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ARTICLE INFO ABSTRACT

Keywords: In the current study, the possibility of forming a chromium carbide layer on the surface of an AISI W1 cold
Thermo-reactive diffusion work tool steel was investigated. The coatings were fabricated through a thermo-reactive diffusion (TRD)
Oxide bath

treatment by the molten salt bath at 800, 900, and 1000 °C for 4, 5, and 6 h using chromium oxide powder.
The structural and mechanical properties of the coatings formed at the different conditions (temperature and
immersion time) were compared together. For this purpose, the coating layers were characterized by field
emission scanning electron microscopy (FE-SEM) equipped with energy dispersive X-ray spectrometer (EDS)
as well as X-ray diffraction (XRD) method. Moreover, the hardness and friction coefficient (COF) of the coated
samples were examined through micro-indentation and ball-on disk tests, respectively. It was determined that
at 800 °C, just chromium carbide nuclei are formed, and the temperature is insufficient to produce a complete
chromium carbide layer on the substrate. XRD results of the coating produced at this temperature showed
that the main phase is Fe-Cr solid solution. However, compact, adherent, uniform, and crack-free chromium
carbide coatings with thickness ranging from 5.14 to 18.06 um were successfully obtained on the substrate at
900 and 1000 °C, mainly consisting of Cr,Cs, Cry3Cg, and Cr3C,. The XRD results showed that the possibility of
forming chromium carbide phases increases with increasing temperature and immersion time. The hardness of
the coatings was in the range 771 to 1600 HV, depending on the process condition. The results demonstrated
that increasing the temperature and immersion time of the TRD process increases the thickness and hardness
of coatings, resulting in low friction coefficient values and improvement in the wear resistance up to 6 times
compared to the untreated AISI W1 sample.

Carbide coatings
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Hardness

Friction coefficient

1. Introduction Arai et al., 1987; Bunshah, 2001; Giinen et al., 2020a). Both CVD
and PVD procedures are expensive and need a vacuum or highly

AISI W1 is a simple high carbon steel and the most popular, versatile
and cost-effective tool steel grade widely used in industry, especially as
a cold-working cutting tool (Bryson, 2015). In general, wear, fatigue,
and corrosion problems frequently begin on the surface of materials
resulting in the reduction of lifetime of machine components (M.A.J.S.
and Mittemeijer, 2015; Davis, 2001; Geiger and Falk, 2001; Matije-
vi¢ and StupniSek, 2006). Therefore, surface treatment is more cost-
effective process than changing the whole bulk material (Giinen et al.,
2019). Ceramic coatings made from carbides or nitrides of transition
metals improve the corrosion and wear resistance of cutting and form-
ing tools and extend their service life (Ghadi et al., 2016; Biesuz

controlled atmosphere. In addition, the CVD process produces very
toxically gaseous (Bunshah, 2001; Giinen et al., 2020a). Despite the
fact that PVD and CVD can produce high-quality coatings on ferrous
substrates, the adhesive strength between the coating and the substrate
is insufficient in terms of durability and reliability (Biesuz and Sglavo,
2016; Aghaie-Khafri and Fazlalipour, 2008; Zancheva et al., 1978;
King et al., 2004b). On the other hand, thermal sprayed coatings may
have many porosities and undesirable microstructural changes (Giinen
et al., 2020a). Thermo-reactive diffusion (TRD) has been widely used
to form hard carbide and nitride coatings with excellent physical and

