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A novel and quick process combining self-propagating reaction with vacuum-expendable pattern casting is
presented to accomplish integrated preparation of millimeter-thick TiC,/Al composite coatings on the Al
substrate. Titanium and graphite powders were mixed with the polytetrafluoroethylene (PTFE) additive
and pasted on the expendable polystyrene (EPS) followed by compaction. Al components with in situ TiC,/
Al composite coating were simultaneously synthesized at a relatively low temperature of molten Al, which
was poured into the assembly of EPS and powder compact inside the silica sands. Differential scanning
calorimetry, x-ray diffraction, scanning electron microscopy with energy-dispersive spectroscopy and
transmission electron microscopy were used to systematically investigate the thermodynamic characteristics
of the reaction, the phase constituents, microstructure and tribological properties of the coatings. The
infiltration model describing the densification of the reaction coatings was also developed for the critical
wetting condition. The wear characteristics were assessed using a pin-on-disk tribometer with various loads.
Results showed that uniform TiC particles stimulated by the PTFE-activated self-propagating reaction
afforded superior mechanical properties and wear resistance.
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1. Introduction

Aluminum components have a lot of advantages, such as
high ductility, specific strength and low price, and are widely
used in different applications in automobile, aircraft and other
structural applications. However, the drawbacks of the low
hardness and poor wear resistance accelerate the failure and
shorten the service life of aluminum components (Ref 1). For
improving the mechanical, tribological and chemical properties
of aluminum components, various approaches, such as hyper-
sonic flame spraying (Ref 2), plasma spraying (Ref 3, 4), laser
cladding (Ref 5, 6) and micro-arc oxidation (Ref 7-9), have
been developed to synthesize the coatings on the surface of
aluminum components. Meanwhile, aluminum matrix compos-
ite (AMC) layers with interesting properties and very good
adhesion to the aluminum substrate have been prepared by a
selection of the suitable combination of metallic substrate and
ceramic particles. In general, these AMC coatings can only be
used for surface reconstruction. The above fabrication tech-
niques are difficult to implement for the integrated formation of

Cunguang Chen and Zhimeng Guo, Institute for Advanced Materials
and Technology, University of Science and Technology Beijing,
Beijing 100083, China; Tao Shi, GRIPM Advanced Materials Co. Ltd,
Beijing 101407, China; Wenwen Wang, School of Mathematics and
Physics, University of Science and Technology Beijing, Beijing
100083, China; and Alex A. Volinsky, Department of Mechanical
Engineering, University of South Florida, Tampa, FL 33620. Contact
e-mails: cgchen@ustb.edu.cn and volinsky@usf.edu.

Journal of Materials Engineering and Performance

net-shape aluminum components with AMC coatings, except
for low production efficiency, thin coatings (from a few to
dozens of microns) and poor adhesive strength between the
coatings and the aluminum substrate.

AMC components can be produced with the net-shape and
near-net shape by numerous methods, such as stir casting (Ref
10, 11), squeeze casting (Ref 12, 13), melt infiltration (Ref 14,
15) and powder metallurgy (Ref 16, 17). In many cases, it is not
necessary to have the properties of AMCs for the whole
structural component, for instance, when the primary require-
ments are high surface hardness and good wear resistance. In
this case, AMC layers need to be strongly bonded to aluminum
components in order to simultancously meet the design
objectives of cost and weight efficiency.

