ [18]
are intensive. Such spectra may qualify the used carbon
form as very defected, multilayer graphene [19]. In the
Raman spectra from the points M1, M2 and M6 (Fig. 9b�
d) in the bright areas of the matrix, the D and G peaks
are present while 2D peak is very small. The D peak
widens but the intensity of G peak increases. Such spec-
tra may be interpreted as resulting both from the increase
of the disorder in the multilayer graphene and increasing
amount of the graphene non-defected [18, 19]. In re-
maining points of analysis (M3, M4, M5) the signal from
the carbon remains very weak but the peaks which may
be identi�ed with the presence of Al-carbides, especially
Al4C3 are intensive (Fig. 9b,e).

Fig. 9. Sample Al�graphene, N = 5 rot., Raman spec-
troscopy: (a) graphene used, (b) position of the inves-
tigated points, (c, d) points M1 and M2 in (b) reveal-
ing larger content of graphene, (e) dark points revealing
small amount or lack of the graphene.

Similar results were achieved in case of the sample pro-
duced with the N = 10 rotations except some di�erences
in the Raman spectra concerning proportion of the D
to G intensities. In case of the sample passing larger
deformation ∆D/∆G increased from 1.9 to 2.6, which
means some increase in the defects density in the multi-
layer graphene [19, 20].
To further elucidate the character of the carbon pres-

ence in the composites the photoelectron spectroscopy
XPS (ESCA) was used. The XPS enables to determine
both the presence of the elements in the materials and
the type of the atomic bonding, forming between com-
ponents. It should be noticed however, that the method
is sensitive for the surface layer of the materials. The
10 min of Ar ion polishing was used to enable studies
of the bulk of material. The area of the analysis was
3 mm2. The basic results concerning two samples, Al
and Al+0.05 wt% graphene, both prepared by mechani-
cal alloying and HPT, withN = 5 rotations are presented
below.
Three types of atoms were determined after ion pol-

ishing in both samples: aluminum, carbon, and oxygen.
However, in the case of the Al�graphene composite the
proportions of elements content: C/Al, O/Al and C/O



Composition and Microstructure of the Al�Multilayer Graphene Composites. . . 925

were di�erent than in Al sample. They are as follows re-
spectively to Al + graphene/ Al samples: C/Al � 0.05/
0.03, O/Al � 1.0/0.9, C/O � 0.05/0.03. As results car-
bon in di�erent forms is present in both samples, but in
case of the Al + graphene sample the content of carbon
atoms per aluminum is nearly twice. The other unex-
pected result is very high content of oxygen atoms in
both samples, being nearly 1:1 for the Al atoms. This
suggests strong preliminary oxidation of Al powder or
the oxidation process at the step of the mechanical alloy-
ing.

Fig. 10. XPS results for the Al�graphene composite
and Al sample, both prepared the same way by MA
and HPT with N = 5, C 1s line. For the components
X, A�D explanation - see Table II.

The analysis of the chemical states related to the posi-
tion of the line components (Figs. 10, 11) was performed
on the base of [21�23]. The analysis of C 1s energy line
revealed the following types of the possible carbon bonds
(Fig. 10, Table II): C�C � lattice carbon, C � metal,
C�O and C=O � carbon oxides, also COOH and CO3

� alcohol or carbonyl groups. The decomposition of the
C 1s electrons spectra leads to the conclusion that the
component C-metal is twice larger in the case of the com-
posite with graphene than in the Al ball milled and HPT
consolidated sample (Table II). The carbonyl and alco-
hol types of bonds are also much more frequent in case
of this composite, suggesting that the carbon product in-
troduced to the sample contained except graphene also
graphite oxide and the organic substances used for the
graphene production. The explanation for the carbon�
oxygen type of bonds C�O, C=O could be also oxidation
of carbon in the composite preparation procedure, as oxy-

Fig. 11. XPS results for the Al�graphene composite
and Al sample prepared in the same way by MA and
HPT N = 5, Al 2p line. For the components A, A′, B,
B′ and C explanation - see Table II.

gen was available in the form of Al oxide. On the other
hand, sample with graphene reveals much less of the C�C
carbon lattice bonds than in case of Al sample.