and Sglavo, 2016; Castillejo et al., 2014). Chromium carbide coatings
have been extensively applied on various tools due to their high wear
resistance, corrosion resistance, and hardness (Yuan et al., 2010).
Many methods for the production of carbide and nitride coatings are
customarily used, including physical vapor deposition (PVD), chemi-
cal vapor deposition (CVD), and thermal spraying (TS) (Davis, 2002;
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mechanical properties on tool steels. These coatings are effectively used
in tribological applications such as forging, extrusion, plastics, glass
working, powder metallurgy, and cutting tools molds working in wear
conditions to prevent mechanical damage, particularly fatigue, impact,
and wear (Yerokhin et al., 1999; Tavakoli et al., 2014). TRD process is a
diffusion technique that operates at atmospheric pressure for applying
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coatings on the surface of ferrous materials, which is inexpensive,
environmentally friendly, and much more straightforward than other
coating processes (Fan et al.,, 2010b; Zhao et al., 2014; Kurt et al.,
2014). The results show that the coatings produced by TRD method
demonstrate beneficial performance in terms of excellent adhesion to
the substrate, uniformity, hardness, corrosion and oxidation resistance,
toughness, heat resistance, low friction coefficient, and wear inhibition.
Thus, TRD process is a point of interest that has been considered for
many years (Fan et al.,, 2010b; Zhao et al., 2014; Kurt et al., 2014;
Arai, 2013; Taktak and Ulu, 2010; Sen, 2006, 2005a; Giinen et al.,
2020b; Zarchi et al., 2009). It should be noted that TRD technology has
some disadvantages, such as: (1) only carbon- (or nitrogen) containing
substrates can be handled and (2) the process may cause component
distortions because the process temperature is usually higher than
the austenitization temperature of steels (Arai, 2013). Salt mixtures
based on borax salts have been broadly reported as effective TRD
media (Castillejo et al., 2014; Pouraliakbar et al., 2015; Arai and
Moriyama, 1995; Ghadi and Soltanieh, 2015; Ganji et al., 2020). The
carbide forming elements can be used in the salt bath in three different
forms: (a) pure metals, (b) ferrous alloys, and (c) oxides, which the
last one is cheaper and more available than others (Ghadi et al., 2016;
Biesuz and Sglavo, 2016; Ganji et al., 2020). Generally, sodium fluoride
(NaF) improves the fluidity of molten oxide bath in TRD process (Ganji
et al., 2020; Arai, 2015). Chromium, vanadium, and niobium can
diffuse successfully in the molten salt bath (Fan et al., 2010b; Zarchi
et al., 2009; Pouraliakbar et al., 2015; Arai and Moriyama, 1995;
Oliveira et al., 2006; Wang et al., 2010; Arai, 1993; Fan et al., 2012).
Reducing agents such as aluminum and B4C are ordinarily used to
reduce oxides of carbide-forming elements (CFEs) and prevent CFEs
oxidation. However, different TRD techniques are available, such as
fluidized beds (Sun et al., 2018; Cao et al., 2007; King et al., 2004a;
Wei and Chen, 2005) and pack cementation (Sen, 2006, 2005a,b,c,
2004). The strong tendency of CFEs to form carbides is the driving
force for the thermochemical reaction between CFEs and carbon (Arai,
2015). The oxide (B,03) obtained from the decomposition of borax salt
during heating plays a vital role in the stable formation of high-quality
coatings. It must be pointed out that carbide formation energy must be
lower than the oxide formation energy to form carbide coatings (Arai
et al., 1987; Waclawska, 1995). It is well known that the steel substrates
used in TRD treatment require more than 0.3 wt% carbon content. Car-
bon content in the substrate, especially in the form of solid solution, has
a significant impact on coating thickness (Fan et al., 2010b; Arai and
Moriyama, 1995; Liu et al., 2006; Arai and Moriyama, 1994; Strahin
et al., 2017; Khalaj and Pouraliakbar, 2014; Fan et al., 2010a; Khalaj
and Khalaj, 2014). The most remarkable factors affecting the growth
rate of the thickness of coatings in the molten bath are the temperature
of TRD process and the immersion time (Khalaj and Pouraliakbar, 2014;
Fan et al., 2010a; Khalaj and Khalaj, 2014).

In a recent study Ganji et al. (2020) used two separate oxide baths
to produce chromium carbide (Cr,C3;) and vanadium carbide (VC)
coatings on AISI W1 tool steel by using the TRD method via molten
salt baths. They measured 16 pm and 20 pm for chromium carbide layer
and vanadium carbide layer after similar immersion time, respectively
and also they stated that with extending immersion time the hardness
increases. In addition, hardness of the vanadium carbide layer was
higher than that of the chromium carbide layer due to the difference in
their crystal lattice structures. Zong et al. (2019) successfully formed
chromium carbide coating (Cr,C; and (Cr, Fe); C3) on the surface
of AISI 52100 steel using the pack cementation method. Their results
showed that the thickness of the chromium carbide coating layer
grows as the immersion time increases. They found that the chromium
carbide coating has a hardness ranging from 1730 to 1920 HV0.025,
whereas the AISI52100 substrate hardness was 723 HV0.025. They
also, investigated the dry sliding wear behavior of the coatings at room
temperature. They observed that the friction coefficient decreases from
0.46 to 0.37 and the wear weight loss decreases by 89.3% indicat-
ing that the chromium carbide layer may significantly increases wear