Considering the self-propagating high-temperature synthesis
(SHS) as an increasingly prevalent technology for manufactur-
ing of in situ surface composite coatings (Ref 18-22), an
intriguing process, i.e., SHS combined with the vacuum-
expendable pattern casting (V-EPC) (Ref 23, 24), has been
utilized to integrally synthesize the components with coatings
consisting of metallic matrix composites reinforced with
ceramic particles. The V-EPC is regarded to be easily
adaptable and economically viable due to its low processing
cost and high production rate. The V-EPC is also an attractive
processing method since it offers a wide selection of structures
and materials. On the one hand, the shape and structure of the
expendable patterns are freely designed and processed by the
numerical control equipment. On the other hand, the expend-
able pattern is usually polystyrene that decomposes easily when
heated even to low temperatures. The authors have developed a
unique technique combining the SHS with the V-EPC to
fabricate in situ TiC/Cu (Ref 25) and TiC-(Cr,Fe),Cs/steel (Ref
26) composite coatings with a controllable thickness on copper
and high manganese steel substrates. The SHS reaction can be
accomplished spontaneously when the metallic melt above
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1000 °C infiltrates into the porous reaction system. This
realizes quick preparation within a few minutes; thus, the
process is promising for scaled-up production of composite
components in a simple and economical way.

However, the integrated preparation of aluminum compo-
nents with AMC coating via the SHS process combined with
the V-EPC is a challenge due to difficulty in overcoming the
activation energy barrier of the SHS reaction at a relatively
low temperature of molten aluminum. Fortunately, investiga-
tions for overcoming this problem, which would result in the
ignition of the SHS reaction by the molten aluminum by
introducing polytetrafluoroethylene (PTFE) as the reaction
activator, are thus valuable and make the integrated produc-
tion of the AMC coating and aluminum substrate more
promising (Ref 27-30). In addition, as for choosing rein-
forcements, TiC particulate (TiCp)-reinforced AMCs are very
interesting because TiC particles are thermodynamically
stable and enhance the hardness of the composite, making
it a promising candidate for wear-resistant components (Ref
31). Furthermore, the Ti-C system is comparatively mature in
the SHS reaction and good wettability between the TiC
ceramic phase and the liquid aluminum matrix has been
demonstrated for generating satisfactory bonding during
casting (Ref 32, 33).

Therefore, based on the novel and efficient process of the
SHS plus V-EPC proposed in this paper, the microstructure,
mechanical properties and wear behavior of the surface
composite coatings were investigated aiming at integrally
fabricating aluminum components with millimeter-level TiCy/
Al composite coating. Also, the influence of in situ TiC particle
size on the infiltration process of liquid aluminum was
addressed under the critical condition of wetting. It is expected
that these meaningful results are significant for promoting the
development and practical applications of surface composite
coatings on the large-size aluminum components.

2. Experimental Procedure

2.1 Experimental Principles

In this work, the SHS reaction of the Ti-C system is
expected to be induced by the molten aluminum during casting.
However, the temperature and heat of the aluminum melt are
too low to overcome the activation energy barrier, resulting in
the incapable SHS reaction. To solve this problem, the
promoter, PTFE, should be added to the initial mixture to
guarantee that the SHS reaction of the Ti-C system can be
successfully triggered. Cudzito et al. (Ref 34) calculated the
adiabatic temperature (7,4) of the Ti-PTFE system, and the

Table 1 The composition of the powder mixtures

results showed that it was much higher than 1,800 K, so that the
SHS reaction could be realized with 10-90 wt.% Ti. The
decomposition of PTFE is supposed to occur at the aluminum
melting temperature, and then the reaction between metallic
elements (M) and PTFE could be expressed as:

M + —[—CF, = CF,—]—, — MF, + C (Eq 1)

The reaction is exothermic and the amount of heat is high
enough to ignite the SHS reaction. Besides, the MF, product is
gaseous during the SHS, which means that it could be easily
extracted under vacuum during the V-EPC process. In this
study, the reaction between Ti and PTFE is:
4Ti+ 3/n — [-CF, = CF,—]—, = 4TiF; + 6C (Eq 2)

The product C can react with Ti according to the following
reaction:

Ti+C =TiC (Eq 3)
In conclusion, the whole reaction can be written as:
10Ti + 3/n — [-CF, = CF,—]|—, = 4TiF; + 6TiC (Eq 4)

Consequently, the mixture of Ti and PTFE (further marked
as TP) with the ratio of reaction (4) was chosen as the promoter
for the Ti-C SHS system in this study.

