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Abstract: In this work, composites based on AA5049 aluminium alloy reinforced with multiwalled
carbon nanotubes (CNTs) and multiwalled TiC-coated CNTs were prepared by powder metallurgy.
For the first time, the effect of TiC coating on the CNT surface on the flow stress of aluminum
matrix composites under compressive conditions at 300-500 °C has been investigated. It was
found that composites reinforced with TiC-coated CNTs have a higher flow stress during high-
temperature deformation compared to composites reinforced with uncoated CNTs. Moreover, with
an increasing temperature in the 300-500 °C range, the strengthening effect increases from 14% to
37%. Compared to the reference sample of the matrix material without reinforcing particles, obtained
by the same technological route, the composites reinforced with CNTs and CNT-hybrid structures
had a 1.8-2.9 times higher flow stress during high-temperature deformation. The presented results
show that the modification of the CNTs surface with ceramic nanoparticles is a promising structure
design strategy that improves the heat resistance of aluminum matrix composites. This extends the
potential range of application of aluminum matrix composites as a structural material for operation
at elevated temperatures.

Keywords: carbon nanotubes; TiC coating; hot deformation; aluminum matrix composite; compression;
properties; flow stress

1. Introduction

The modern industry needs lightweight yet tenacious materials. Aluminum alloys
have met these requirements for many years. However, despite the economic availability of
these materials, the limiting factor for their use is often their low strength at elevated tem-
peratures. Typically, the operating temperature limit for aluminum alloys does not exceed
200-300 °C [1]. Itis possible to increase the operating temperature range of aluminum alloys
by creating particulate-reinforced composites on their basis by controlling the properties
by selecting the type, size and shape of reinforcing particles. Liquid-phase or solid-phase
methods [2—4] for creating bulk composites, as well as various methods of depositing
coatings and surface modification [5-10], can be used for this purpose. Great progress in
this direction has been achieved in the production of so-called sintered aluminum powders
(SAP’s) [1,11-14], which are, in fact aluminum matrix composites reinforced with Al,O3

particles. These materials exhibit relatively high strength properties even at ~0.85 Tm of
the matrix alloy. For example, in the study [1], the in situ formation of an Al,O3 shell on
an aluminum surface provided the preservation of the strength of a material in the range
of 140 to 120 MPa at 0.66-0.88 Tm (350-520 °C). In [14], it was shown that the addition of
1.5 wt.% AlyOj3 facilitates the measurement of the compression strength of the Al7075 alloy
Attribution (CC BY) license (https://  at the level of 260-125 MPa at 0.61-0.82 Tm (300-500 °C).
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depending on their chirality, number of walls, diameter and defectiveness of their structure,
can reach from ~1 to 4 TPa [15-19], and the axial tensile strength is 63-110 GPa [18,19].
Despite this, the effective utilization of the load-bearing potential of CNTs in aluminum
matrix composites at high temperature is hindered by their tendency to react chemically
with the matrix aluminum alloy. This leads to the in situ formation of the Al;C3 phase,
compromising the structural integrity of CNTs. For example, in [20], it was shown for the
2009 Al alloy composite reinforced with 1.5 vol.% CNTs that, after increasing temperature
from 20 to 300 °C, the yield strength increment decreases from ~100 to ~30 MPa, and in
the case of 4.5 vol.% CNTs, a decrease in the yield strength of the composite material at
300 °C was noted even in comparison with the matrix material without reinforcement. It
should be noted that this is also characteristic of aluminum matrix composites reinforced
with carbon microfibers. For instance, paper [21] reports that AA7075 alloy reinforced
with 15 vol.% carbon fibers with an average diameter of 10 pm shows a 5-fold decrease in
compressive flow stress from 750 MPa to 150 MPa at an increasing temperature from 25 °C
to 300 °C. A more recent work [22] shows an increase in the strengthening effect when the
CNTs volume fraction increases from 2.5 to 5 vol.%, which can be explained by a rather
homogeneous distribution of nanotubes in the aluminum matrix. At the same time, the
strengthening effect at 200 °C was greater than at 400 °C. The authors attributed this to the
higher recrystallization resistance of the composite compared to the matrix material. The
reduction of the strengthening effect with increasing test temperature from 200 °C to 400 °C
is attributed to the fact that, at this temperature, the CNTs could no longer so effectively
prevent grain boundary movement.

