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In this research, titanium carbide was fabricated onto carburized AISI 1020 steel through thermo-reactive dif-
fusion (TRD) with salt bath processing at 900 °C for 3 h. The researchers investigated the microstructure and the
wear resistance of the as-obtained coating. Results showed that the as-received coating was of 7.5 = 0.3 um
with surface micro-hardness of approximately 1885 = 121 HV o25. The coating presented excellent adhesion to
the substrate as evidenced by a bonding force between the coating (carbide layer) and substrate of approxi-

mately 52 N. During the sliding test, its friction coefficient (0.45-0.56) tended to decrease in the final stage. In
comparison with the bare substrate, the specific wear volume loss for the titanium carbide—coated specimen

decreased by 78%.

1. Introduction

Titanium carbide (TiC) has long been widely used as a coating
material for enhancing components' surface properties due to its high
melting point, substantial hardness and, strength, and excellent wear
resistance, as well as its outstanding chemical stability [1-3]. Such a
carbide coating is commonly deposited onto the workpiece by physical
vapor deposition (PVD) and chemical vapor deposition (CVD) [4,5]. In
recent years, the thermo-reactive deposition process (TRD) has been
well established as a good candidate method for both PVD and CVD
processes due to its ease of implementation, minimal equipment re-
quirements, and its cost-effectiveness, along with its ability to create the
desired adhesion [6-10]. During the TRD process, steels are immersed
into a molten salt bath or a series of power pack mixture that contains
the relevant carbide forming element (CFE) such as vanadium, niobium,
chromium, and molybdenum [11,12]. The metallurgically bonded
coating is formed onto the substrate surface as the CFE reacts with the
carbon diffused from the substrate, Thus, the carbon content in the steel
must be 0.3% or greater in order for the process to guarantee the ef-
fective coating thickness and to be commercially viable [13].

Low carbon steel, such as AISI 1020, is widely used in the oil and
natural gas industries and chemical and mechanical fields, due to its
low cost and strength resistance. However, for some applications in
which, outstanding mechanical properties are required, its bulk
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hardness is not enough to guarantee the best performance. In such
applications, the use of TRD treatments that increase surface hardness is
an important technological solution for improving tribological proper-
ties and the components' life performance. However, untreated low
carbon steel cannot be used as the substrate directly due to its limited
carbon content. Carburizing is a heat treatment process in which iron or
low-carbon steel absorbs carbon while the metal is heated in the pre-
sence of a carbon-bearing material. There are two reasons for carbur-
izing low-carbon steel before TRD treatment. First, the carburizing
process typically increases the depth of carbon diffusion in order to
yield a thick carbide coating during the subsequent TRD process.
Moreover, the preliminary-carburizing process is also designed to lower
the reaction temperature by promoting the carbon activities [14], and
TRD carbide coatings develop at a faster rate by carburizing beforehand
[71.

Until now, little data has been available in the literature regarding
the duplex titanizing of steels through the TRD process, especially for
the salt bath process. In this case, a limited TRD titanizing method was
achieved through pack cementation [15]. Furthermore, in salt baths
containing borax, a carbide layer can be formed only when the carbide-
forming element (CFE) has a low free energy of carbide formation and a
relatively high free energy of oxide formation, superior to the B,Os
[13,16]. Unfortunately, titanium does not belong to this category
[11,17]. Titanium has a smaller energy of oxide formation than B,Os3,
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Fig. 2. SEM micrograph of cross-section morphology of coating on carburized
AISI1020 steel.

there is an opportunity for boride formation [18]. Thus, it cannot be left
free to diffuse and combine with the carbon atoms supplied by the
substrate [19].

Therefore, the purpose of this study is to produce a titanium carbide

layer on carburized AISI 1020 steel substrate through a TRD method
using bath salts, with the aim of extending their use to other industrial
applications and gaining a better understanding of the possible appli-
cations, benefits and limitations of TRD technology on steel compo-
nents. The researchers designed and used a neutral salt bath containing
BaCl, and NaCl to eliminate the influence of the commonly used borax
salt bath on titanium carbide formation. Aspects of the microstructure
of the as-obtained coating and the characteristics of their mechanical
response to static and dynamic loads (namely micro-hardness, adhesion
and friction behavior) under dry conditions were the focus of the study.
The present work will also provide a meaningful reference for the de-
sign of duplex coatings and the optimization of processing parameters
to meet practical engineering requirements.