2.2 Raw Materials

The matrix material of the surface composite was pure
aluminum from refined aluminum ingots (Al, 99.9% purity,
Beijing Trillion Metals Co., Ltd.). Commercially available
powders of titanium (Ti, 99.7% purity, ~45 um, Tech-Long
Metal Materials Co., Ltd., Tianjin), graphite (C, 99.5% purity,
~10 pm, Tianjin Wanhe Tianyi Technology Co., Ltd.) and
granulated PTFE with analytical purity (Tianjin Wanhe Tianyi
Technology Co., Ltd.) were obtained.

2.3 Preparation Process

Raw powders of Ti and C were weighted according to the
stoichiometry of the SHS reaction. For the TP mixture, Ti and
PTFE were measured based on reaction (4). Powders were
mixed for 2 h using a centrifugal mill. The composition of the
powder mixture is listed in Table 1. The mixed powders were
compacted at 160 MPa to the 40 mm x 40 mm X 4 mm size to
obtain 70 + 2% of the theoretical full density and then were
pasted on the 40 mm x 40 mm x 20 mm EPS surface. They
were dried together at 50 °C for 2 h and placed into the silica
sand after the fireproof coating was brushed off. Small
aluminum blocks were smelted in a medium-frequency induc-
tion furnace and cast under negative pressure (—0.03 MPa to

Sample Composition Mass fraction of TP, wt.% Mass fraction of corresponding PTFE, wt.%
0 Ti+C 0 0

1 Ti+C+TP 5 1.9

2 Ti+C+TP 10 3.8

3 Ti+C+TP 15 5.8

4 Ti+C+TP 20 7.7

5 Ti+C+TP 30 11.5
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Fig. 1 Schematics of the surface composite coating process

—0.04 MPa) when the temperature of molten aluminum
reached 780 °C. The in situ TiC, surface composite coating
was synthesized simultaneously with aluminum solidification.
The schematic diagram of the fabrication process is shown in
Fig. 1.

2.4 Characterization and Measurements

Differential scanning calorimetry (DSC) of TP (Ti-PTFE),
Ti-C and Ti-C-TP was conducted using the DSC-TGA Q Series
instrument (SDT Q600). For phase identification, an x-ray
diffractometer (XRD) was used with Cu Ko radiation (1.54 A)
generated at 40 kV and 150 mA. A scanning electron
microscope (SEM, LEO 1450) equipped with energy-dispersive
spectroscopy (EDS) was used for microstructure characteriza-
tion. A transmission electron microscope (TEM, Tecnai G2
F30) was used to clearly demonstrate the presence and
characterize in situ TiC particles. Vickers hardness measure-
ments of the coatings were carried out using a hardness testing
machine (LEICA VMHT30M) under 50 g load. Wear tests were
performed using a pin-on-disk tribometer to determine the
weight loss with respect to time. The equipment was composed
of a sample holder and a rotating disk with 600# SiC sandpaper
on the surface. The speed of the rotating disk was maintained at
1380 mm/s, and normal loads of 10 N, 15 N and 20 N were
applied to the sample. These tests were carried out on @10 mm
x 15 mm coated coupons for 20 min. X-ray photoelectron
spectroscopy (AXIS ULTRAP™ with Al Ko x-ray source) was
used to characterize the chemical states of the worn surface of
the in situ TiC,/Al composite coating. C 1s and Ti 2p peaks
were recorded at high resolution.