Considering the above, it seems promising to use CNT-hybrid nanostructures with
ex situ modified CNTs as reinforcing additives. Such a modified surface of CNTs will
contribute to the formation of an interfacial layer at the AI-CNT interface [23-28]. The
presence of an ex situ interfacial layer, for example, TiC carbide ceramics, on the surface of
CNTs should improve the interfacial interaction by increasing adhesion [29,30] and also
prevent unwanted chemical reactions with the matrix leading to the structural degradation
of CNTs [31].

The purpose of this work is to investigate the effect of TiC coating on the surface of
CNTs on increasing the flow stress at high temperature of aluminum matrix composites.

2. Materials and Methods

The initial multiwall CNTs were synthesized by the MOCVD method with ferrocene
and toluene used as precursors under argon flow in a tubular reactor equipped with
a tubular furnace at 825 °C, as described in detail elsewhere [32]. The deposition of
titanium carbide nanoparticles on the surface of CNTs was performed by the thermal
decomposition of titanocene dichloride vapors according to the procedure described in
detail earlier [33].

The initial matrix material was in the state of granules of aluminum alloy AA5049 1-2
mm in size. The elemental composition of the granules measured using an ARL ADVANT’X
(Thermo Scientific) sequential X-ray fluorescence spectrometer was as follows (wt.%): Al
96.11; Mg 2.42; Mn 0.55; Fe 0.26; Si 0.37; Zn up to 0.1; Ti up to 0.1; Cu to 0.1.

Granules of aluminum alloy with reinforcing additives (named as CNT or TiC/CNT
for simplicity hereafter) were mixed by high-energy ball milling (HEBM) using a PUL-
VERISETTE 6 planetary mill (Fritsch, Idar-Oberstein, Germany). For this purpose, alu-
minum alloy granules, reinforcing particles (CNT or TiC/CNT, 1 wt.%), and a process
control agent (stearic acid, 0.8 wt.%) were placed in a 250 mL stainless steel vessel in which
grinding balls of hardened steel 100 x 6 with a diameter of 8 mm were also added. The
ball-to-powder weight ratio was 15:1. The processing speed and time were 600 rpm and 6 h,
respectively. Thus, composite powders named A_CNT or A_TiC/CNT for simplicity here-
after and a reference sample of matrix alloy powder without reinforcing particles named
A_m were obtained. The milled composite powders were hot-pressed in a special heated
steel die at 450 °C and 350 MPa to obtain compacts with a diameter of 17 mm and a height
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of 12 mm. The consolidation modes were adopted, considering the recommendations
of [34].

The surface morphology of the initial CNTs, TiC-coated CNTs and synthesized com-
posite powders were studied using a Zeiss 55 Ultra scanning electron microscope (Carl
Zeiss AG, Jena, Germany). The particle size analysis of the powders was carried out with
a Microsizer 201C laser analyzer (Moscow, Russia).

The phase composition of CNTs, CNT-hybrid structures, composite powders and bulk
samples was studied with the XRD method using a D§ ADVANCE (BRUKER, Bremen,
Germany) with Cu K« radiation (A = 1.5148 A, 40 kV and 40 mA) and linear detection
at angles of 25-85°. The crystallite size was calculated from XRD data using the Scherer
relation for the main diffraction peak of aluminum (111). The instrumental broadening was
determined using a standard «-Al,O3 sample.

The bulk samples were investigated by Raman spectroscopy Integra Spectra (NT-MDT,
Moscow, Russia) at 473 nm with no more than 50 mW. The Raman spectra were measured
at more than 10 different points on each sample.

The surface porosity was determined on metallographic sections using an Altami Met
1-C optical microscope (Moscow, Russia). The quantitative analysis of surface porosity was
performed using Image] software. At least 10 images were studied (the surface area was
~3.5 mm?).

