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ABSTRACT

Titanium carbide was formed on graphene nanoplatelets (GNPs) using potassium hexa-
fluorotitanate (K, TiFs) salt in the presence of pure aluminium. K, TiFs - GNPs mixture with
titanium to carbon ratio of 5:1 was heated at a high temperature of 900 °C for 1 h under argon
atmosphere. Energy dispersive spectroscopy indicated the presence of elemental titanium
on the surface of GNPs, while the presence of titanium carbide was verified by X-ray diffrac-
tion. Scanning electron microscopy confirmed the morphology of titanium carbide-coated
nanoplatelets embedded in aluminium melt. Thermal characterisation was carried out by
differential scanning calorimetry to identify the reaction kinetics and products of the reac-

Aluminium tions. This facile process to coat titanium carbide on GNPs offers a possibility to reduce
Composite the wettability issues of GNPs in the aluminium matrix and enhance the dispersion with
Coating an opportunity to prepare hybrid aluminium matrix composites. The present study deals
with in-situ synthesis of titanium carbide on GNPs, which aims to prepare nano-reinforced

hybrid reinforcement aluminium matrix composite.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
- composites (MMCs). The situation aggravates when referring

1. Introduction

Aluminium matrix composites
nanoplatelets (Al-GNPs) are gaining considerable atten-
tion due to their improved properties as desired in the
aerospace and automobile industries [1,2]. However, the inert
nature of carbon presents wetting problems in metal matrix

* Corresponding author.

containing graphene

to nano reinforcements of carbon, such as carbon nanotubes
(CNTs) [3,4] and graphene nanoplatelets (GNPs) [5,6]. The
dispersion problems of CNTs and GNPs arises along with
wetting issues due to significant difference in surface tension
forces, i.e., 45mN/m (carbon) and 955 mN/m (aluminium) [7].

The superior mechanical and functional properties of
GNPs make them an ideal choice for reinforcement in
MMCs. Few of these are; 1TPa modulus of elasticity, 125 GPa
fracture strength, 5000W m~'K! thermal conductivity and

E-mail: mahmood.khan@ntnu.no (M. Khan).

200,000 cm? V-1 s1 carrier mobility [8,9]. The ideal situation
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wherein GNPs may provide optimum advantages in MMCs is
their homogeneous distribution, together with the absence
of unwanted interfacial reactions with the matrix material.
In the case of aluminium, the formation of aluminium car-
bide (Al4Cs) reduces the overall composite properties due to
the fragile nature of interfacial carbide coupled with its poor
corrosion resistance [10]. Moreover, the presence of a thin
aluminium oxide (Al,03) layer on the surface of aluminium
particles (as matrix material) restricts the sintering of the
composite. This issue is addressed by sintering in inert envi-
ronments like argon or nitrogen [2]. The presence of an oxide
layer on aluminium powders can also lead to a problem related
to the intimate contact with GNPs, resulting in failure of
bonding with the matrix and poor mechanical properties of
Al-GNPs composites.

Indeed a desirable and stable interface improves the
strength of the composites by transferring the applied load
from matrix to reinforcement. As a result, different metals
have been investigated as the coating material for GNPs. In a
study by Q. H. Hu et al., nickel was coated by electroless plating
[12] while electrodeposition was employed by C. Liu et al. [13].
The electrodeposition on carbonaceous nano reinforcements
is a complicated process compared to metallic substrates. It
generally involves two steps: decorating the nano reinforce-
ments with aluminium nanoparticles followed by the addition
of aluminium powder on carbonaceous nano reinforcements;
still the final step is high-temperature annealing to achieve
complete wetting. In-situ processing of nano reinforcement
is another option leading to benefits over ex-situ process-
ing. Among these benefits, one is the smaller reinforcement’s
size and higher surface area, which contributes to higher
strength in the resulting multiphase composite [14]. The com-
posites fabricated via in-situ route have clean, unoxidized
particle-matrix interfaces with higher interfacial strength and
improved wettability [15]. Thermodynamically stable phases
are formed and further reaction of decomposition is gener-
ally ruled out [16]. The in-situ reinforcing phase is uniformly
distributed in the composite matrix [17]. The concept of solu-
bility, as reported by Rana et al. [18-20], can be applied to the
present research in a way to designate aluminium as a solu-
tion containing solute as GNPs and titanium. The solubility
of titanium at 900°C is around ~22 % [21]. This supports the
presence of elemental titanium in the aluminium melt to be
available for reaction with GNPs. Contrary to titanium solu-
bility, the presence of GNPs as a stable insoluble [22] site for
titanium is strong reason for the formation of titanium carbide
(TiC) on GNPs.