2. Materials and experimental method
2.1. Coating fabrication process

AISI 1020 steel was used as the substrate material, which consists of
0.186 C, 0.022 Cr, 0.017 Cu, 0.509 Mn, 0.002 Mo, 0.013 Ni, 0.003 P,
0.030 S, 0.106 Si, and Fe as balance by wt%. The sample was machined
to 50 x 15 x 5mm. The steels were progressively ground and polished
by 1200 grit SiC paper. They were then ultrasonically cleaned in

Fig. 3. Cross-sectional elemental mapping obtained from Fig. 2. (a) Secondary electron image morphology with high magnification; (b) carbon element; (c) titanium

element; (d) iron element.
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Fig. 4. Corresponding EDS elemental distribution analysis obtained from
Fig. 3a.
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Fig. 5. X-ray diffraction pattern of the titanium carbide coated carburized AISI
1020 steel at 900 °C for 3 h.
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Fig. 6. Texture coefficients of the titanium carbide coating on the AISI 1020
steel at 900 °C for 3 h.
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Fig. 7. Acoustic emission and frictional force as a function of applied load in a
scratch test of TiC coating onto carburized AISI 1020 steel at 900 °C for 3 h.

acetone, ethanol, and deionised water sequentially for 15min. The
deposition of the TiC coating onto the substrate was completed in two
stages. The first step was the gas carburizing process, completed at
950 °C for 15h with a pressure of 200-300 Pa, with methane (natural
gas) as the carburizing medium. The purpose of this step was to enrich
the carbon concentration of carbon and improve its activity. The carbon
content of the carburizing steel was determined by HCS-140 Infrared
Carbon Sulfur Analyzer and the result was about 0.91 wt% near to the
steel surface (0.25mm). The second step was the titanizing process,
during which the specimens were immersed in a bath containing 80 wt
% neutral salt (base bath) (NaCl: BaCl, = 3: 7), 10 wt% Ti-Fe powder
(Ti: Fe =3: 7), and 10 wt% NaF (activating agent). The processing
temperature and time were set at 900 °C and 3 h, respectively. After the
TRD treatment, the samples were removed from the molten bath and
subsequent quenched in oil. Finally, the samples were cleaned in
boiling water, followed by ultrasonic cleaning in ethanol.

2.2. Characterization

The coating surface and, cross-sectional morphology were in-
vestigated by scanning electron microscopy (SEM EVO MA15). For the
purpose of cross-section observation, one side of the prepared sample
was ground with 1500 mesh SiC paper and polished, then etched with
an aqueous solution of 10% potassium hydroxide+10% potassium
ferricyanide (volume fraction). When the thickness of the coating was
to be determined on the etched sample, transverse cross sections of at
least three samples were polished for examination.

The elemental distribution was characterized by means of an en-
ergy-dispersive X-ray spectroscope (EDS) affixed to the microscope. X-
ray diffraction (XRD) was performed on the surface of coated samples'
using X-ray diffractometer(DX-2000) with Cu Ka radiation
(A = 0.15406 nm)to identify the phase constitution in the coating. The
XRD measurements were performed in the 20 range from 20° to 80°
with steps of 0.02°. The X-ray generator was operated at 40 kV and
30 mA.

The micro-hardness of each sample was evaluated using a digital
Vickers micro-hardness indenter (DHV-1000), with an applied load of
25 gf and a dwelling time of 15s. The micro-hardness value was the
average of 8 measurements. A homemade MFT-4000 scratch tester was
selected to evaluate the adhesive strength between coating and sub-
strates. The measuring parameters were as follows: a loading rate of
100 N/min, a loading scale of 0-100 N, a scratch speed of 10 mm/min,
and a traverse distance of 10 mm in ambient air conditions. Both the
friction force and acoustic emission signal were automatically recorded
when the coatings failed at the adhesive critical loads (L¢). At least
three replicates were performed for each sample, and the average
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Fig. 8. The evolution of the coefficient of friction of samples, tested at room temperature (a) the bare substrate; (b) carburized matrix; (c) TiC-coated specimen; (d)
the micro-hardness and the wear rates of the three samples. The inset in (a), (b) and (c) show the worn surface after test by 3D optical microscopy.

values were recorded.

