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Abstract: Ti;AlC,-reinforced Ag-based composites, which are used as sliding current collectors, electrical contacts, and electrode materials,
exhibit remarkable performances. However, the interfacial reactions between Ag and Ti;AlC, significantly degrade the electrical and thermal
properties of these composites. To diminish these interfacial reactions, we fabricated carbon-coated Ti;AlC, particles (C@Ti;AlC,) as rein-
forcement and prepared Ag—10wt%C@Ti;AlC, composites with carbon-layer thicknesses ranging from 50—200 nm. Compared with the un-
coated Ag-TizAlC, composite, Ag—C@TizAlC, was found to have a better distribution of Ti3AlC, particles. With increases in the carbon-layer
thickness, the Vickers hardness value and relative density of Ag—C@Ti;AlC, gradually decreases. With a carbon-layer thickness of 150 nm, we
obtained the lowest resistivity of Ag—C@Ti;AlC, of 29.4 135.5x10°° Q-m, which is half that of Ag—Ti;AIC, (66.7 x 10~° Q-m). The thermal
conductivity of Ag-C@Ti;AlC, reached a maximum value of 135.5 W-m "-K™' with a 200-nm carbon coating (~1.8 times that of
Ag-Ti;AlC,). These results indicate that the carbon-coating method is a feasible strategy for improving the performance of Ag—C@Ti;AlC,

composites.

Keywords: silver-based composite; titanium aluminum carbide; carbon coating; interfacial reaction; properties

1. Introduction

MAX (short for M,..;AX,) phases are a class of layered
ternary compounds, in which M is an early transition metal,
A is an ITIA to VIA element, and X is either carbon or nitro-
gen [1-2]. These compounds are attractive and promising
materials for structural, thermal, and electrical applications,
due to their combined ceramic and metal properties, includ-
ing low density, high modulus and strength, high electrical
conductivity, good thermal conductivity, low coefficient of
friction, good thermal stability, and oxidation resistance [2].

Ti;AlC,, as a representative MAX phase, has low density
(4.21 g-em™) [3], relatively low hardness (HV ~3.5 GPa)
[3-4], good thermal conductivity (40 W-m'-K™"), and high
electrical conductivity (3.48 x 10° Q'-m™) [2-3]. Such
unique properties make Ti;AlC, a promising reinforcement
material in Ag-based composites, which are frequently used
as sliding current collectors, electrical contacts, and electrode
materials [5]. However, in the Ag—Ti;AlC, composite, dra-
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matic interfacial reactions occur between the Ag and Ti;AlC,
particles during sintering at high temperatures. According to
Liu et al. [6], the interfacial structure is changed by the de-in-
tercalation of the Al atom from Ti;AlC, followed by Al dif-
fusion into the Ag lattice, which forms a new layer compris-
ing a TiC, compound and an Ag(Al) solid solution. In addi-
tion to the Ag-Ti;AlC, composite, other metal/ MAX sys-
tems have been reported to experience similar interfacial re-
actions, including Al-Ti;SiC, [7-8], Cu-Ti;SiC, [9], Cu-—
Ti;AlC, [10], and Ag-Ti,SnC [11].

For metal-MAX composites, the interfacial condition
between different components can be optimized to signific-
antly enhance the mechanical properties [12—-13]. In addition,
the interfacial reaction could improve the wetting behavior
between the metal and MAX phases [14—15]. However, the
formation of new phases at the interface can deteriorate the
interfacial structure and electrical properties [16]. One feas-
ible approach for tailoring the interfacial structure is to modi-
fy the surface condition of the MAX phase. Zhou et al. [17]
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successfully prepared Cu-coated Ti;SiC, (Cu@Ti;SiC,) to re-
inforce Cu-matrix composites, and reported the density and
mechanical properties of the Cu—Cu@Ti;SiC, composite to
be superior to those of the uncoated composite. Wang et al.
[18] fabricated AlI-Cu@Ti;SiC, composites and found that
improved wetting leads to better mechanical and tribological
properties.

Inspired by these results, we proposed that the formation
of a protective carbon layer around Ti;AlC, particles may ob-
struct direct contact between the Ag and Ti;AlC, compon-
ents, and thus prevent any interfacial reaction at the boundary.
We selected carbon materials for this study due to their ex-
cellent properties that include good electrical conductivity
and chemical and thermal stabilities [19-20]. Phenol-formal-
dehyde resin is one of the most commonly used carbon pre-
cursors, due to its outstanding physicochemical properties of
good carbon yield, easy functionalization, and thermal
stability.