Carbonaceous reinforcement, along with alumina in alu-
minium alloy matrix, has been used for cylinder liners in
high-rpm, high power motorcycle engines. Similarly, nickel-
coated graphite particles combined with silicon-carbide
particles in the aluminium matrix has been used for cylinder
liners, cast rotors, and disc brake system [23,24]. The excellent
wear behaviour is exhibited by the combination of solid-state
lubrication of graphite and high-temperature strengthening
of the matrix alloy [23]. Nano hybrid reinforcement for alu-
minium matrix composites has been reported to possess the
strength advantage over conventional composites because the
Orowan strengthening effect is greatly enhanced [25]. Nano
sized reinforcements are also favourable for the grain bound-

ary pinning; hence they result in smaller matrix grain size.
Therefore, the final composite exhibits an improvement in
strength and other mechanical properties [26]. TiC is, ther-
mally, a very stable refractory metal carbide and possesses
high hardness. In a study, efforts were made to fabricate TiC/Al
composites using in-situ methods [27]. In in-situ TiC/Al com-
posites, however, TiC particles often exist in clusters, and it is
challenging to disintegrate these TiC clusters. The hybridisa-
tion of different types of reinforcements is attractive because
this approach can be used to tailor the properties of the
composites [28]. The hybridisation of carbonaceous nano rein-
forcement with TiC results in lower content to be added in the
matrix and improved distribution [29]. Hybrid reinforced alu-
minium matrix composites are generally used for electrical
sliding contact, tire stud, drive shaft in Chevrolet S-10 [30].

The present work presents a novel approach to address
the problem of dispersion and wetting issues of GNPs in the
aluminium matrix by in-situ formation of TiC on GNPs in alu-
minium melt. A facile approach to address the wetting and
dispersion issues to coat GNPs with TiC from potassium hex-
afluorotitanate (K, TiFg) salt is presented in this study. The use
of K,TiFe salt as flux offers the following advantages: (a) it
has the capability to dissolve Al,03 layer and prevents fur-
ther oxidation, (b) it provides active site by decomposition and
coating of reinforcements [31] and (c) it acts as precursor of
titanium, which can be electrolessly coated on the surface of
carbonaceous reinforcements [32]. The developed coating was
characterised for microstructure and morphology by scanning
electron microscopy (SEM), energy dispersive spectroscopy
(EDS), and X-ray diffraction (XRD) while reaction kinetics were
studied by differential scanning calorimetry (DSC).

2. Experimental

Fig. 1 shows scanning electron microscopic (SEM) images
of raw materials; GNPs were purchased from Guangzhou
Jiechunang Trading Co. Ltd. China with 2—5 pm diameter and
~10nm thickness (Fig. 1a) while 99.6 % pure aluminium flakes
of particle size 50 pm were used (Fig. 1b); K, TiFs (Fig. 1c) was
used and the flux with purity > 99 %, was supplied by Sigma-
Aldrich, USA.

A novel approach was opted to prepare the powder by mix-
ing 2.5¢g of aluminium flakes, 2.5g of K,TiFs salt and 0.1g
of GNPs (with Ti to C ratio of 5:1) and milling in a ball mill
(Model No RZ-04149-05, Cole-Parmer Instrument Company,
LLC., United States) at 100rpm for 15min. The purpose of
mixing was to ensure the proper distribution of GNPs, alu-
minium flakes and salt so that the maximum contact among
the constituent materials can be established during subse-
quent heating. The mixture was transferred into a porcelain
crucible and placed in a tube furnace (Model no. KJ-1600VF,
Kejia Furnace Co. Ltd. China) and heated to 900°C in an argon
atmosphere. The heating rate of 5°C/min was applied to the
targeted temperature with the holding time of one hour, fol-
lowed by furnace cooling. The heated mixture was ground in
a mortar with pestle followed by filtration in a buffer solution
of distilled water for separating undesirable residue from the
heated mixture. Fig. 2 shows the schematics of the complete
process.
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Fig. 1 - SEM images of raw materials: (a) GNPs, (b) aluminium flakes, (c) K, TiFg salt.
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Fig. 2 - Schematics of the process carried out to coat the GNPs with TiC.