Results in Surfaces and Interfaces 8 (2022) 100059

Table 1
The nominal and actual chemical composition of the AISI W1 tool steel (in wt. %).
C Si Mn S P
Nominal 1.00-1.10 0.10-0.25 0.10-0.25 <0.02 <0.02
Actual 1.04 0.16 0.19 0.01 0.01

resistance. Su et al. (2018) investigated the formation of chromium
carbide coatings on gray cast iron HT250 in a fluoride molten salt
bath at 900 °C. They observed that the thickness of the chromium
carbides layer is 3-5 pm and mainly includes Cry3Cq and Cr,Cs and
has an average hardness of 1994 HV. Additionally, for the uncoated
sample the average friction coefficient was 0.35-0.5, whereas, for the
coated sample, it was 0.3, demonstrating that improvement in abrasive
wear resistance. They also stated that the microstructure and formation
mechanism of carbide coating in fluoride through the TRD procedure
are similar to both in borax and in chloride salts.

Khalaj et al. (2013) produced chromium carbonitride (CrN and
Cr,N) coatings with thickness up to 9:5 pm on DIN 1.2210 steel by TRD
process. Their results showed that with the increasing ferrochromium
content as well as mesh size, the layer thickness increases. Giinen
et al. (2020a) applied TRD treatment on GGG-80 ductile iron to grow
composite chromium and vanadium carbide coatings. Their results
indicated that the coatings with a thickness of 12-36 pm, hardness of
24.14-31.38 GPa are smooth and with no crack and mainly contain
Cr,VC,, VG, Cr,Cs3, and CrC, phases. They characterized the wear
behavior of untreated and coated samples at temperatures of 25, 250,
500, and 750 °C. They stated that the coated samples have lower
COF values and wear loss than the untreated GGG-80 alloy due to
the increase in surface hardness achieved by the TRD process. They
also noted that thickness and hardness increase with increasing process
temperature, resulting in low friction coefficient values and decreasing
wear rates.

According to researchers, chromium carbide coating is one of the
most promising coating systems regarding its high oxidation resistance,
good hardness, and excellent adhesion and strength (Biesuz and Sglavo,
2016; Ganji et al., 2020). The novelty of this research is to produce
chromium carbide coatings on ASIA W1 at different temperatures
and times and to characterize tribological properties and formation
mechanism of chromium carbide layer, especially under 900 °C. Fur-
thermore, characterization of the produced coatings, mechanical and
physical properties, identification of the effect of the principal factors
(time and temperature) on the formation mechanism, and wear and
friction performances are the other objectives of the current research.
This research comes up with valuable guidelines for coating design
and processing parameter optimization to satisfy practical engineering
requirements.

2. Materials and methods

TRD process was carried out on AISI W1 tool steel as the substrate
material. Disk-shaped samples, 20 mm diameter x 5 mm thick, were
used in the present study. A hole, 2 mm diameter, was drilled in the
edge of the samples to hang them in the salt bath with a heat-resistant
steel wire as the holder. The nominal and actual chemical composition
of the used AISI W1 tool steel is shown in Table 1. Determination
of chemical composition was performed by optical spark emission
spectrometry (OES) according to the ASTM E415 standard

Prior to TRD treatment, the specimens were first ground using 80
up to 2000 grit sandpapers. After that, the samples were ultrasonically
cleaned in pure acetone for 20 min to remove any surface impurity. The
molten salt baths consisted of anhydrous borax (Na,B40;), chromium
oxide (Cry03) (>99%), sodium fluoride (NaF), and aluminum powder
(smaller than 60 pm) (>99%) as the base of the bath, source of carbide
forming element, fluidizing factor, and reducing agent, respectively.
The amounts of the components used in the baths are shown in Table 2.
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Fig. 1. The steps of sample preparation and TRD process.

Table 2

The materials used in the molten oxide salt bath (in wt. %).
Salt bath Na,B,0, Cr,04 Al NaF
Chromium oxide 69.77 15 5.33 9.9

The crucible used for the TRD process was 310 heat-resistant steel. It
was placed inside an electrical furnace working in an ambient atmo-
sphere. At first, borax was melted at the crucible then other components
were added to the salt bath. For homogenization, the bath was heated
at 1000 °C for at least 2 h before immersion of the samples. The samples
were preheated at 350 °C for 10 min before immersion in the prepared
bath.