The tribological properties of the specimens were determined with a
homemade MFT-4000 tester with the ball-on-disk technique in linear
reciprocated mode. Due to its hardness, excellent corrosion resistance,
and high fatigue resistance, AISI 52100 (GCr15) is a good material for
mechanical component; thus, AISI 52100 steel ball
(835 = 21 HVO0.025) with a diameter of 6.35mm was used as a
counterpart material [13,20]. The ball was fixed and the disk sample
slid at a speed of 200 mm/min. The applied constant normal load was
30 N, the wear track length was 15 mm, and the sliding time was 60 min
for each test. Worn surfaces were investigated by optical microscopy
(DPIXEL520 and KEYENCE VHX-5000 for 2D and 3D morphology, re-
spectively), SEM-EDS. The specific wear rate of the disks (specimens)
was determined according to Eq. (1) [21]:

K=V/(L XxN) (€D)]

where V is the wear volume loss (mm?®), L is the sliding distance (m),
and N is the normal load (N).
The wear volume loss (V) was calculated as:

2
where S is the cross-section area (mm?), D is the length of the wear scar

(mm), S was determined by 3D profile measurements and analysis
software (MFT-4000).

V=SxD

3. Results and discussion

Fig. 1 shows the surface morphologies of the obtained specimen
coated at 900 °C and 3 h. SEM observation revealed very uniform and
fine equiaxed grains, of approximately 0.6-1.0 pm, deposited across the
entire surface(Fig. 1b). Fig. 2 illustrates the corresponding cross-sec-
tional morphology of the specimen. It is obvious that the titanium
carbide coating (which is verified in Fig. 5) was formed on the surface

268

of the AISI 1020 steel. This layer was approximately 7.5 * 0.3 pm, and
the coating/substrate interface was flat, a result of the outward growth
nature of such a coating [22].

Fig. 3 presents the cross-sectional morphology of the as-obtained
TiC coating with high magnification and relevant EDS-mapping ana-
lysis. As can be seen from Fig. 3a, the TiC layer was continuous,
homogenous, and compact, and presented perfect adhesion and con-
sistency with the substrate. Some protrusions enriched with titanium
corresponding to the titanium element, were diffused into the steel
matrix (Fig. 3c and d).

Accordingly, the mutual diffusion process between titanium, carbon
and iron atoms contribute to the cohesion of the interface. The role of
the pre-carburizing process is to form a supportive sub-surface for the
TiC surface hard layer. This also creates transitional interfacial prop-
erties and supplies carbon for the formation of titanium carbide at the
surface [7,23].

The details of the inter-diffusion zone are not visible on the SEM
micrograph but can be recognized on the Ti and Fe concentration depth
profiles measured by EDS elemental distribution analysis (Fig. 4). It
shows three distinct zones across the coating. The analysis finds that the
titanium was highly enriched in the outermost layer (layerl). Its con-
tent stayed nearly stable, indicating the development of a TiC layer, as
verified in Fig. 5. Its formation resulted from the atomic reactions of
titanium atoms in the thermo-reactive bath with carbon atoms provided
by the pre-carburized substrate. In addition, the outermost TiC layer
was low in iron, which can be attributed to the limited solid solution of
iron in TiC. It is also clear that Ti content decreased gradually while the
Fe content increased continually from the surface to the matrix, sug-
gesting that the inter-diffusion between the Ti and the Fe occurred near
the interface of the substrate (layer2). Actually, the Fe content in-
creased quickly, moving from the interface to the core of the specimen,
and the iron and titanium had a narrow coexistence zone. This layer
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Fig. 9. SEM morphologies of the worn track after dry sliding wear test, (a) the
bare substrate; (b) carburized sample and (c) TiC coated specimen.

was mainly composed of iron-titanium solid solution and the titanium
concentration dropped quickly at the boundary of solid solution layer
and substrate.

This is partly because of the difference scales of titanium and iron
atomic radius and the relatively low solubility product of titanium in y-
iron crystal structure at the TRD temperature [24]. A similar observa-
tion has been reported for vanadium carbide (VC) coating [25].