Compression tests at elevated temperatures were performed on a universal testing
machine WDW-100E (Time Group Inc., Beijing, China) in a special thermal cell at temper-
atures of 300, 400 and 500 °C and a compression rate of 0.1 s~!. Cylindrical samples for
compression testing at elevated temperatures with a diameter of 6 mm and a height of
12 mm were obtained by electroerosive cutting on a Mitsubishi BA8 machine. Graphite was
used to reduce friction on the end surfaces of the specimens. The choice of the lower bound-
ary of the test temperature interval corresponds to the limiting operating temperature of
aluminum alloys. The upper boundary of the range is the limit in most of the published
investigations. The compression rate was taken for the possibility of comparing the data of
this work with those published in other sources as one of the most frequently used.

The results of calculating the volume fraction of reinforcing nanostructures using the
model given in [27] show that the volume fraction of the reinforcement in CNT-reinforced
composite was 1.2 vol.%, and in TiC/CNT-reinforced composites, it was 0.65 vol.%.

3. Results and Discussion

The results of the characterization of the structural-phase composition of reinforcing
nanoparticles of both types used in this study using scanning electron microscopy and
X-ray diffractometry are shown in Figure 1.

The SEM images show that the initial CNTs have a diameter of ~60-100 nm and
a length of a few micrometers (see Figure la). After TiC coating, the CNTs diameter
increases to ~160-180 nm (see Figure 1b). The carbide coating on the CNTs’ surface has
a relatively smooth and continuous morphology. Figure 1b,d shows the XRD results of
initial CNT and TiC/CNT. The initial CNTs are characterized by the presence of (002), (100),
(101), and (004) carbon lines. The TiC/CNT structures contain, similarly to the original
CNT, a carbon phase and fcc-TiC, for which (111), (200), (220), and (311) peaks are clearly
recorded. Thus, the data presented show that, during MOCVD treatment, a TiC coating is
formed on the surface of the initial CNT.

Typical SEM images of the morphology of powders obtained by the HEBM method
are shown in Figure 2. The synthesized powders are characterized by a rounded shape.
The average particle size was 50-60 um. The results of the particle size analysis of the
synthesized powders are shown in Figure 2d. Combined analysis of the SEM images and
particle size data shows that the reinforcing particles contribute to a slightly more intense
refinement of the matrix alloy particles. For example, the average particle size of the matrix
powder without reinforcing particles was 60.5 um. The particle size of composite powder
reinforced with 1 wt.% CNT and TiC/CNT was 51.3 and 54.8 um, respectively. Therefore,
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it can be concluded that the average particle size of the composite powder decreases with
the increasing volume fraction of reinforcing nanostructures.
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Figure 2. SEM images of matrix alloy powders after HEBM (a), CNT-reinforced composite (b) and
TiC/CNT-reinforced composite (c), and particle size analysis of these powders (d).

The XRD results of the powder materials and bulk samples are shown in Figure 3. The
data obtained for the powder and bulk samples are qualitatively similar. They clearly show
(111), (200), (220), (311) and (222) aluminum peaks. At the same time, no diffraction peaks
of the reinforcing phases were observed. In general, this is typical for aluminum alloys re-
inforced with carbon nanostructures even at higher concentrations of reinforcing additives.
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Figure 3. XRD data of powder materials (a), bulk samples (b) and Raman spectroscopy results of
bulk samples (c).