In order to evaluate the effect of different process parameters on
thickness, uniformity, hardness and friction coefficient of the coatings,
different temperatures and immersion times were adopted. Based on
the austenitization temperature of the steel, the process temperatures
were determined as 800, 900, and 1000 °C, and the processing dura-
tions were 4, 5 and 6 h, respectively. After the treatment, the specimens
were lifted out from the molten bath and quenched immediately in
oil. After the mentioned stages, the specimens were put in hot water
and the ultrasonication was used for 20 min to remove any sticking
materials. The steps of sample preparation and testing are shown in
Fig. 1.

Nital solution (3 vol.% nitric acids in ethanol) was utilized for
etching. To characterize the microstructure of the coatings, measure-
ment of coating thickness and recognition of the composition of the
surface of coated specimens and the changes of these elements, field
emission scanning electron microscopy (FE-SEM) equipped with energy
dispersive X-ray spectrometer (EDS) was used. To identify the type
of coating phases, X-ray diffraction (XRD), model: GNRExplorer X-ray
diffractometer with Cu K radiation was performed in the angular
range of 20°-80° with a step size of 0.02°. Vickers microhardness was
performed on the cross-section of the carbide layers using a maximum
load of 25 g through the BUEHLER-1600 hardness testing machine.
Six measurements at different locations across each specimen were
averaged to determine the micro-hardness and the error bar. Dry sliding
wear tests of untreated AISI W1 tool steel and coated samples were
performed at room temperature via a ball-on-disk-type WTC 02 wear
tester with abrasive WC ball of 10 mm diameter (hardness: 1917 HV)
and sliding velocity of 45 rpm for a total sliding distance of 250 m
under fixed 5 N load. The friction coefficient was continually recorded
during the wear test.

3. Results and discussion
3.1. Microstructural analysis

Fig. 2 shows the cross-sectional SEM micrographs of chromium
carbides coated samples at 800 °C for 4 h (a), 5 h (b) and 6 h
(c), respectively. SEM observation revealed that a non-uniform porous
coating with an average thickness of 11.15 pm is formed on the steel
substrate during the first 4 h of the process, as shown in Fig. 2a. The
coatings were subjected to EDS analysis to determine their composi-
tion. The results are summarized in Table 3. The corresponding EDS
analyses show that during the first 4 h of immersion, a small number of
chromium atoms diffuse into the steel substrate. It should be mentioned
that iron has an excellent affinity for chromium. As a result, a solid
solution of iron—chromium is formed (Sun et al., 2018). Fig. 2b shows
SEM images of specimens immersed for 5 h at 800 °C. It can be seen
that the thickness of the coating has increased from 11.15 to 26.87 pm.
Although its porosity has been reduced compared to the coating formed
at 4 h, it is porous and nonhomogeneous. EDS analysis indicated that
as the immersion time expands to 5 h, the chromium and carbon
content increases, whereas the iron content decreases. Therefore, it
can be said that firstly the solid solution of iron-chromium is formed,
then by increasing the diffusion of chromium atoms from the bath to
the substrate, chromium carbide nuclei are formed, and if conditions
are met in terms of temperature and time, the nuclei will grow. It
should be mentioned that chromium carbide can be nucleated in the
iron—-chromium solid solution regions (Ganji et al., 2020). As shown in
Fig. 2c, the coating porosity significantly reduces with increasing the
immersion time to 6 h at 800° C however, a small amount of porosity
is still observed. In the case of this specimen, the coating thickness is
about 27.62 pm.

In general, as the deposition time extends, the possibility of dif-
fusion of CFEs into the substrate and carbon removal to the surface
raises. Consequently, the coating thickness increases, and separated
carbide particles could join together and fill the porosities during the
TRD process. Moreover, it has been observed that dark gray streaks
are surrounded by the light gray background in the coating. According
to the EDS analysis taken from the two distinct regions, it was deter-
mined that the light gray background represents the iron-chromium
solid solution, and dark gray streaks are growing chromium carbide
nuclei (Table 3). When the processing time extends to 6 h, carbon
and chromium content in the coating (dark gray) increases to 21.04
and 10.84 wt%, respectively. This situation indicates the growth of
chromium carbide during this period. It can be concluded that at
800 °C, the immersion times of 4, 5 and 6 h are not sufficient to form
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Fig. 2. SEM micrographs obtained from the cross-sections of samples coated at 800 °C for (a) 4 h, (b) 5 h and (c) 6 h.

Table 3
Elemental point scan analysis from cross-section of samples coated at 800 °C for 4, 5,
and 6 h.