3. Results and Discussion

3.1 Adiabatic Temperature and DSC Analysis

Following reaction (4), the Ti-C-TP system reaction can be
written as:
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Ti+ C + mTP = 4mTiF; + (6m + 1)TiC (Eq 5)

Here, m is the molar quantity of TP. Based on the empirical
criterion proposed by Merzhanov et al. (Ref 35), the SHS
reaction would not self-sustain when 7,4 is lower than 1,800 K.
The T,q value of the Ti-C-TP system can be calculated as
follows:

(6m + I)AH;:)MS,TiC + 4mAHfG,)298,TiF3

T T
+ (6m+1) / C,(TiC)dT + 4m / C,(TiF3)dT
298 298
=0 (Eq 6)

Here, AH;;) is the standard state enthalpy at 298 K, and C,, is

the molar heat capacity. Figure 2 presents the T,4 values as a
function of the mass fraction (w) of TP, which could be deduced
from Eq 7 based on the TP molar quantity (m) in the Ti-C-TP
system:

. m(10Mr; + 3Mc,r,)
Mri + Mc + m(10Mz; + 3Mc,F,)

x 100% (Eq 7)

Here, M is the molecular weight of each component above.
It could be seen from the calculated results that the Ti-C-TP
system reaction was highly exothermic, and the 7,4 of the
system was much higher than 1,800 K with the addition of 0-40
wt.% TP mixture. Therefore, once the reaction of the Ti-C-TP
system was ignited, the whole self-spreading process was
undoubtedly accomplished. Besides, when the TP mixture was
added, the overall T,q decreased significantly. It could be
explained that the reaction produced TiF3, which was in the gas
form at the high temperature during the reaction and absorbed
some of the released heat. At the same time, Ti may be melted
due to the exothermic reaction, and some heat would be also
absorbed. Hence, the T,4 of the Ti-C-TP system was lower than
the Ti-C independent reaction.

DSC experiments for all mixed raw materials shown in
Table 1 were carried out to demonstrate the effects of PTFE on
the Ti-C SHS reaction, as illustrated in Fig. 3 and 4. The
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thermal behavior of TP and Ti-C mixtures was studied by DSC
(Fig. 3a and b). According to the DSC curve of the TP system
(Fig. 3a), an exothermal effect was recorded at 470-550 °C
caused by the reaction between Ti and PTFE. As for the Ti-C
mixture (Fig. 3b), the main exothermic peak appeared at about
800 °C. The SHS reaction of Ti-C would not be ignited below
this temperature.

The addition of different mass fractions of TP in the Ti-C
mixture led to significant changes in the reactions shown in
Fig. 4. When the TP content reached 5 and 10 wt.% (Fig. 4a
and b), DSC curves had two exothermic peaks, which
correspond to the reactions of TP and Ti-C, respectively.
Increasing the TP content decreased the Ti-C exothermic peak
intensity (Fig. 4c, d and e), while the TP peak intensity
increased. As seen in this case, the heat released from the TP
reaction could ignite the Ti-C SHS reaction. With the relatively
high content of TP (30 wt.%), the SHS reaction of the Ti-C
system could happen and finish under about 500 °C, approx-
imately considered as the ignition temperature of TP.

3.2 Phases and Microstructure Observations

The mixture compacts, Samples 0 and 1, were peeled off
from the surface of the aluminum casts after finishing the
manufacturing process. The results showed that the heat of
molten aluminum was too low to ignite the SHS reaction of the
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Fig. 2 Adiabatic temperature (7,4) of the Ti-C-TP system as a
function of the TP content
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Fig. 3 DSC results of: (a) TP (Ti + PTFE) and (b) Ti-C systems
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Ti-C system, based on the analysis mentioned above. In spite of
the addition of 5 wt.% TP, the heat released from the Ti-C-TP
reaction was not enough to sustain the whole reaction self-
propagation, considering the low heat and good thermal
conductivity of molten aluminum.

Figure 5 presents the XRD patterns of the Samples 2-5.
According to the XRD results, the TiC phase was present in all
samples, which means that the PTFE addition could ignite the
Ti-C SHS reaction under relatively low temperature. There
were only two TiC and Al phases present in all coatings,
indicating that the SHS reaction of the Ti-C system was
completed. As predicted by Eq 2, TiF; was not detected in all
these coatings. Under the action of negative pressure during the
casting process, the gaseous TiF; product was extracted from
the cavities of the sand mold with the liquefaction and
gasification products of the EPS foam before the cast cooling.
It should be noted that the TP system could be added as the
activator or accelerator to ignite the Ti-C SHS reaction at lower
temperatures. Once the reaction was ignited, it could be
completely carried out to the end, consequently generating the
SHS coating enhanced with TiC particles in the matrix of Al
casts.