In this study, we utilized Ti;AlC, particles coated with a
layer of carbon as reinforcement for the Ag matrix (Ag—C
@Ti;AlC,), and then we investigated the interfacial structure.
For comparison, we synthesized Ag-C@Ti;AlIC, compos-
ites with carbon layers of different thicknesses. The density
and mechanical, electrical, and thermal properties of
Ag—C@Ti;AlC, composites were then studied and analyzed
to clarify the role of the carbon coating.

2. Experimental

2.1. Synthesis of Ti;AlC, and carbon-coated Ti;AlC,
powders

The raw materials used to synthesize Ti;AlC, include
commercially available Ti (~300 mesh, 99.7%), Al (~300
mesh, 99.7%), and TiC (2~4 pm, 99.9%) powders. The
TiAIC, (99.0%) was prepared from a 1.8Ti: 1Al ITiC
powder mixture (atomic ratio) by pressureless sintering at
1450°C for 2 h and then milling to a size of approximately
5 pum.

Table 1 lists the compositions of the chemicals used in the
carbon-coating procedure of the Ti;AlC, particles. Fig. 1
shows a flow chart of the in-situ formation of the carbon lay-

Table 1.
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er on the surface of a Ti;AlC, particle. In the synthesis of
phenolic resin [21], formaldehyde is slowly added dropwise
into a resorcinol and Ti;AlC, solution. Because the coating
reaction must occur under alkaline conditions, we added a
certain amount of ammonia as a pH regulator [19]. The
whole reaction process was conducted in a magnetic stirring
flask for 24 h at room temperature. Then, the resin-coated
Ti;AlC, powder was washed with deionized water and alco-
hol several times before being dried in a drying container
overnight. The phenolic resin was carbonized at 700°C for
5 h to finally obtain carbon-coated Ti;AIC, particles
(C@Ti;AlC,). The thickness of the carbon layer can be con-
trolled by adjusting the ratio of resorcinol to formaldehyde
and the pH value during the reaction process. In the experi-
ments, we achieved average carbon-layer thicknesses ran-
ging from 50 to 200 nm.

2.2. Synthesis of Ag—C@Ti;AlC, composites

As in our previous work on Ag—Ti;AlC, composites [22],
to reinforce the Ag matrix, C@Ti;AlC, particles with carbon
layers of different thicknesses were used. Ag (99.9%, ~10
pm) and 10wt% reinforcement particles were mixed by wet-
ball milling in alcohol solution for 0.5 h at a rotation speed of
250 r/min [23]. The ball-to-powder and alcohol-to-powder
mass ratios were 3:2 and 1:1, respectively. After being dried
in the drying container at 60°C for 24 h, the mixed powders
were pressed into graphite molds with a diameter of 20 mm.
The spark plasma sintering (SPS) technique was then used to
densify these powder mixtures at 800°C for 20 min under
50 MPa.

2.3. Characterization

The thickness of the carbon layers was measured with a
transmission electron microscope (TEM, G220, FEI). The
phase constituents of the sintered samples were examined by
X-ray diffraction (XRD, Smartlab 3, Rigaku). Wire machin-
ing was used to cut the prepared samples into specimens with
the dimensions 1 mm x 1 mm X 15 mm. The electrical res-
istivity was measured using a four-point-probe ohmmeter
(MetraHit271, GMC). After being placed under a 1-kg load
for 10 s, the Vickers hardness values of the specimens were

Compositions of the chemicals used in the carbon coating procedure of Ti;AlC, particles

Ti;AIC, Alcohol Deionized water Resorcinol (C¢H4(OH),) Formaldehyde (HCHO) Ammonia (HNO3-H,0)
20 g/L 500 mL/L 500 mL/L 2-8 g/L 7-28 mL/L 1-4 mL/L
OH Phenolic resin Carbon layer
+ HCHO + OH’ 700°C/5 h
Stirring Carbonization

OH

Fig. 1.