Table 4
Elemental point scan analysis of a, b, and ¢ from cross-sections of samples coated at
900 °C for 4, 5, and 6 h.

Time (h) Point C Cr Fe Time (h) Point C Cr Fe
wt.% at.% wt.% at.% wt.% at.% wt.% at.% wt.% at.% wt.% at.%
4 a 7.59 27.64 2.03 1.70 90.38 70.66 a 2470  59.58 3525  19.64  40.05  20.78
5 a 1471 44.50 316 2.08 5213 53.42 4 b 17.93 5015  10.64  6.72 7143 4313
c 1570 4627  6.21 4.23 78.09  49.50
6 a 19.66  44.30 5.09 3.68 75.25 52.02
b 21.04  52.24 10.84 6.95 68.12 40.81 a 2214 5580  50.06  29.14  27.80  15.06
5 b 19.65 5237 3712 2285 4323 2478
c 1679 4812 1349 893 69.72  42.95
a 2373 57.99  49.39  27.88  26.88  14.13
a homogeneous and uniform chromium carbide layer on AISI W1 steel 6 b 19.85 5276 3340 2051 4675  26.73
. - - . c 17.53  49.64  10.89  7.10 71.58  43.26
substrate, and just chromium carbide nuclei are formed.
Fig. 3 shows the cross-sectional view of the chromium carbide
coated samples at 900 °C for (a) 4 h, (b) 5 h and (c) 6 h. From Table 5

the figure, it is found that the coatings are uniform and dense at all
immersion times. In addition, no crack has been formed due to the
phase transformation or cooling stresses. It is in agreement with the
observation of Biesuz and Sglavo (2016) regarding the excellent adhe-
sion of chromium carbide to the substrate. Moreover, the comparison
of the formed coatings at 800 and 900 °C indicates that with increasing
temperature to 900 °C, the diffusion of chromium atoms into the
substrate and carbon atoms to the surface are enough to form a dense
and continuous chromium carbide layer with no porosities. EDS point
analysis was performed at different points of the coating, including: (a)
above the coating close to the surface, (b) in the middle of the coating,
and (c) at the end of the coating close to the substrate to investigate the
element distribution in the coatings (Table 4). SEM images display two
distinct zones in the coatings and the corresponding EDS analysis shows
that the outer layer (chromium carbide layer) is rich in chromium
and the inner layer (iron—chromium solid solution layer) is rich in
chromium and iron. In the outer layer, Cr,C3; and Cry3Cg are the main
phases, as well as for the inner layer, iron-chromium is the primary
phase. In addition, a considerable amount of iron element is present
in the chromium carbide layer (points a and(b), indicating that iron
has diffused into the chromium carbide layer because iron has a high
solubility in the chromium carbide phase (Ghadi et al., 2016; Lee and
Lee, 1992; Bratberg and Frisk, 2004). It should be noted that the steel
substrate is the source of iron diffusing into the chromium carbide
layer (Ghadi et al.,, 2016; Lee and Lee, 1992), and the chromium
oxide bath supplies all the required chromium for the formation of
the coating. As the reaction time passes, the diffusion layer becomes
thicker. Based on the observations in Fig. 3, the thickness of the carbide
layer produced at the immersion times of 4, 5 and 6 h is 5.14, 7.80
and 8:01 pm, respectively. Similarly, the solid solution layer thickness
is 1.35, 1.95 and 2:03 pum for the coatings formed at 900 °C for 4, 5 and
6 h, respectively.

Cross-sectional SEM micrographs of chromium carbide coated sam-
ples at 1000 °C for 4, 5 and 6 h are shown in Fig. 4. All the obtained
coatings at 1000°C have been formed substantially perfectly in terms

Elemental point scan analysis of a, b, and ¢ from cross-sections of samples coated at
1000 °C for 4, 5, and 6 h.

Time (h) Point C Cr Fe
wt.% at.% wt.% at.% wt.% at.%
a 31.16 63.93 58.59 31.17 10.25 4.90
4 b 25.43 58.40 46.81 26.81 27.76 14.79
c 19.11 51.01 5.42 3.51 75.47 45.48
a 31.34 65.08 65.28 33.27 3.38 1.65
5 b 25.13 57.87 46.17 26.68 28.70 15.45
c 22.04 54.73 24.22 14.77 53.74 30.50
a 30.73 63.32 66.88 35.50 2.39 1.18
6 b 24.79 53.23 46.99 27.15 28.22 19.62
c 20.66 47.45 18.47 11.76 60.87 40.79

of adhesion, uniformity and consistency. It is worth mentioning that
the substrate-coating interface is extraordinarily regular and smooth.
Moreover, these coatings have no porosities and cracks. Microstructural
study of the samples shows that the thickness of the carbide coat-
ings and substrate-coating interfaces are more homogeneous than the
coatings produced at 900 °C.