Fig. 5 depicts the phase composition of the coated specimen de-
termined by XRD. As presented, the as-obtained coating mainly con-
sisted of TiC (PCPDF 65-8807) and a-Fe (PCPDF06-0696). It indicates
that the carbon concentration in the surface region of pre-carburized
AISI 1020 steel is sufficient for the growth of carbide layer. The pre-
ferred orientation of a certain crystal plane (h k I) in the TiC coating was
evaluated by the texture coefficient (TC) using the Harris method
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[25-27]. The ASTM value of the disordered TiC phase was used as the
standard value. The calculated TCs (h k 1) results are presented in Fig. 6,
in which it can be seen clearly that the TCs of (111) and (200) crystal
planes were much higher than those of other planes. Therefore, it may
be concluded that the TiC coating had the preferred orientations of the
(111) and (200) planes. The cause of the preferred orientations and its
effects on the coated sample are not clear at present and require further
investigation. According to the reaction composition and the Fe-Ti
equilibrium phase diagram [28], FeTi and Fe,Ti phase may not be
formed. Due to Ti having a strong chemical affinity for C atoms, it is
very easy to form TiC that lowers the solid solubility of Ti in a-Fe [29].
Therefore, only trace titanium atoms are diffused into the matrix during
the coating process, thus forming the solid solution of titanium in a-Fe.
Furthermore, the reflection peak in the inset of Fig. 5 was shifted
slightly to lower angles as compared with the standard a-Fe reflection
peaks in the XRD database. This can be attributed to the increment of
the crystalline lattice of a-Fe due to the inward diffusion of trace tita-
nium to the substrate.

The diamond stylus was drawn across the coating surface as the
applied load increased linearly from O to 100 N while the acoustic
emission signal and frictional force were recorded. The acoustic emis-
sion signal (red line) was found to be an effective mean of determining
critical failure loads (Lc) for hard coatings during sliding contact
(Fig. 7).

As the applied load increased, the cracks continued to grow until
they joined together at L. and these cracks extended through the
scratch width and generated large, sharp acoustic emission levels
[30,31]. The scratch test result (Fig. 7) indicated that the, TiC coating
was well-adhered to the substrate, exhibiting a high L. value of ap-
proximately 52N [32]. In fact, TRD method allows for the creation of
high adhesion strength of the coating on the workpiece [33]. This,
strong adhesion also improves the performance of the coating in term
of, wear resistance and corrosion resistance [34].

The ball-on-disk tests allowed us to determine the tribological
properties of the as-received specimens. Fig. 8 illustrates the coefficient
of friction (COF) as a function of the sliding time for the substrate,
carburized, and TiC-coated specimens. All the friction curves showed
two typical stages: running-in and steady state. The evolution of the
COF, however, differed obviously for each specimen. In the case of the
bare substrate (Fig. 8a), after a short running-in stage, its friction curves
decreased slightly and then increased continuously. Its worn surface,
shown in the inset of Figs. 8a and 9a, showed severe damage with ex-
tensive debris and sticking, characteristics of adhesive wear [9]. The
counterpart ball (835 HV g25) was much harder than that of the bare
substrate (185 HV g25) (Fig. 8d), allowing it to strongly adhere to ad-
hesive junction [35]. During the sliding process, the adhesive junction
was sheared, and the adhesion and sliding occurred alternately, re-
sulting in extensive adhesive wear and plastic deformation, thereby
increasing the COF.

After the carburizing process, its COF stayed nearly stable with a
non-obvious tendency to increase through the whole friction test, as
shown in Fig. 8b. The large COF fluctuations in the initial stage may
have been the result of ploughing by the asperities of the harder ma-
terial at the interface of the contact [36]. Its worn morphology, shown
in the inset of Figs. 8b and 9b, showed the existence of considerable
parallel scratch marks, meaning that abrasive wear dominated. This
phenomenon is consistence with the previous studies [37].

For comparison, the TiC-coated specimen presented a relatively
long running-in period of approximately 10 min, during which the COF
increased gradually. After that, it decreased slowly. As demonstrated in
the inset of Figs. 8c and 9c, polishing wear occurred because some fine
scratches parallel to the sliding direction were observed in the wear
track. The wear track was further characterized through SEM-EDS
analysis(Figs. 10 and 11).

Fig. 10a shows the worn micrograph of the TiC coating under the
load of 30N sliding against steel ball counterpart. The coated sample
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Fig. 10. Worn surface elemental mapping analysis of the titanium carbide coated sample, (a) secondary electron image morphology with high magnification; (b) Ti,

element; (c) Fe element; (d) O element.
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Fig. 11. SEM morphologies of the worn track of the TiC coated sample, (a) wear track; (b) the partial enlarged detail image on the boxed region in Fig. 10a; (c) the

EDS element analysis on the boxed region in Fig. 10a.

