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a b s t r a c t

The possibility of using the low pressure cold spray system to deposit SiC-based cermet on Ti-6Al-4V was
investigated at 0.99 Mpa for 450, 500 and 550 °C. The characterizations of the coatings reveal that the
initial phases in the feedstock powder were retained in the coatings. No detrimental phase transfor-
mation, decomposition and/or decarburization of the SiC. There was peak shift between the phases of the
feedstock powder and that of the coatings. This is traced to impact-induced micro-straining, amorphi-
zation and grain refinement. Low pressure cold spray coating of Ti-6Al-4V with SiC-based cermet is
plausible with partially homogenous distribution of the SiC, minimal porosity and improved micro-
hardness value (approx 652712.7 HV0.3) in the coating.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Poor surface hardness has been one of the setbacks for the
application of titanium alloy despite its excellent bulk properties
[1]. This has necessitated various research works, including coat-
ing with different metallic and ceramic materials. The coating
approach is essentially meant to improve the surface properties
and performance without significantly altering the bulk chemistry
and properties of the base material thereby retaining the excellent
bulk properties [2].

Silicon carbide (SiC) has excellent mechanical properties such
as extreme hardness and high wear resistance [3]. Accordingly, SiC
is a choice material for coating the surface of engineering mate-
rials in order to confer higher hardness and wear resistance on
them. However, high temperature coating processes such as
thermal spraying is not suitable for the deposition of SiC because it
decomposes before melting [4]. An alternative to high temperature
deposition of SiC that will prevent its thermal decomposition is
the cold gas dynamic spraying (CGDS) process. The CGDS is a low
temperature deposition process that uses a carrier gas to accel-
erates fine metal or alloy powders (1–50 mm in diameter) to su-
personic velocities (300–1200 m s�1) causing impact on a sub-
strate and producing a dense, adherent coating [5]. The operating
temperatures in the CGDS process are lower than the melting
point of either the substrate or the sprayed materials. Hence, there
iyi),
is limited or no-melting during coating deposition. In CGDS,
coating depends solely on severe plastic deformation of the spray
particles, and is formed by material interlocking and mechanical
bonding between the corresponding atoms of the substrate and
the coating powder [6]. The CGDS is used for the improvement of
surface-dependent properties, environmental and protective
coatings of engineering components, and for producing thick de-
posits which is suitable for the repair and dimensional restoration
of damaged or out-of-specification parts [7].

The supersonic velocities of the CGDS are attained by the use of
a converging/diverging de Laval nozzle. Two systems of such
nozzle are available, viz: the high pressure cold spray (HPCS)
(P41 MPa), and low pressure cold spray (LPCS) systems (P¼0.3 to
1.0 MP) [8, 9]. Since coating formation in CGDS solely relies on
plastic deformation of the powders, only metal powders are sui-
table feedstock for the process. Ceramics powders produce no
coating but erosion of the surface [10]. Lioma et al., [11] reported
that the deposition of the carbide particles is limited because of
the hard and brittle nature which makes them to shatter and
erode the substrate upon impact instead of deformation. The so-
lution is to bind the carbide phase with a more ductile material.
Thus, adhesion between the hard and brittle ceramic phase and
the substrate can be achieved [12–14]. The successful deposition of
carbide powders, and the properties of cold spray coatings (such
as microhardness, porosity etc) depend on a lot of parameters such
as gas temperature and pressure, standoff distance (SOD), sub-
strate properties, powder particle size and morphology, and bin-
der content. Of these parameters, the influence of gas temperature
is more significant [15]. This is because the supersonic driving gas
flow and the consequent particle acceleration behaviour are
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significantly influenced by the temperature of the carrier gas. The
deposition efficiency significantly improves as the carrier gas
temperature increases [16].