As mentioned above, through the TRD process, iron atoms diffuse
into the chromium carbide coating layer resulting in the filling of the
porosities (Ganji et al., 2020). The coating consists of two separate
layers sticking together on the substrate. These two layers are distin-
guished by their different colors. The outer and inner layers are dark
gray and light gray, respectively. In Table 5, points a and b in the
dark gray layers are enriched with chromium indicating that Cr,Cs,
Cry3Cq and Cr,C; are the main phases in this layer. Point c beneath the
chromium carbide coating represents the iron—chromium solid solution
region. The solid solution layer can be regarded as an adhesion layer
and acts as a middle layer between the substrate and chromium carbide
layer; thus, coating toughness can be improved (Sun et al., 2018).

Due to the increasing diffusion coefficient with the TRD process
temperature, it is clear that the carbide layer formed at 1000 °C is
thicker compared to those formed at lower temperatures. It has been



M.R. Najari, S.A. Sajjadi and O. Ganji

SEM HV: 15.0 kv
View field: 55.4 um

Results in Surfaces and Interfaces 8 (2022) 100059

Carbide layer

Substrate

WD: 12.49 mm
m Dot BSE
x | Date(midly): 11125120

Substrate

x | Dato(midly): 11125720

Fig. 4. SEM micrographs obtained from the cross-sections of samples coated at 1000 °C for (a) 4 h, (b) 5 h and (c) 6 h.

determined that the thickness of the carbide layer and the solid solution
region produced by TRD at 1000 °C for 4, 5 and 6 h are 17.30 and
2:30 pm, 17.75 and 2:57 pm, 18.06 and 3:23 pm, respectively. As can be
seen at 1000 °C, extending the immersion time from 4 to 5 h and from
5 to 6 h increases the thickness of chromium carbide coating layers to
0.45 and 0:31 pm, respectively. Similarly, at a constant immersion time
(4, 5 or 6 h), raising the temperature from 900 to 1000 °C increases
the chromium carbide layer thickness to 12.16, 9.95 and 10:05 pm,
respectively. Thus, it is deduced that the influence of temperature on
growing the thickness is more remarkable than immersion time. When
the immersion time extends, the coating growth rate decreases be-
cause the diffusion path of carbon atoms increases, and thus, reaching
the reaction front is longer. This situation confirms that the carbide
layer thickness is controlled by the diffusion of carbon from matrix to
surface (Arai, 2015).

3.2. Elemental distribution in the produced coatings

Chromium, carbon and iron concentrations and their content vari-
ations determined by EDS line scan in the specimens immersed for
6 h at 800, 900 and 1000 °C are indicated in Fig. 5. Considering
Fig. 5a, it is seen that up to 27.62 pm from the coating surface,
chromium content is almost the same as the substrate because, at the
temperature of 800 °C, the diffusion of chromium into the substrate
is very low, leading to the formation of iron—-chromium solid solution
and some distinct chromium carbide nuclei. These results confirm that
this temperature (800 °C) is insufficient to form a complete and perfect
carbide coating. Fig. 5b and ¢ show a decrease in iron content and
an increase in chromium and carbon contents have occurred up to
10.40 pm and 18.55 pm from the specimen surface for the coatings
formed at 900 and 1000 °C, respectively. Regarding the simultaneous
presence of chromium and carbon elements in the coating region, it can
be concluded that this layer is chromium carbide. Due to the formation
of carbide on the surface, the surface carbon content is higher than
the substrate carbon content indicating the gradient concentration of

carbon from the substrate to the surface (Arai, 1993). In general, in
contrast to the concentration of iron, the concentration of carbon and
chromium increases from the substrate to the surface. With increasing
temperature from 900 to 1000 °C, it is observed that the concentration
of chromium and carbon elements in the coating region increases, and
the concentration of iron decreases indicating the effect of temperature
on the diffusion rates of these elements. EDS analysis shows that
the TRD procedure is diffusional (Ganji et al.,, 2020). At this TRD
temperature (1000 °C), the concentration variation of chromium and
iron elements is smooth and with a gradual or gentle slope due to
the high solubility of chromium in iron (Biesuz and Sglavo, 2016; Fan
et al.,, 2010b, 2012, 2010a). It has also been reported that chromium
atoms dissolve easily in iron, especially in the initial stages of TRD
procedure even before the formation of the ceramic coating (Biesuz
and Sglavo, 2016), and a transition layer resulted from the diffusion
of carbide forming elements from the bath to the substrate surface is
produced (Sun et al., 2018; Su et al., 2018). These results confirm what
Ganji et al. (2020) and Su et al. (2018) have already reported. This layer
is assumed to be a solid solution layer which is metallurgically bonded
to the substrate (Su et al., 2018).