For microstructural characterisation, the purified heated
mixture was observed under SEM in secondary electron imag-
ing mode at 20kV accelerating potential. EDS was performed
on a spectrometer (X-MaxN Silicon Drift Detector, Oxford
Instruments, UK) attached to the SEM microscope. To evalu-
ate various reactions in the mixture at different temperatures,
DSC was carried out on constituent materials and the mixture.
For this purpose, 10mg of the mixture was heated to 800°C
in argon in the DSC (NETZSCH STA 409C Gerdtebau GmbH,
Germany) setup. A heating rate of 10°C/min and a constant
flow of argon were maintained throughout the heating cycle.
The heated mixture was characterised for phase analysis in
XRD (GNR instruments analytical group, Italy) using an X-ray
source with CukK, radiation having a wavelength of 1.54 A. The
diffractometer was operated at 40kV and 30 mA tube poten-
tial and current respectively with a scan rate of 0.1° per minute
and a step size of 0.05° in 2 theta range of 20 to 80°.

3. Results and discussion

3.1. EDX

Fig. 3a—c show the SEM images of filtered TiC coated GNPs with
characteristic morphological appearance of graphene sheets.
Fig. 3d and e show EDS of TiC coated GNPs and filtered out
mass of potassium fluoroaluminate (KAIF4). Elemental dis-
tribution of five elements, i.e., carbon, titanium, aluminium,
potassium and fluorine various drastically in filtered and fil-
tered out mass. The existence of these elements confirms the
hypothesis of the formation of TiC covered GNPs with a trace
amount of unfiltered impurities. The EDS of filtered out mass
clearly shows the residue of salt decomposition (Fig. 3e). The
presence and comparatively excessive amount of titanium
and carbon suggested the existence of TiC [33]. Indeed, as heat-
ing the GNP/aluminium/salt mixture at 900°C, is expected to

form TiC at preferential sites of GNPs under aluminium melt.
The only source of carbon in the raw materials is GNPs. The
active carbon sites for reaction with titanium are the defec-
tive/missing carbon atoms on GNPs sheet/surface. Possibly
due to the existence of a mixture of TiC and GNPs (as carbon
source) and the formation of TiC on GNPs is further explored
by the XRD examination.

3.2 XRD

Fig. 4 shows the XRD patterns of constituent materials along
with the heated mixture. The individual constituents, K, TiFg
salt and aluminium showed typical peaks corresponding to
the positions reported by Rodriguez et al. [34] and Khan et al.
[1,35], respectively. The heated mass is densified due to alu-
minium melting and its solidification. High temperature aided
the floatation of residue at the top and easy removal through
water filtration. Still the traces of potassium fluoroaluminate
(KAIF,) were identified, as indicated in elemental analysis in
Fig. 3e. The presence of KAlF4 caused the removal of potassium
and titanium oxides [36]. The peak representing GNPs is at 25°
[37], while the peaks corresponding to salt diminished in the
filtered mass. TiC and partially converted titanium dicarbide
(TiC,) peaks were observed at specific positions in agreement
with earlier studies [38]. TiC peaks were found at 35.5, 41.8,
and 59.8° along with Al3Ti peak at 24.9° as reported by Birol
[36] at similar positions of 2 theta. The possible existence of
Ti-Al-C can be ruled out based on present XRD results and the
investigation of Wang et al. [39]. Peaks of KAIF,; and K3AlFg
were found at their specific locations of 28.7, 36.2 and 29.8°,
respectively [33]. EDS also confirm the elemental presence of
potassium as these salts aid titanium to react with carbon,
which is present in the form of GNPs and early melting of alu-
minium. The presence of potassium fluoride (KF) in XRD is
superimposed on the same 2 theta angle as TiC, i.e.41.7° [40].
The DTA shows an exothermic rise in Fig. 6, which pertains to
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Fig. 3 - SEM images of; a), b) and c) titanium carbide coated GNPs, d) EDS results showing the presence of titanium and

carbon and (e) EDS of KAIF,.