Flow chart of the in-situ formation of a carbon layer on the Ti;AlC, particle surface.
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measured using a micro-hardness tester (FM-700, Future-
Tech). The densities of the composites were measured using
the Archimedes method (DH-300, Reeko Instrument Co.,
Ltd.). The theoretical densities of the composites were calcu-
lated by the rule of mixture using the theoretical densities of
the C@Ti;AlC, and Ag phases. For example, according to
the calculation model, for a thickness of 200 nm, the volume
content of carbon accounts for 20% of the total volume in
C@Ti;AlC,. The interfacial microstructures were character-
ized using a field-emission scanning electron microscope
(FE-SEM, FEI/Philips Sirion 2000, Netherlands) equipped
with an energy dispersive spectrometer (EDS, AZtec
XMAXA&0).

3. Results and discussion

3.1. TEM observations
C@Ti;AlC, particles

of as-sintered Ti;AlC, and

Figs. 2(a)-2(c) show TEM microstructure photographs of
the as-sintered and carbon-coated Ti;AlC, particles. The pho-
tograph in Fig. 2(a) shows an uncoated Ti;AlC, particle with
a diameter of approximately 5 um. As labelled in Fig. 2(b),

@

=¥ = é Y {()__nm |

Fig. 2. Microstructure of (a) Ti;AlC, particle and (b, ¢) carbon-coated Ti;AlC, particle at different magnifications, and (d) schemat-
ic diagram of C@Ti;AlC, structure.

Int. J. Miner. Metall. Mater., Vol. 28, No. 11, Nov. 2021

the black and light gray areas are the Ti;AlC, matrix and car-
bon layer, respectively. As shown in Fig. 2(c), the carbon
layer has a uniform thickness of approximately 100 nm and is
tightly wrapped around the Ti;AlC, particle. The carbon con-
tent can be roughly calculated with reference to a schematic
diagram after determining the layer thickness, as shown in
Fig. 2(d). In addition to the carbon coating around the
Ti;AlC,, there are some residual and free carbons, which can
be removed in a subsequent washing procedure.

3.2. Microstructure of Ag-Ti;AlC, and Ag-C@Ti;AlC,
composites

The distribution of the reinforcement phase in composites
greatly influences their microstructure and performance.
Figs. 3(a) and 3(b) show SEM images of the Ag-Ti;AlC, and
Ag—C@Ti;AlC, composites prepared by the SPS method, in
which the light-gray and dark-gray phases are Ag and
Ti;AlC,, respectively. Compared with the Ag—C@Ti;AlC,
composite (Fig. 3(b)), some aggregations of the Ti;AlC,
phase and blocks of the Ag matrix are evident in the
Ag-Ti;AlC, sample (arrows in Fig. 3(a)). This suggests that
the carbon-layer-wrapped Ti;AlC, particles are uniformly

d
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Fig. 4. Microstructure of Ag—C@Ti;AlC, composites at high magnification with carbon thicknesses of (a) 50 nm and (b) 200 nm.

dispersed in the Ag—C@Ti;AlC, composite.

Fig. 4 shows the microstructure of the Ag—C@Ti;AlC,
composite at higher magnifications. As shown in Fig. 4(a),
some of the Ti;AlC, particles are in direct contact with the Ag
matrix with the 50-nm carbon coating (marked by white ar-
rows), which may be due to breakage of the coating during
the mixing process. When the carbon thickness was in-
creased to 200 nm, the Ti;AlC, particles were observed to be
wrapped tightly and completely, as shown in Fig. 4(b).

3.3. Phase analysis of Ag-Ti;AlC, and Ag-C@Ti;AlC,
composites

The reactions between Ti;AlC, and Ag during the prepar-
ation of the Ag—Ti;AlC, composites were identified based on
the XRD results. Fig. 5 shows the XRD patterns of the stand-
ard Ag (PDF#04-0783), SPSed compacts of Ag-Ti;AlC,,
and Ag—-C@Ti;AlC, with carbon thicknesses of 50, 100, 150,
and 200 nm, respectively. All of the samples are mainly com-
posed of Ag and Ti;AlC, phases. However, the strongest Ag
(111) peak position in the Ag-Ti;AlC, sample shifted to a
high angle of 0.42°, compared with that of the standard Ag,
as is clearly shown in the inset in Fig. 5. Without the cover-
ing of the carbon layer, Al atoms from the Ti;AlC, diffuse
easily into the Ag lattice to partially substitute for the Ag
atoms during sintering, forming an Ag(Al) solid solution.
The lattice parameter of pure Al (0.40494 nm) is smaller than
that of Ag (0.40862 nm), which reduces the lattice parameter
values of the Ag(Al) solid solution, and hence the higher-

angle shift of the Ag peak in the XRD pattern. When the car-
bon thickness was increased to more than 150 nm, the Ag
peaks become consistent with those of standard Ag, which
suggests the enhanced stability of Ti;AlC, and the hindered
diffusion of Al atoms.