Cold spray coating of relatively softer and ductile material such
as Al with SiC based powder using the HPCS system has been
studied [17, 18]. However, based on the current authors’ knowl-
edge, the deposition of SiC-based cermet on Ti-6Al-4V using the
LPCS has not been reported in the literature. The current study
therefore aims to investigate the feasibility of using Centerline SST
low pressure CGDS system (Series P), with air as the carrier gas, to
deposit a SiC-based cermet on Ti-6Al-4V. The effect of temperature
of the carrier gas on the coating microstructure, porosity and
hardness is discussed.
2. Experimental procedure

The feedstock powder for this investigation is a mechanical
blend of 90 wt% SiC þ5 wt%Al þ5 wt% Ti. The substrate is Ti-6Al-
4V (35�35�5 mm3) of nominal composition: 6.10 wt% Al,
4.01 wt% V, 0.15 wt% Fe, 0.007 wt% C, 0.12 wt% O, 0.005 wt% N, Ti,
balance. Prior to the coating process, the substrates were grit
blasted with �300þ100 mm alumina grit (Centerline SST-G0002).
This is necessary to facilitate adhesion of the feedstock powder to
the substrate. The parameters for the coating deposition were:
V¼3 ms�1, feed rate setting ¼30%, P¼0.99 Mpa, T¼450, 500,
550 °C. These parameters were selected based on preliminary in-
vestigations [19]. Moreover, since the deposition of ceramics such
the SiC usually requires the higher pressure, the maximum al-
lowable pressure of the LPCS system (0.99 Mpa) was used. The
samples were prepared for microstructural analysis following
Fig. 1. Scanning electron micrographs of the feed stock pow
standard metallographic procedure [20]. The microstructure of the
coatings were studied using SEM (JEOL JSM 7600 F FESEM), the
phase constituents were characterized using XRD (Philips P1710
Panalytical) with Cu target Kα radiation. The samples were scan-
ned at interval of 2θ and a step size of 0.02. The phases present
were identified using X’Pert High score plus software. The per-
centage porosity of the coatings were analyzed using ImageJ
software.

The hardness of the coatings were measured using Vickers
hardness tester (Future Tech FM-ARS900) according to ASTM E384
[21] standard to ensure consistent result. A load of 100 g was al-
lowed to dwell for 15 s [22, 23]. A total of ten indentations were
made on each coating sample and the average is reported as the
surface hardness of the sample.
3. Results and discussion

3.1. Microstructure and phase analysis

The SEMs of the initial powders are shown in Fig. 1. Fig. 1 (D) is
a mechanical blend of the powders shown in Fig. 1 (A–C). As
shown in Fig. 1 (D) homogenous distribution of the three powders
was achieved in the feedstock powder.

The SEM of the cross-section of the coatings are shown in Fig. 2.
No crack is observed in any of the coatings. The microstructure of
the coating obtained at 500 °C has fewer pores as compared to
other.

Fig. 3 shows the XRD of the coatings in comparison with that of
the feedstock powder.

The SEMs of the coatings seem to consist mostly of the fine
ders: (A) SiC, (B) Al, (C) Ti, (D) SiC-5 wt% Al-5 wt% Ti.



Fig. 2. Scanning electron micrograph of the Coatings: (A) 450 °C, (B) 500 °C, (C) 550 °C.

Fig. 3. XRD of the coatings in comparison with the feedstock powder.

Table 1
Properties of the coating.

Gas temperature
(°C)

Hardness
(HV0.3)

Porosity (%) Yield
strength
(GPa)

Tensile
strength
(GPa)