The analysis of the bonds formed by Al atoms (Fig. 11,
Table II) suggests participation of the Al�Al bonds and
the presence of atoms on the Al3+valence state. The
last may suggest bonding of the Al atoms with carbon
and oxygen rather than simple Al-carbides. The result
concerning existence of the Al3+�O bonds relates to the
high amount of oxygen detected, reported above.

Presented results of XPS suggest formation of the Al�
C and Al�C�O bonds, more intensive in the case of the
graphene�Al composite than in Al sample, which also
contains some carbon atoms revealing tendency to form
C�C bonds. The other results like intensive Al and C ox-
idation and the presence of the di�erent organic groups
may be surface e�ects or results from the preparation
procedure, e.g. organic liquids used at the mechanical
alloying step. The large amount of oxygen atoms, nearly
1:1 in both samples was neither revealed by XRD nor by
TEM and is also probably predominantly surface oxida-
tion, even if some Al and C oxides were introduced with
the components. The presence of the Al carbides was
detected also by the Raman spectroscopy results.

There is strong suggestion however that the HPT pro-
motes also formation of the Al�C bonds of another type.
The problem of the chemical bonds forming between alu-
minum and carbon in the Al based composites needs a
modi�ed preparation method, reducing the lattice carbon



926 T. Czeppe et al.

TABLE II

XPS results for the Al-graphene composite and consoli-
dated Al samples prepared in the same way by MA and
HPT, with N = 5: C 1s and Al 2p lines positions, rel-
ative areas and hypothetical interpretation of the lines
components.

Name
Bond
type

Position
[eV]

Area
[%]

C 1s

X C�metal 282.8 3.9
A C�C 285.3 38.0

Al sample
consolidation

B C�O + C=O 287.0 39.7

C COOH 288.9 14.7
D CO3 291.9 3.7
X C�metal 283.2 7.0
A C�C 285.3 18.6

Al�graphene
composition

B C�O + C=O 287.1 60.1

C COOH 288.8 7.5
D CO3 291.5 6.8

Al 2p

A
Al�Al

73.6 34.2
A′ 74.0 0.0

Al sample
consolidation

B
Al3+�O

76.8 64.5

B′ 77.2 0.0
C Al3+� 79.5 1.3
A

Al�Al
73.5 28.7

A′ 73.9 0.0
Al�graphene
composition

B
Al3+�O

76.9 69.0

B′ 77.3 0.0
C Al3+� 78.8 2.3

and oxygen content and further investigations.

4. Summary and Conclusions

The consolidated aluminum samples and aluminum�
graphene composites were produced with use of two step
technique: �rst mechanical alloying of Al and graphene
powders and later the intensive deformation by HPT. As
a result small, thin and round samples, about 10 mm in
diameter were achieved.
The MA introduced before HPT leads to the increased

compression and microhardness of the samples achieved
in the similar HPT deformation. The further increase in
the deformation range and resulting structure re�nement
was achieved by the increase of the rotation number with
the same hydrostatic pressure preserved. The XRD and
TEM did not directly reveal graphene in the microstruc-
ture composed of the �ne Al grains.
The results of the Raman spectroscopy suggested mul-

tilayer graphene with large disorder which could also be
identi�ed as nanographite and some amount of less de-
fected graphene introduced by the HPT, both as compo-
nents of the composite structure as well as some small
content of the aluminum carbides.

The XPS method revealed carbon and aluminum ox-
ides in large amounts which is interpreted as a surface
e�ect. The XPS method suggested also formation of the
carbon�metal and carbon�metal�oxygen atomic bonds,
which may be partially the result of the carbides forma-
tion but may be also indication of the incorporation of
the graphene, at least partially to the atomic structure
of the composite by the HPT method.
For the further improvement of the Al�graphene com-

posites achieved by the MA and subsequent HPT, elimi-
nation of the possibility of oxidation of Al and C as well
as reduction of the amount of carbon introduced not in-
tentionally by the preparation processes should be un-
dertaken.
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