the formation of TiC. The presence of Al3Ti is due to the reac-
tion of K, TiFg with molten aluminium. This results in release
of titanium, which dissolves in the aluminium melt. When the
solubility limit of titanium in liquid aluminium at the reaction
temperature is exceeded, TiAl; precipitates according to the
Al- Ti phase diagram [41].

3.3. DTA

DTA spectra of the mixtures and individual constituents are
shown in Fig. 5. The spectrum of GNPs (Curve 1) shows shal-
low endothermic reactions ranging in a temperature range
from 480 to 545°C and an exothermic signal at 680°C. The
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Fig. 4 - XRD data presented as a graph, showing raw
materials and heated mixture phases.

two endothermic humps may be related to the weight-loss
due to the removal of moisture and associated residue mass
in GNPs. The high-temperature exothermic peak relates to the
decomposition of GNPs. The second spectrum (Curve 2) corre-
sponds to the mixture of aluminium and salt. In this curve, the
first endothermic peak at 375 °C is associated with the decom-
position of salt [34] and indicates that no reaction between
aluminium and salt occurred until this temperature. A range
of exothermic reactions from 460 to 630 °C can be viewed as the
formation of new phases. These can be related to the dissoci-
ation of fluoride salt and the release of elemental titanium, as
per Eq. (1). A strong exothermic peak at 645 °C is related to the
complete reduction of K, TiFg with aluminium and formation
of Al;Ti before the melting of aluminium [42], as shown by Egs.
(2) and (3). The presence of Al3Ti phase has been confirmed in
XRD (Fig. 4) as also verified elsewhere [43]. The endothermic
dip in the spectrum at 650 °C is associated with the melting of
aluminium, which is lowered due to the presence of salt [32].
The activation temperature for K, TiFs salt is >460 °C, where it
starts reacting with aluminium for the formation of the Al;Ti
phase in the binary blend. An earlier study by Prasad et al. [43]
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Fig. 5 - Graphs showing DTA of raw materials and filtered
mixture containing TiC coated GNPs.

reports the temperature of ~700°C as maximum for the pro-
duction of Al-Ti master alloy at a specific higher rate of heating
compared to as used in the present investigation. However, the
minimum temperature for the start of the reaction, Equation
(2), was predicted by the same study to be lower. Herein this
study, the start of the reaction is found to be around 460 °C.

K,TiFs +4Al — 3Ti + 3KAIF, + K3AlIFs 1)
Ti + 3A1 — Al3Ti @)
K,TiFs +13A1 — 3AI3Ti + 3KAIF, + K3AIFg 3)

The third spectrum (Curve 3) corresponds to the mixture
of aluminium with GNPs. The first exothermic peak at 643°C
and the second at 658°C may correspond to the formation
of aluminium carbide (Al4Cs) [44], which is near the melting
endothermic signal of aluminium at 655 °C. The two tempera-
tures are related to starting temperature (643 °C) of formation

mwW
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Fig. 6 - Graphs showing the TGA curve coupled with DSC of aluminium, salt and GNPs mixture in equal proportions.
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of Al4Cs in solid-state and near melting temperature at 658°C
in partially molten state [45]. The formation of Al4C3 has sup-
pressed the strong aluminium melting peak, as can be seen
in Curve 2 (Al + Salt). The surface area of the melt increases as
the density of Titanium and initially formed TiC is higher than
aluminium. Eq. (4) shows the reaction:

Al + 3C — AlLCs )

The spectrum (Curve 4) of the mixture of GNPs and salt
shows the characteristic endothermic peak of salt decom-
position at 376°C [46] while small peaks at 457 and 545°C
correspond to the moisture and associated residue mass
removal from GNPs, as also observed in curve 1. The second
sharp endothermic peak at 663 °C may represent the start of
the formation of TiC, which is expected to develop on the
surface of GNPs [38] as the only source of carbon in the raw
materials is GNPs. All the three temperatures of the GNPs
relate to the DTA curve 1, but the presence of salt has lowered
the intensity of AH. The dissociation of salts can be attributed
to the reduced intensities of AH and formation of TiC, as per
Eq.s (5) and (7) [47]. Eq. (6) is an equilibrium state of TiF4 with
elemental titanium depending on molar concentration, which
eventually results in the formation of TiC as titanium element
is consumed and TiF, dissociate into titanium.