Typical backscattered electron images of the samples are
shown in Fig. 6 and 7. With the increase in the PTFE content,
the uniformity of the coating microstructure was changed. As
the TP mixture content was increased from 10 wt.% (Sample 2)
to 15 wt.% (Sample 3), the resulting enhanced phase particles
were distributed more evenly, and the interface between the
coating and the substrate was obvious, as seen in Fig. 6(a) and
(b). However, when the TP content reached 20 wt.% (Sample
4), the uniformity of the coating microstructure began to
deteriorate, and the interface is not clearly seen in Fig. 6(c).
Furthermore, the hard particles were distributed in the top
section of the cast Sample 5 with 30 wt.% TP in Fig. 6(d).
These phenomena should be related to the high exothermic
reaction of the TP system. If the TP content in the coating
system was too high, it could cause a dramatic increase in the
reaction extent and degassing, resulting in broken up product
skeleton. As the infiltration of the Al liquid, the hard particles
dissociated throughout the coating area, which showed inho-
mogeneous coating microstructure.

Figure 7 shows the microstructure of each coating of the
Samples 2-5 at higher magnification. In view of the EDS
analysis results in Table 2, it was obvious that the light phase
corresponded to TiC, while the dark region was the aluminum
matrix. The phases present in the coating were identified as the
Al matrix constituent with in situ TiC particles. Interestingly, by
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was proposed. For the different sizes of Ti and graphite
I +-TiC particles, the TiC nucleated with fine graphite particles at the
A a-Al interface between solid Ti and liquid Ti phases saturated in
. N graphite. The melted aluminum infiltrated after the combustion
Sample 5 ¢ M ; 1d I wave, and the coating densification was achieved via aluminum
— Y melt filling the pores produced by SHS. Besides, there were
[2] . . . . .
= N only TiC and Al matrix phases in the composite with fine
2 M graphite particles, and the SHS reaction would proceed to
S ¢l e H completion with fine graphite particles.
| s le 4 ¢ j o 4
%‘ amee A \ A A 1304 W As for 10 wt.% TP, even though the heat released served to
S oA ignite the SHS reaction of the Ti-C system, the overall heat was
£ | sample3 I i l . I . .I - relatively low, and some of the resulting TiC particles did not
. - A have enough time to be dispersed as the aluminum melt
. infiltrated and cooled down. Therefore, the microstructure with
Sample 2 N : | ¢ 1 ¢ 01 B sub-spherical particles and bulk agglomerates was formed as
o 2'0 : 3'0 : 4; % 6'0 : 7'0 : ;0” % seen in Fig. 7(a). Moreover, huge amounts of heat and gas were
released with 20 and 30 wt.% TP. The generated TiC particles
2 Theta (%) were thus scattered into uneven agglomerates in the matrix with

Fig. 5 XRD patterns of the Samples 2-5

microanalysis of the interface region in the cross section of the
coated substrate of the Sample 3 in Fig. 8(a), it was found that
the TiC,/Al coating on the Al substrate formed sound joints
without any obvious void defects. Furthermore, the EDS results
in Fig. 8(b) were consistent with the XRD analysis in Fig. 5. It
could be seen that the microstructure with the optimal
distribution and 1-10 um phase size is presented in Fig. 7(b)
due to the 15 wt.% TP addition. Meanwhile, TEM observations
in Fig. 9(a) revealed that the TiC particles were sub-spherical,
and a good interface was formed with the Al matrix.
Furthermore, the selected area electron diffraction (SAED)
pattern in Fig. 9(b) showed that the in situ TiC particulates
existed with the regular face-centered cubic crystal structure. In
previous studies (Ref 36, 37), the formation mechanism of TiC
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the infiltration and solidification of the aluminum melt, leading
to the formation of microstructure shown in Fig. 7(c) and (d).