= o — .Ag
i\ 042 =S ¥Ti,AIC,
! ~
/R {—--J:?\\_ < S =
— = _}\t H Q =
e ~
5 s i M o
CYESAIERS vl
23 . e
172}
5 |2 f :
L e
c 4 ) A
b B :Ju . i
a ||
L

10 2.0 3.0 4.0 5.0 6.0 7.0 80
Fig. 5. XRD patterns of (a) standard Ag (PDF#04-0783), (b)

Ag-Ti;AlC,, and Ag—-C@Ti;AlC, with the carbon thicknesses
of (¢1) 50 nm, (c2) 100 nm, (c3) 150 nm, and (c4) 200 nm.

3.4. Analysis of interfacial reactions of Ag-Ti;AIC, and
Ag—C@Ti;AlC, composites

To directly describe the interfacial reaction and investig-
ate the function of the carbon layers, we generated EDS maps
to investigate the elemental distributions of the Ag-Ti;AlC,
and Ag—-C@Ti;AlC, with a 150-nm carbon layer, as shown in
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Figs. 6 and 7, respectively. For the Ag-Ti;AlC, sample, the
boundaries of the Al and Ag elements have become blurred
compared with those of Ti, as shown in Figs. 6(b)-6(e). For
spot #1 located inside the Ti;AlC, particle near the interface
(Fig. 6(a)), the atomic ratio of Ti to Al (Ti/Al = 3.3) was
fairly close to that of Ti;AlC, (Ti/Al = 3) and a large amount
of Ag (10.2at%) was detected. For spot #2 located in the Ag
matrix near the interface, we observed significant amounts of
Ti and Al as well as Ag. The substantial interdiffusion
between the Ti;AlC, and Ag matrix accounts for this result.

10.20at%

44.71at%

13.56at%
Ti/Al 3.03

Energy / keV

Int. J. Miner. Metall. Mater., Vol. 28, No. 11, Nov. 2021

For the Ag—-C@T1i;AlC, sample (Fig. 7), the elemental maps
of Ag, Ti, and Al show much clearer shapes, and the element
C is easily observable around the Ti;AIC, particle in the
Ag—C@Ti;AlC, sample in Fig. 7(e). In addition, the atomic
ratio of Ti and Al (Ti/Al = 3.03) of spot #1 is almost same as
that of Ti;AlC,, with only trace Al or Ti elements detected at
the edge of the Ag matrix (spot #2). Therefore, the introduc-
tion of the carbon layer significantly impeded the interdiffu-
sion process and thus maintained the integrity of the Ti;AlC,-
phase reinforcement.

C  10.35at%
Ag  71.48at%
Ti  12.74at%
Al 542at%
Ti/Al 235

5
Energy / keV

Fig. 6. Element distributions of the Ag-Ti;AlC, composites: (a) SEM image and elemental maps of (b) Ag, (¢) Ti, (d) Al, and (e) C.

The EDS spectra correspond to spots #1 and #2 in (a), respectively.

3.5. Properties of Ag-Ti;AlC, and Ag—C@Ti;AlC, com-
posites

Composite properties, including mechanical, electrical
and thermal properties, are affected by the quantity and dis-
tribution of the reinforcements as well as the interfacial state.
Changes in the surface state of Ti;AlC,, therefore, influence
the properties of Ag—C@Ti;AlC, composites. As can be seen
in Fig. 8(a), the SPSed Ag-Ti;AlC, composite had a high
density of 9.11 g/cm’. With increases in the thickness of the
carbon layer, the densities of the sintered samples gradually

decreased. The composite with a 200-nm carbon layer
showed a density of 8.33 g/cm’. The low density of the car-
bon layer and possibly the poor wettability between Ag and C
led to the decrease in the composite density.