K,TiFg — 2KF + TiF4 (5)
TiFn(n = 3,2,1) < (4—n)Ti + nTiF, (6)
Ti + C — TiC (7)

In a study by Y. Birol [36], K, TiFs salt and graphite were
reacted for the in situ formation of TiC from halide salts. The
salt decomposition was carried out by displacement reaction.
The third peak at 663°C provides strong evidence of in situ
formation of two carbides of titanium, i.e., TiC and TiC, on the
surface of GNPs, as also observed in XRD (Fig. 4) [33]. TiF4 has
a melting point of 377 °C and sublimes in the gaseous state.

K,TiFg +2C — TiC + 2KF + CF4 (8)
Ti + CFy — TiC + TiF4 (9)

The fifth spectrum (Curve 5) of the mixture containing
aluminium, salt and GNPs shows four distinct endothermic
reactions that occurred at 376, 447, 565 and 660 °C and three
exothermic reactions at 620, 640 and 681°C. As already dis-
cussed, the low-temperature exothermic reaction at 376°C is
associated with salt dissociation. The shallowness in intensity
is due to the lower weight fraction used in the tri-constituent
mixture, as compared to binary loading curves 2 and 4. The
shallow hump at 447 °C represents the formation of new prod-
ucts, as per Eq. (2). Another pertinent salt peak at 565 °C was
recorded in all spectra of K, TiFs. This is related to the melt-
ing of alumino-fluorites salts KAIF4 and K3AlFs formed as per
Egs. (1) and (3). The last and high-temperature peak at 660°C
represents the melting of aluminium, which was not lowered
in temperature as in a binary mixture of aluminium and salt.
The reason is the higher quantities of reaction products and

lower proportion of salt, which lowers the melting point of
aluminium. The exothermic reactions at higher temperatures:
620, 640 and 681 °C are related to the formation of TiC on active
and available sites of carbon in GNPs, as per Egs. (2), (7), (10)
and (11):

C + AlTi — 3TiC + Al (10)
C + 4TiF4 — 3TiF4 + TiC (11)
34. TGA

Fig. 6 shows the TGA coupled DSC curve of the mixture con-
taining aluminium, salt and GNPs. In general, the heat flow
trend is endothermic due to the melting of aluminium, which
absorbs the maximum heat input. The TGA result of this mix-
ture showed a weight loss of about ~60 % up to 1000°C. The
initial marginal mass gain of the mixture sample is associated
with the buoyancy effect of the purging gas. A lower mixture
mass of 1.691 mg was used. This lower mass was chosen, based
on the strong exothermic peak observed in Fig. 5, curve 2.
The formation of TiC is an exothermic reaction. Therefore to
avoid damage to the alumina crucible and instrument, a lower
mass was selected. This lower mass has been affected initially
by the gaseous flow and moisture removal and becomes sta-
ble at 300°C (Point 2). The general trend of moisture removal
takes place from 100 to 200 °C and salt decomposition starts at
~460°C (Point 3). It can be seen that the sudden mass loss of
the mixture only begins after the first endotherm at ~640°C.
This corresponds to the beginning of aluminium melting,
which starts with the formation of Al3Ti at the surface of alu-
minium near complete melting at 660°C (Point 4) [42]. The
weight loss of the salt increased with increasing temperature
and reached about 60 % of initial mass with dissociation of
the salt as per earlier discussed Eq. (5), which conforms with
the DTA results. The titanium as metal does not show any
mass loss during this treatment [43] due to higher density
and thermally stable state. However, the fluorine content of
the saltincreases as the temperature is raised. The maximum
of the mass loss has occurred until this point of aluminium
melt, as most of the gaseous elements have been removed
and mainly, the solid mass of aluminium with TiC on GNPs
sustains with trace impurities. A shallow hump of exothermic
at 870°C (Point 5) appears in TGA (Fig. 6). This hump was not
achievable in DSC due to instrument temperature limitation
(Fig. 5) and can only be noticed in TGA. This is associated with
the formation of TiC as per Eq. (7) in the aluminium melt, as
reported by B. Dikici et al. [48].