In addition, it can be noted that the FWHM for bulk samples decreases compared to
powder samples. This indicates an increase in crystallite size during isothermal holding
during consolidation. For composite samples A_CNT and A_TiC/CNT containing rein-
forcing nanostructures, a smaller increase of crystallite size was observed in comparison to
A_m without reinforcing additives. This may indicate the anchoring of grain boundaries in
the composite materials due to reinforcing nanoparticles. Moreover, A_TiC/CNT samples
are characterized by a smaller crystallite size both after ball milling and after consolidation,
as compared to A_CNT samples. This may be due to the better distribution of CNT-hybrid
nanostructures during ball milling because of their lower volume fraction. Since the XRD
data do not contain information on the reinforcing particles and ceramic coating, the Raman
spectroscopy of bulk samples was performed (see Figure 3c). The Raman spectroscopy of
bulk A_TiC/CNT composites shows the presence of D- and G-lines at ~1350 cm~! and
~1600 cm~! belonging to CNT. In addition, lines at 439 cm~! and 606 cm ! belonging to the
TiC-coating are identified. At the same time, the Al4C; lines are absent. At the same time,
the Al,C; lines at ~490 cm~! and ~855 cm ™! are clearly detected for the A_CNT composites
in addition to the D- and G-lines. This shows that the presence of the TiC coating on the
CNT surface prevents the formation of in situ Al4C3 and acts as a barrier interphase layer
between the matrix alloy and CNT.

Figure 4 shows the optical microscopy microstructure of the bulk samples and the
surface porosity data. A comparative analysis of the microimages shows that all the bulk
samples have low residual porosity (see Figure 4d). This could be an indication that the
consolidation mode was chosen correctly.
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Figure 4. Optical images of the microstructure of bulk samples of matrix material (a), CNT-reinforced
composite (b), TiC/CNT-reinforced composite (c) and surface porosity data of these samples (d).

Figure 5 shows the engineering curves for compression tests on bulk specimens at
300-500 °C. The flow stress curves are characterized by the presence of sections corre-
sponding to the processes of the strengthening and softening in the deformed material. At
300-400 °C for all the materials tested at the initial stage, the strengthening processes are
dominant, which is expressed in the presence of a “hill”. This is due to the necessity of en-
ergy accumulation for the realization of thermally activated softening mechanisms. In this
case, at 500 °C, strengthening and softening processes are balanced. This is due to the higher
mobility of the boundaries at this temperature, which contributes to more intensive nucle-
ation and growth of dynamically recrystallized grains as well as more intensive destruction
of dislocations. The increased flow stress of composites as compared to the reference
matrix material sample is explained, on the one hand, by the inherent submicron structure
formed at the HEBM stage and retained during consolidation and, on the other hand, by
the presence of reinforcing nanoparticles on the matrix alloy grain boundaries, preventing
both the dislocation motion and the boundaries themselves during recrystallization.
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Figure 5. Compression flow stress curves at 300 °C (a), 400 °C (b), 500 °C (c) and strain rate 0.1 s~ .
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As expected, an increase in temperature led to a decrease in the flow stress of the
bulk samples. For example, an increase in temperature from 300 to 500 °C resulted in
a decrease of flow stress from 300 to 86 MPa and from 350 to 137 MPa for A_CNT and
A_TiC/CNT, respectively. This clearly demonstrates the positive effect of TiC coating on
the CNTs surface on the increase of flow stress during the high-temperature deformation
of aluminum matrix composites. Besides, composites reinforced with both TiC/CNT and
CNT showed greater flow stress during high-temperature deformation compared to the
reference sample A_m of the matrix material obtained by the same process route. Thus,
CNT-reinforced composites have on average 1.8-2.5 times higher flow stress at the specified
temperatures compared to A_m. Moreover, with increasing temperature, the strengthening
effect for A_m CNT decreased. This is consistent with the data reported in [22]. In contrast,
the strengthening effect for A_TiC/CNT was constant over the temperature range in
question and the TiC/CNT-reinforced composites had 2.9 times higher flow stress than
the A_m reference sample. This is due to the fact that in situ Al4C3 formation occurs
in CNT-reinforced composites, which compromises the structural integrity of CNTs and
reduces their bearing capacity. The TiC barrier coating inhibits this reaction, which leads
to a more efficient use of the CNT’s load-bearing potential. Considering this, it can be
assumed that A_TiC/CNT can also operate at temperatures higher than 500 °C. However,
this requires further investigations.

To correlate the obtained results with the published data on aluminum alloys and
aluminum matrix composites reinforced with other types of micro- and nanoparticles,
summary graphs (see Figure 6) of the change in flow stress depending on temperature at
a deformation rate of 0.1 s~! are presented.
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Figure 6. Flow stress of aluminum alloys (a) and composites based on them (b) at temperature
300-500 °C and strain rate 0.1 s .