As shown in Fig. 8(a), the uncoated Ag-Ti;AlC, had a
hardness value of HV 115.6+0.2, which is significantly high-
er than that (HV 86) of the pressureless sintered sample but
slightly lower than that (HV 132) of the sample prepared by
equal-channel angular pressing [24]. As the thickness of the
carbon layer was increased, the hardness of the Ag—C@
Ti;AlC, composite continually decreased. The structural in-
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Intensity / counts

5
Energy / keV

Fig. 7. Element distributions of the Ag—C@Ti;AlC, (150 nm) composites: (a) SEM image and elemental maps of (b) Ag, (c) Ti, (d)
Al, and (e) C. The EDS spectra correspond to spot #1 and spot #2 in (a), respectively.

stability at the interface of Ag—Ti;AlC, led to the deintercala-
tion and outward diffusion of Al atoms and the formation of
an Ag(Al) solid solution and a TiC, compound [6,25]. Due to
strengthening of the solid solution, the hardness of the
Ag(Al) should be greater than that of the original Ag matrix.
Therefore, the interfacial reaction products of the
Ag-Ti;AlC, composite provide a load-transfer effect during

140
(@ B Density

9 | % —=— Vickers hardness
I 4120 s
2 — 1 2
= T )
& 100 2
T8t =
z £
z B 5
8 480 §
>

7L
460
0 50 100 150 200

Thickness of carbon layer / nm
Fig. 8.
ites with carbon layers of different thickness.

Resitivity / (10° Q-m)

the deformation process, which improves the mechanical
properties, i.e., strength and hardness [10,26]. Therefore, we
can attribute the decreased hardness of the Ag—C@Ti;AlC,
composites to the lack of any interfacial reaction and the de-
crease in density.

Fig. 8(b) shows the electrical resistivity and thermal con-
ductivity values of the Ag-Ti;AlC, and Ag—-C@Ti;AlC,

80
(b) XY Resistivity 11402
—a— Thermal conductivity :‘z
60 - {120 &
g
4100 z
40 | o
Q
480 Z
=
3
20 + 460 —
£
5}
140 =

0

0 50 100 150
Thickness of carbon layer / nm

200

(a) Density and hardness and (b) resistivity and thermal conductivity values of the Ag-Ti;AlC, and Ag—-C@Ti;AlC, compos-
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composites. The electrical resistivity of the Ag—Ti;AlC, com-
posite was 66.7 x 10~ Q-m, which is close to the previously
reported value (59.3 x 10°° Q-m) [24]. The resistivities of the
AgC@Ti;AlC, composites gradually decreased with in-
creases in the thickness of the carbon layer. The lowest elec-
trical resistivity of Ag—-C@Ti;AIC, was 29.4 x 10"’ Q-m with
a carbon-layer thickness of 150 nm. The thermal conductiv-
ity increased from the 74.9 W-m "-K ' of the uncoated com-
pact to 135.9 W-m "-K™' of the Ag-C@Ti;AIC, with a 200-
nm-thick carbon coating, as shown in Fig. 8(b). A carbon
layer hinders the diffusion of the Al element and restrains the
formation of the Ag(Al) solid solution zone, which results in
reduced electron scattering in the composite and thus im-
proved electrical and thermal conductivities. Undoubtedly,
the enhanced integrity of the carbon coating around Ti;AlC,
also contributed to these performances.

4. Conclusion

Interfacial reactions in Ag-Ti;AlC, composites degrade
their electrical conductivity. In this study, carbon-coated
Ti;AlC, was prepared as a reinforcement to modify the inter-
facial state of the Ag—Ti;AlC, composite. This carbon layer
serves as a barrier to interfacial reactions. As the carbon-lay-
er thickness was increased, we found the Vickers hardness of
the Ag—10wt%C@Ti;AlC, to decrease because of the ab-
sence of the Ag(Al) solid solution and TiC, compound, as
well as the decreased relative density. The lowest resistivity
of the Ag-10wt%C@Ti;AlC, was found to be 29.4 x 107’
Q-m with a carbon-layer thickness of 150 nm, which is much
lower than that of the uncoated composite (66.7 x 10~ Q-m).
The highest thermal conductivity of Ag-C@Ti;AlC, with a
200-nm-thick carbon coating reached 135.5 W-m "K',
much higher than that (74.9 W-m'-K™") of the uncoated
compact. By combining the processing and properties of
Ag-C@Ti;AlC, composites, the optimal thickness of the car-
bon layer should be in the range of 100—150 nm. These res-
ults indicate that carbon coating could be a promising meth-
od for adjusting the interfacial structure and improving the
electrical and thermal properties of Ag—Ti;AlC, composites.
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