3.3 Infiltration Process of Liquid Aluminum

Once the SHS reaction was ignited, the aluminum melt
infiltrated into the pores of products with combustion wave and
filled the pores. The densification of the coating was realized
afterward. Since the aluminum melt did not participate in the
SHS reaction, it could be regarded that the infiltration of
aluminum melt and the SHS reaction were two separate
processes. The driving force, P, which prompted the densifi-

cation could be expressed as:
P=Py+Pg+Pc+Pg (Eq 8)

Here, P, is the negative pressure during casting, which is
considered constant at — 0.04 MPa. Py is the static pressure of
the aluminum melt in the pouring runner, Pz = pgh, where p is
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Fig. 6 SEM images of the cross section of representative coatings in: (a) Sample 2, (b) Sample 3, (c) Sample 4 and (d) Sample 5

Fig. 7 High-magnification SEM images of the cross section of representative coatings in: (a) Sample 2, (b) Sample 3, (c) Sample 4 and (d)

Sample 5

the density of the liquid aluminum, g is the gravitational
acceleration, and /4 is the height of the liquid column of 400
mm. Pc is the capillary pressure. Ps is the gravitational
pressure of the liquid aluminum, Pg = pgl, where [ is the
infiltration length equal to the 5 mm thickness of the compact.
The capillary pressure, Pc, as described by the Laplace’s law,
could be written as:

4490—Volume 28(7) July 2019

_ 2yp,cos0

PC (Eq 9)

re
Here, y,, is the surface tension, 0 is the contact angle, and 7.
is the capillary radius, r. = MD%, where D, is the average
diameter of the particulate, ¢ is the void fraction of the powder
compact, and A is a geometric factor, which depends on the
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geometry of both the capillary channel and the particulate. For
non-spherical and angular particulates, as confirmed by Oh (Ref
38), the A value was determined in experiments with perfect
wetting liquids as 1.4.
Furthermore, the infiltration length—time relationship can be
calculated using the following equation:
2
P = / P+ Pe+ pelh+ Dl (Eq 10)
Here, 7 is the viscosity of liquid aluminum of 8.1 x 10™*
Pas. Equation 10 is derived using Eq 8 and 9 and the
Washburn relationship (Ref 39, 40). Considering the critical
condition, an assumption of the contact angle, 6, was made as

89.9° when the liquid aluminum just came into contact with
generated TiC particles. As seen from Fig. 7(b), the size of TiC

Table 2 EDS results of the light phase (A) and the dark
region (B) in Fig. 6

Mass fraction, wt.%

Sample 2 Sample 3 Sample 4 Sample 5
Element A B A B A B A B
C 17.79 23.89 16.67 16.66
Ti 82.21 76.11 83.33 83.34
Al 100 100 100 100

 (b)

Intensity (counts)

particles varied from 1 to 10 pm. Herein, the size of TiC was
chosen as 5 pum and 10 pm to compare the effects of TiC
particles on the infiltration process. Using Eq 10, the infiltration
length—time relationship for the Ti-C-TP system can be plotted
as shown in Fig. 10. The calculated results show that the
infiltration is completed within a very short time (a few
seconds), which matches well with the results of mass gain in
the present work. In the critical condition, the larger the
synthesized TiC particles, the faster the infiltration speed. When
the infiltration length, /, was 5 mm, the infiltration time in the
region of 10 um TiC particles was about 1 s, and in the 5 pm
TiC particles region it was about 3.7 s. When a combustion
reaction occurred, the temperature of the compact increased due
to exothermic heat generated by the reaction and accordingly,
the contact angle, 0, would decrease to provide higher capillary
pressure, Pc, which was the main driving force for spontaneous
infiltration. Therefore, the melt could infiltrate spontaneously
into the compact when the critical temperature was exceeded.
This can account for the experimental observation that when
coarser in situ TiC particles were produced, the V-EPC process
was completed faster.