– 291713.9 – 0.92 0.69
450 599714.8 3.95 1.95 1.41
500 652712.7 3.22 2.45 1.78
550 634713.5 3.87 2.07 1.50
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particles in the feedstock powder. This could be attributed to
higher deposition efficiency of smaller particles. Fine particles
have higher deposition efficiency because particle acceleration
varies inversely with the particle size. Hence, fine particles will
attain critical velocity and have higher impact velocities than lar-
ger particles. Thus the fine particles would have impacted the
substrate at higher velocities than the larger particles, making the
fine particles able to deform the substrate and lodge in the coat-
ings. On the contrary, the larger particles would not produce cra-
ters that are large enough to form coating and will therefore cause
erosion rather than coating. However, there is no quantitative
measurement of particle velocity in order to evaluate the re-
lationship between the critical particle velocity and particle size.
Further work is required to verify this. The XRD in Fig. 3 indicates
that the diffraction pattern of the feed stock powder and the
coatings are identical. This confirms that the cold spray coating
carried out in this work did not lead to phase transformation,
decomposition and/or decarburization as opposed to what is
usually observed during thermal spray of SiC. However, a peak
shift is observed between the phases in the feedstock powder and
the coatings. This could be as a result of change (decrease) in
lattice parameters caused by the micro-straining, amophization
and grain refinement which would have occurred by virtue of the
high impact of blending and high-velocity deposition process.
Moreover, there is possible formation of impact-induced vacancies
and carbon antisite in the SiC structure, which can lead to the
formation of a SiC-C solid solution [24].
Moreover, the SiC particles in the feedstock powder were not

deformed; their features in the feedstock powder remained un-
changed in the coating. This is probably because the pressure and
velocity of the LPCS system were not sufficient to deform the SiC.
The deformation of SiC at the experimental temperature (450–
550 °C) requires approximately 570 MPa [25]. It should have been
expected that Al particles will experience greater deformation at
550 °C because particles have higher impact velocities at higher
gas temperature which leads to greater deformation. However, as
seen in the SEM, Al particles have highest deformation at 500 °C.
This is probably because thermal softening would have taken place
at 550 °C since Al melts at 660 °C.

The precipitation of Ti-Al intermetallics (TiAls) such as TiAl,
TiAl3, TiAl5 etc has been reported during high temperature pro-
cessing of Ti-6Al-4V [1]. In addition, the presence of Al and Ti in
the feedstock powders is expected to favour the formation of TiAls
[26, 27]. However, the formation of TiAls was not observed in the
coatings. This could be due to the limited solubility of titanium and
aluminium in each other which necessitates a longer contact time
between Al and Ti before TiAl could be formed [26]. The super-
sonic speed of the cold spray process does not favour this, it only
allows a little contact time between Ti and Al. Moreover, the
precipitation of TiAls requires higher temperature and pressure
[26] than those used in this work.

3.2. Porosity

The coatings generally have fully dense structures, uneven
surfaces, and minimal unconnected pores and partial homogenous
distribution of SiC. Their porosity ranged between 3.22 and 3.95 as
shown in Table 1. The coating-substrate interface shows no visible
evidence of cracking or delamination, but roughness. Cracking of
SiC and other ceramic particles during cold spray coating that was
reported by previous authors [17, 18, 28] was not observed in the
coatings. This is probably because the particle size of the SiC in this
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work is finer (�53 mm). This also explains why the porosity is
minimal because SiC is hard and brittle, and larger SiC particle
usually fractures to form pores at the Al-SiC boundary [18].

Porosity is sometimes a microstructural defect in cold spray
coating; it determines the quality of coating and can significantly
affect the coating properties and performance both positively and
negatively depending on application [29, 30]. High porosity ben-
efits a thermal barrier coating because it results in a low thermal
conductivity. However, high level of porosity reduces mechanical
properties [31]. A low porosity level is required for increasing
hardness values [32]. According to Gnaeupel-Herold et al. [33],
hardness increases as porosity decreases. Dong [31] reported that
the porosity of thermal sprayed coatings ranges from several
percent to 20%, Fauchais and Vardelle, [34] reported 3–8% for
plasma sprayed coatings, and Lioma, et al. [13] obtained between
3.51% and 5.11% for WC-12 Co coating which resulted in higher
hardness of the substrate.