The coated samples were further investigated using EDS mapping
analysis (Fig. 6) concerning the distribution of chromium, carbon, and
iron elements in the specimens immersed for 6 h at 800, 900 and
1000 °C. Since at 800 °C, the carbide layer is not yet fully formed
and the coating layer contains the solid solution and chromium carbide
nuclei, the concentration of carbon and chromium in the coating layer
is low, but the concentration and distribution of iron in the coating
layer is high which is in agreement with the EDS point scan results.
Increasing the TRD temperature to 900 °C and forming a uniform and
continuous coating of chromium carbide on the substrate, chromium
and carbon concentrations in the carbide layer are increased. On the
other hand, the concentration of iron in the chromium carbide layer
has decreased compared to the coating formed at 800 °C. Significant
contents of the iron element are represented in the chromium carbide
layer, indicating that this element has diffused from the substrate
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Fig. 5. EDS linear analysis from cross section of samples coated for 6 h at (a) 800 °C, (b) 900 °C and (c) 1000 °C.

towards the carbide coating layer. In addition, the uniform distribution
of iron atoms indicates an easy solution of iron in the chromium carbide
layer (Sun et al., 2018). It is clear that with increasing temperature
to 1000 °C, the concentration of carbon and chromium increases, on
the contrary, the iron concentration decreases compared with coatings
formed at 900 °C. As the TRD temperature increases, the possibility
of diffusion of chromium into the substrate and carbon removal to
the surface is raised. As a result, the diffusion of chromium atoms in
the coated sample at 1000 °C to a greater depth occurs. Based on the
observations from Fig. 6, it can be declared that the cross-sectional
elemental mapping analysis of the distribution of chromium, carbon
and iron elements in the substrate and coating layer indicates that the
process is diffusive.

3.3. X-ray diffraction analysis

The results of X-ray diffraction analysis of coatings formed at 800 °C
for 4, 5 and 6 h are shown in Fig. 7. It can be observed that the primary
phase is the iron-chromium solid solution at all immersion times.
Among the chromium carbide phases, Cry3Cq requires less carbon
content therefore, some Cry3Cq peaks are formed at this temperature,
which is in agreement with EDS results. According to Fig. 7, the
diffraction peak at 2 = 38° is a reflection of Cr,3C¢ formed at 800 °C
for 6 h. This peak is not observed in 4 h and 5 h XRD patterns. The
results indicate that the possibility of carbide formation increases with
extending the immersion time. As can be seen, the intensity of iron—
chromium solution peaks decreases with increasing immersion time.
Therefore, it can be said that with increasing immersion time to 6 h
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Fig. 6. Cross-sectional elemental mapping of samples coated for 6 h at (a) 800 °C, (b) 900 °C and (c) 1000 °C.
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Fig. 7. X-ray diffraction patterns of samples coated at 800 °C for 4 , 5 and 6 h.

at 800 °C, the decomposition of solid iron-chromium solution occurs
and the released chromium atoms form chromium carbides (Ganji et al.,
2021).

XRD patterns of the surfaces of the specimens coated at 900 °C
are given in Fig. 8. The results demonstrate that all the obtained
coatings mainly consist of Cr,Cs and Cr,3Cg. In addition, the presence
of the iron—chromium solid solution phase at all immersion times

is observed. Other researchers have reported the formation of these
chromium carbides (Yuan et al., 2010; Zarchi et al., 2009; Ghadi and
Soltanieh, 2015; Ganji et al., 2020; Khalaj and Khalaj, 2014; Zong et al.,
2019). Compared to Fig. 7, more diffraction peaks related to Cr,3Cg are
observed in Fig. 8. In addition, Cr,Cs is formed at this temperature
for all the immersion times. This situation can be attributed to the
increasing possibility of the formation and growth of chromium carbide
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Fig. 9. X-ray diffraction patterns of samples coated at 1000 °C for 4, 5 and 6 h.

phases with increasing temperature. It should be pointed out that the
most stable chromium carbide phase is Cr3C, which is not formed at
this temperature due to the lack of carbon while enough amounts of
CFEs are provided by the bath, simultaneously. Therefore, it can be said
that carbon diffusion controls the reaction (Arai, 2015). One possible
explanation for carbon deficiency can be related to the low processing
temperature of 900 °C resulting in reducing the carbon diffusion from
inside the substrate to the surface.