Table 1
Micro-hardness, wear track depth and the specific wear volume loss for the bare substrate, carburized sample and TiC coated sample.
Specimens Micro-hardness/HV o25 Wear track depth/um Specific wear volume loss x 10 ~* (mm®/N m)
Bare substrate 185 = 21 11.14 1.84 = 0.22
Carburized sample 848 + 32 8.22 1.22 + 0.16
TiC coated sample 1885 + 121 2.51 0.41 = 0.14

showed a dark layer covering some part of the wear track, which seems
like the protective oxide layers reported for oxidational wear [38]. The
composition analysis obtained by EDX determined that the dark surface
layer was rich in oxygen and iron (Figs. 10c, d and 11c), and these two

elements were concentrated in the same regions, indicating that dark
layer mainly was mainly comprised of iron oxides. In order to compare
the results of wear tests to all samples, the micro-hardness, wear track
depth and the specific wear volume loss are summarized in Table 1. The
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iron, obviously, was most probably transferred from the counterpart the
steel ball as the wear depth of the TiC-coated sample was only ap-
proximately 2.5 pum, much lower than that of the coating thickness.
Furthermore, the worn surface also exhibited minor groves and scrat-
ches typical of micro-polishing wear (Fig. 11b).

The main factors affecting the basic wear mechanisms are surface
interaction stresses, temperature and oxidation phenomena [39,40].
The higher wear resistance of the TiC- coated sample against the
counterpart of steel (Table 1), at lower sliding speeds and intermediate
loads (30 N) can be attributed to the load bearing capacity of the TiC
coatings. In such conditions, an iron oxide transfer layer forms on the
contact surface of the coatings. Actually, the TiC coating may have been
oxidized as well. However, it did not appear to have undergone sig-
nificant tribo-oxidation, and this is possibly due to lower frictional
heating in the lower sliding speed and normal load condition [41,42].
These observations are consistent with other findings from the litera-
ture [43].

Consequently, the wear process between the steel ball and TiC-
coated sample was largely controlled by micro-abrasion of the TiC by
oxide particles in the mechanically mixed layer. The wear of the TiC
coating was driven by the combination of micro-polishing, micro-
abrasion wear and the materials transfer layer. During the sliding
process, the Fe adhesion from the GCrl5 ball to the TiC coating oc-
curred due to the obvious difference in micro-hardness, causing the
increase of the COF in the initial stage [44]. As a result of repeated
mechanical stress and frictional heat, Fe atoms react with oxygen to
produce iron oxide. Actually, here the formation of titanium oxide
seems unlikely. With the formation of some tribo-oxide transfer layers
from the steel ball to the TiC layer surfaces, the COF decreased gra-
dually. With respect to the average COF (Table 1), the value for the
carburized (0.49) and duplex-treated sample (0.49) was slightly higher
than that of the bare substrate (0.44) under the given test condition.

The uncoated steel substrate has the micro-hardness of
185 + 21 HVjos5. The resulting TRD coating greatly enhanced its
surface hardness, and the obtained coatings demonstrate a micro-
hardness of 1885 = 121 HVj go5 (Table 1). The lower hardness of the
TiC coating in our study in comparison with that given in other lit-
erature can be related to its lower compaction and thickness [45] since,
there were some micro-cracks on the obtained coating surface (see
Fig. 1). In addition, micro-hardness measurements of the coatings are
usually influenced by the steel matrix. For static measurements the load
must be high enough to produce an indentation easy to measure using
an optical microscope. Usually this requirement extends the plastic
deformation zone into the substrate; thus, the result is a combination of
coating and substrate [46,47]. The improvement of the micro-hardness
reduces the number of dislocation movements and enhances the plastic
deformation resistance, thereby effectively minimizing wear volume
loss. In relation to the bare substrate, the specific wear volume loss for
the carburized sample and the TiC-coated specimen decreased by 34%
and 78%, respectively.

4. Conclusions

Anti-wear titanium carbide coating was successfully adhered onto
the carburized AISI 1020 steel by thermo-reactive diffusion at 900 °C
for 3h, comprising a homogenous carbide layer with 7.5 = 0.3 um
thickness, and a flat interface was formed between the coating and the
substrate. A narrow inter-diffusion region of titanium (from TRD) and
iron was located beneath the carbide layer, favoring the cohesion of the
interface and promoting the transition of physical properties. In com-
parison with the bare substrate and the carburized sample, the wear
resistance of the TiC-coated specimen was greatly enhanced.
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