Figure 6a shows that, for the aluminum alloy systems considered, the flow stress at
300 °C ranges from ~100 to ~200 MPa [35-39]. The highest values correspond to Al-Li
alloys [35,36]. An increase in temperature up to 500 °C significantly reduces the above
parameter, while reducing its range of variation to ~20 to 55 MPa. This is likely to make it
impossible to operate products made from these materials under these conditions. However,
AA2060 still appears preferable to alloys of other systems. A slightly different picture was
obtained with aluminum alloy composites (see Figure 6b). The addition of 15 vol.% carbon
fibers, as mentioned above, provides a flow stress value of 150 MPa at 300 °C, which is
five times lower than the flow stress at a normal temperature [21]. This severe drop in
strength properties is attributed by the authors to a weak interfacial interaction at elevated
temperatures. This leads to a change in the composite fracture mechanism from fiber
delamination to fracture at the interface. Approximately the same ~150 MPa value of flow
stress was demonstrated by a composite based on the Al7075 alloy reinforced with 1.7 vol.%
TiC particles of 50 nm average size [30]. A further increase in the test temperature to 400 °C
led to a 2-fold decrease in flow stress to ~75 MPa. According to the authors, this was due to
the slippage of the spherical nanoparticles with respect to the grain boundaries under load.
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Paper [14] reported that the use of 1.5 wt.% Al,Os particles with an average size of 20 nm
to reinforce the alloy Al7075 provides softening reduction with increasing temperature. So,
if at 300 °C, the flow stress was ~260 MPa, which is 13% lower than for A_CNT obtained
in this work, then at 400 °C the difference does not exceed 5%. At 500 °C, the flow stress
of the Al7075-based composite reinforced with 1.5 wt.% Al,O3 nanoparticles was already
~125 MPa, which is 30% higher than that of A_CNT. Data on the effect of SiC microparticle
size on the heat resistance of A17075 alloy are given in [37]. The authors show that increasing
the average size of SiC microparticles from 5 to 63 um at 15 vol.% reinforcement led to an
increase in the flow stress of the composite material. For example, at 500 °C, the strain
strength was 45 MPa and 140 MPa for 5 and 63 um SiC-reinforced composites, respectively.
The authors attribute this effect to the expansion of the Al-SiC interface and a change in
the composite fracture mechanism from an adhesive one (along the matrix-reinforcing
particle interface) to a transgranular one, in which cracks propagate through the reinforcing
particles. The A_TiC/CNT composite material obtained in this work has approximately
the same properties as the Al7075-alloy-based composite reinforced with 15 vol.% SiC
with an average size of 63 um. However, the reinforcement volume fraction in the case of
A_TiC/CNT is ~23 times lower than that of the Al7075-based composite.

Thus, the presented results show that the surface modification of CNTs with nanopar-
ticles, such as TiC, is a promising structure design strategy to increase the heat resistance of
aluminum matrix composites.

4. Conclusions

Two types of bulk composites based on aluminum alloy reinforced with 1 wt.% of CNTs
and 1 wt.% of TiC-coated CNTs were produced by powder metallurgy. Compression tests
on these three bulk composites at 300-500 °C and a strain rate of 0.1 s~ ! were performed. It
was found that the composites obtained have 1.8-2.9 times higher flow stress at the above
temperatures than a reference sample of matrix material without reinforcing particles,
obtained by the same technological route. CNT-reinforced composites with TiC coating
exhibited better properties than CNT-reinforced composites. For example, the presence of
a TiC coating on the CNTs surface resulted in a 14-37% increase in the high-temperature
flow stress at 300-500 °C compared with CNT-reinforced composites.

The results show that the use of TiC-coated CNTs as reinforcing particles expands
the potential range of application of aluminum matrix composites as a structural material
for operation at elevated temperatures. The surface modification of CNTs with ceramic
nanoparticles is a promising structure design strategy to enhance the heat resistance of
aluminum matrix composites.
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