3.5. TEM

Fig. 7 shows TEM images of TiC coated GNPs with Selected
area diffraction (SAD) patterns specific to GNPS and TiC. Fig. 7a
shows GNPs (identified by a green box) covered with in-situ TiC
nanoparticles. The verification of GNPs was carried out by SAD,
which revealed typical 002 and 004 rings of GNPs [49]. Traces of
impurities and subsequent TEM sample preparation method is
a possible source of masking typical GNPs SAD pattern. Fig. 7a
shows ring diffraction patterns pertaining to TiC [50]. The ring
patterns are characteristic of nanoparticles typically grown on



J MATER RES TECHNOL.2020;9(3):3075-3083

3081

Fig. 7 - TEM image of GNPs coated with TiC and associated selected area diffraction pattern from GNPs and TiC

nanoparticles.

+ Salt
(K.TiFe)

GNPs

GNPs + TiC
(900°C)

Fig. 8 - Model representing the titanium carbide coating on GNPs.

TiC coated GNPs

the carbonaceous substrate, as reported by Wonget al. [51]. TiC
has a tendency to form under the influence of temperature
and availability of active carbon at an atomic scale [52]. Fig. 7b
shows high resolution TEM images with TiC nano particle and
GNPs. The distinct morphology of TiC embedded in GNPs can
be seen as marked on the figure.

3.6. Mechanism

The formation of TiC is an exothermic reaction [48]. An
increase in temperature promotes the formation of localised
nucleation of TiC on the surface of GNPs. The preferable sites
are surface imperfections like unbounded carbon atoms, voids
or defects in the graphitic structure of GNPs. Near the melting
temperature of aluminium, the formation of TiC, starts [42].
Moreover, in the presence of KAIF4, Al,0O3 dissolves earlier,
which is present on the surface of aluminium. At the melt-
ing temperature of aluminium, Als;Ti starts forming, which
was verified in XRD (Fig. 4) and also presented in Egs. (2) and
(4). In the presence of GNPs, AlsTi is converted into TiC. The
conversion of Al;Ti continues until the availability of avail-
able carbon cites on the sole source added in the mixture, i.e.
GNPs (10). The molten aluminium was therefore readily avail-
able to coat the in situ TiC formed on the surface of GNPs.
An illustrative model is presented in Fig. 8. The EDS spectrum
in Fig. 3b confirms the fact that the GNPs have titanium wet-
ted with aluminium on their surface. The molten aluminium

also retains the elemental titanium to adequately react with
available GNPs.

4. Summary and conclusions

In the present investigation, GNPs are heated at 900°C in
the presence of aluminium and potassium hexafluorotitanate
salt. The ratio of titanium-to-carbon of 5:1, used in argon
atmosphere, resulted in the formation of TiC coated on GNPs.
An effort to address the negligible wetting of GNPs with
aluminium, is carried out by coating in situ TiC. Following
conclusions can be drawn from the study;

e EDS indicated the presence of elemental titanium and alu-
minium on the surface of GNPs, while XRD confirmed the
formation of TiC.

e Thermal characterization revealed the mechanism of for-
mation of TiC from precursor salt in aluminium melt. DTA
helped in understanding the reaction kinetics and identifi-
cation of the reaction products in a sequential manner.

e TGA/DSC results complemented the discussion regarding
the salt decomposition and explanation of the in situ for-
mation of TiC.

e TEM analysis confirmed the presence of TiC on GNPs. An
illustrative model is presented to develop a comprehension
regarding the mechanism of TiC formation on GNPs.
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The results of the present investigation can provide a pos-
sibility to improve the wettability of GNPs in aluminium. The
addition of hybrid nano reinforcements in aluminium would
pave the path to overcome the clustering and agglomeration
problems of GNPs in aluminium.
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