3.4 Hardness

The microhardness was measured on a number of cross
sections of each coating, as shown in Fig. 11. The standard
deviation of every measurement was £5%. The microhardness
measurements were carried out for each investigated composite
at room temperature for 15 s under 50 g normal load. Because

300K
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Al 70.27 2025
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Ti N Ti Al+Ti
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Fig. 8 Microanalysis of the interface region in the cross section of the coated substrate of the Sample 3: (a) interface microstructure and (b)

EDS results
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Fig. 9 TEM images of (a) the in situ TiC particle and (b) the corresponding SAED pattern
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of the reinforcement effect of the TiC particles, the microhard-
ness of the coatings was higher than the aluminum matrix
(~HVq o5 40). As for each microhardness curve of the Samples
2-4, the microhardness ascended first from the outer surface to
the interior (~0.5 mm distance from the top), while the Sample
5 had no evident change. After that, the fluctuations of hardness
happened until the distance from the top of the Samples 2 and 3
reached about 3.5 mm, and then the microhardness sharply
declined. The hardness fluctuations depended on the coating
microstructure shown in Fig. 6 and 7. Since the SHS product
was porous, molten Al infiltrated into the pores, and the
densification by solidification was completed with good
bonding between the coating and the matrix. The distribution
of hard phase particles was not entirely uniform, and thus, the
hardness fluctuations existed. Regarding the Samples 4 and 5,
the microhardness almost dropped linearly until the distance
from the top reached about 4 mm and then was lowered to the
same values as Samples 2 and 3 when the distance from the top
was 5 mm. Therefore, it could be deduced that the thickness of
the four samples coating prepared by the V-EPC with the SHS

6
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Fig. 10 Relationship between the infiltration length and time
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Fig. 11 Microhardness of the cross section of the corresponding
coatings
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was up to about 5 mm, which was the thickest coating of all
reports on the surface strengthened layer of aluminum alloys.
Additionally, among the four samples, the Sample 3 with 15
wt.% TP had relatively higher hardness. More uniform hard
particles distribution in the SHS coating resulted in higher
hardness. This could be inferred from the even carbide
distribution in the microstructure of the coating in the Sample
3. On the contrary, the higher TP content (20 and 30 wt.%)
caused greater amounts of heat and gas released in the reaction
system and hence lowered the hardness of the coating due to
uneven TiC agglomerates, as seen from Fig. 7(c) and (d).

3.5 Wear Behavior

Figure 12 demonstrates the variation of weight loss for the
four samples and the Al matrix by using a pin-on-disk
tribometer under various loads (10 N, 15 N and 20 N). The
wear resistance performance of all four samples is obviously
superior to the aluminum matrix. The reduction of weight loss
compared to the matrix could be attributed to the presence of
the TiC reinforcement phase. At higher 20 N load the weight
loss of each sample became relatively high. According to the
hardness changes, the Sample 3 with 15 wt.% TP exhibited the
best wear resistance compared to other samples, while the wear
properties got worse with the increase in TP content to 20 and
30 wt.%.

Figure 13 shows the worn surfaces of the Samples 2-5 tested
under various loads (10 N, 15 N and 20 N). The worn surfaces
were characterized as long continuous grooves with a certain
degree of plastic deformation. The low hardness of pure
aluminum matrix could not effectively support the scratching
and cutting of SiC abrasive particles in the sandpaper, and not
providing strong support for keeping TiC particles in place. The
surface morphology showed the plowing effect on the coatings.
The plowing severity in Fig. 13(d)-(f) was partly less for the
Sample 3 because the coating on the Sample 3 has the optimal
performance in terms of the hardness and particles uniform
distribution. With the load increase, the plowing in each sample
became more severe and caused fast removal of material from
the coating, leading to more weight loss.