Usually, higher gas temperature benefits impact velocity and
particle temperature [35], leading to increase in the velocity of in-
flight particles and decrease in volume fraction of porosity in the
coatings. Contrarily, the highest temperature (550 °C) did not yield
the lowest porosity. This is probably because, at 550 °C, Al particles
would have experienced thermal softening, and this causes a de-
crease in critical velocity [36], reduced consolidation and increase
in porosity.

3.3. Hardness

A general improvement in the surface hardness of the coating
is observed for all the temperatures investigated as shown in Ta-
ble 1. This hardness increase can be attributed to the following:

� The presence of the hard SiC ceramic particles in the feedstock
powder. SiC has a Vickers hardness of 2350 [37].

� Strain hardening caused by the plastic deformation of the par-
ticle during cold spray deposition.

� Accumulated strain as a result of particle deformation due to
the high impact of blending and supersonic deposition
processes.

Among the coatings, the sample deposited at 500 °C has the
highest average hardness of 652712.7 HV0.3 which is more than
twice the 291713.9 HV0.3 obtained in the as-received (AR). The
coatings deposited at 450 and 550 °C HV0.3 have 599714.8 HV0.3

and 634713.5 HV0.3 respectively.
The coating deposited at 550 °C should have been expected to

have the highest hardness because increase in gas temperature
causes increase in: average kinetic energy of the molecules of the
gas, particles temperature and impact velocity. This will increase
the momentum of the powder particles, producing greater particle
impact, higher work hardening effect, greater coating densification
and increased coating microhardness. On the contrary, the highest
hardness was obtained in the coating deposited at temperature of
500 °C. The coating deposited at 550 °C did not yield the highest
hardness probably because of the thermal softening effect ex-
plained in Section 3.2 which may prevent plastic deformation, and
lessen both strain hardening and hardness.

Although an increase in hardness is obtained in all the coatings,
the hardness values are still less than those fabricated by high
pressure cold spraying and high temperature process such as laser
alloying. The comparatively lower hardness obtained in this work
is probably because SiC did not decompose. SiC decomposes at
temperature 2830 °C [38] producing mainly Si, Si2C and SiC2 ac-
cording to the following equation [39]:

4SiC(s)¼Si (g)þSi2C (g)þSiC2 (g)þC(s)
The Si, Si2, SiC2 phases are much harder. Moreover, decom-
position also causes the release of gaseous carbon which diffuses
into the matrix, causing hardness increase.

According to Cahoon et al., [40], tensile and yield strengths can
be determined from (Eqs. (1) and 2) [41]. The calculated values
form these equations are included in Table 1.
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H is the vicker's hardness number, and n is the strain hardening
coefficient, taken to be 0.15 [1]. The results show that both the
yield and tensile strengths for the coatings have improved as
compared to the substrate.
4. Global analysis

The gas temperature of 450 °C yielded a porosity level of 3.95%
and a hardness value of 599714.8. The porosity was 3.87% and the
hardness value was 634713.5 when the gas temperature was
increased to 550 °C. Optimum gas temperature of 500 °C yielded
the lowest porosity of 3.22% and a corresponding highest hardness
value of 652712.7. Accordingly, the highest temperature did not
yield the best coating properties. However, the lower the porosity
of the coating, the higher the hardness and the better the surface
mechanical properties.
5. Conclusion

Cold spray coating of Ti-6Al-4V with SiC-based cermet using
the low pressure CGDS is plausible. No phase transformations,
decarburizations or decompositions were observed in the coatings
but a peak shift between the feedstock powder and the coatings.
This is traced to microstraining, amophization and grain refine-
ment caused by the high impact of the blending and cold spray
processes. The coatings are fully dense with minimal non-con-
nected pores. The distribution of SiC within the coating was par-
tially homogenous and led to improvement in coating hardness to
a maximum of 652712.7HV0.3 from 291713.9 in the substrate.
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