For the composition and phase analysis of the worn surface
on the Sample 3 at 15 N, x-ray photoelectron spectroscopy
(XPS) was conducted to investigate the chemical bonding states

800

600 / i
> _ —u— Al matrix
3 500 I [ —e— Sample 2
] —aA— Sample 3
5 400 - —v— Sample 4
-_‘S’ 300 _ —e— Sample 5
g |

200 |

100 - //!é:
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Fig. 12 Weight loss of the four samples and the Al matrix from the
pin-on-disk wear tests
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Fig. 13 SEM micrographs of wear surfaces on: (a) Sample 2 at 10 N, (b) Sample 2 at 15 N, (c) Sample 2 at 20 N, (d) Sample 3 at 10 N, (e)
Sample 3 at 15 N, (f) Sample 3 at 20 N, (g) Sample 4 at 10 N, (h) Sample 4 at 15 N, (i) Sample 4 at 20 N, (j) Sample 5 at 10 N, (k) Sample 5
at 15 N and (1) Sample 5 at 20 N

Intensity (a.u.)
Intensity (a.u.)

294 292 290 288 286 284 282 280 278 475 470 465 460 455 450
(a) Binding Energy (eV) (b) Binding Energy (eV)

Fig. 14 XPS patterns of (a) C 1s and (b) Ti 2p of the worn surface on the Sample 3 at 15 N

within the compounds. Figure 14 displays the results of the peak of graphite is absent in the spectrum. The peaks at 454 eV
XPS analysis for the C 1s and Ti 2p binding energies. and 460 eV were observed, corresponding to the Ti 2p spectra
Figure 14(a) shows the C 1s spectra of the composite coating. from the titanium carbide (Ref 25). Figure 15 shows the EDS
The C 1s peak of TiC is observed at 281.9 eV (Ref 41). The mapping of the worn surface on the Sample 3 at 30 N. From the

Journal of Materials Engineering and Performance Volume 28(7) July 2019—4493



Fig. 15 EDS mapping of the worn surface on the Sample 3 at 15 N

EDS mapping results, it could be inferred that the investigated
particles in Fig. 15 were identified as TiC according to the Ti
and C elements distribution. The EDS results also agreed with
the XPS analysis. Moreover, there were no SiC residual
particles in the TiC, region on the worn surface on the account
of the TiC, superior hardness. However, due to the soft Al
matrix, a few SiC particles could be inlaid into the surface
during the wear test.

The wear mechanism could be summarized as the abrasive
and plowing wear between the contacting asperities of the
coatings and the SiC sandpaper. When the wear load was low,
the abrasion or cutting effect of SiC particles on the coating was
not obvious. As the load increased, the depth of cutting or
pressing into the coating by SiC abrasives became deeper, not
only deepening the furrow left after cutting the coating by the
SiC particles, but also producing spalling of more fragments.
Furthermore, the TiC particles that peeled off from the coating
also acted as the secondary wear particles.

4. Conclusions

In situ TiC,/Al composite coating with 5 mm thickness was
successfully fabricated on the aluminum substrate by a novel
process of the SHS plus the V-EPC. It was verified that the SHS
of the Ti-C system was realized with PTFE as an additive at a
relatively low temperature of molten aluminum, which would
benefit the cost-effective production of aluminum components
with excellent wear resistance. The composite coating with 15
wt.% TP showed the optimal performance in terms of the
hardness and wear resistance due to the uniform distribution of
in situ 1-10 pm TiC hard particles. It was found via calculations

4494—Volume 28(7) July 2019

that with the same porosity, coarser produced TiC particles
resulted in faster liquid aluminum infiltration. Through inves-
tigations on the friction and wear behavior of the composite
coatings, it was illustrated that the wear mechanism of abrasion
and plowing was predominant for all specimens, and less
plowing and weight loss were observed at moderate amounts of
TP.
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