X-ray results of the coatings formed at 1000 °C (Fig. 9) show a
successful chromium carbide formation including, Cr,Cs, Cry3Cq, and
Cry,C; on the iron-chromium solid solution layer similar to previous
studies (Ghadi et al., 2016; Biesuz and Sglavo, 2016; Sun et al., 2018;
Su et al., 2018, 2019). It has been reported that Cr,C;, Cr;C, and
Cry3Cg phases can be expressed as M,Cs, M;C, and My;Cg, respec-
tively (Glowacki and Kaluba, 1982; Stets and Man, 1993). According to
the iron-chromium-carbon ternary phase diagram, M,;Cs (M = Fe, Cr)

is present in high chromium - low carbon situations, and M;C, phase
is present in low chromium - high carbon situations (Su et al., 2019).
Comparison of the XRD patterns obtained from the carbide coatings
formed at 1000 °C with the XRD patterns of carbide coatings formed
at 800 °C and 900 °C indicates that with increasing temperature to
1000 °C, more diffraction peaks of Cr,C3 and Cry3Cg are observed.
It is important to note that at all immersion times at 1000 °C, the
most stable phase Cr;C,, was formed specifying that carbon content is
enough due to the high diffusion rate of carbon at the high temperature.
For immersion times of 4 and 6 h, Cr,C; carbide phase can be detected
at 2 = 69° (Fig. 9a and Fig. 9(c) however, there is no peak at this
angle for the coating formed at 5 h. Therefore, it can be concluded that
some phases of chromium carbides, such as Cr,Cs, can be formed and
dissolved during the TRD molten salt bath. In general, the XRD results
verified that the possibility of chromium carbide formation increases
with increasing temperature and time.
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Fig. 10. Microhardness values versus distance from cross-section of samples coated at 800 °C for (a) 4 h, (b) 5 h and(c) 6 h.

3.4. Microhardness test

Fig. 10 shows the microhardness variation versus distance from
surface of the coated samples at 800 °C. It is observed that the hardness
increases by moving from the substrate to the surface. All coatings at
this temperature have hardness values in the range of the hardness
of the chromium-iron solid solution layer. As mentioned above, with
increasing immersion time at 800 °C, chromium carbide nuclei are
formed and grown. Therefore, hardness of the coating formed at 6 h
increases. Nevertheless, the formed chromium carbide layer is not
complete and possesses porosity. Consequently, the hardness of the
coating layer was less than the chromium carbide compact layer.

Microhardness variations versus distance from surface of the coated
samples at 900 and 1000 °C are shown in Figs. 11 and 12, respectively.

One zone with a hardness between the hardness of the substrate and
the chromium carbide coating layer was recognized in coated samples
at 900 and 1000 °C for all immersion times which is attributed to
the iron-chromium solid solution layer. Depending on the Cr/C ra-
tio, different structures of chromium carbides have different hardness
values (Su et al., 2019).

Ghadi et al. (2016) has reported similar results for hardness of iron—
chromium solid solution Both chromium carbide and iron-chromium
solid solution layers achieved higher hardness than the substrate. It is
seen that the solid solution layer prevents the abrupt hardness transi-
tion between the chromium carbide layer and the substrate. Hardness
measured for the chromium carbide layers and iron—chromium solid
solution in the coated sample at 900 °C were in the range 1014-1300
HV and 508-724 HV, respectively. In addition, the obtained coatings at
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Fig. 11. Microhardness values versus distance from cross-section of samples coated at
900 °C for (a) 4 h, (b) 5 h and (c) 6 h.

1000 °C demonstrate the microhardness in the range 1246-1600 HV for
the chromium carbide layers and 613-761 HV for the iron-chromium
solid solution layers. It is possible that the decrease in iron content
in the chromium carbide coating with increasing temperature and
immersion time, as shown in Tables 4 and 5, maybe the main reason for
the increase in hardness with temperature and immersion time. Giinen
et al. (2020b) noted that the higher thickness of the coating layer, the
higher hardness values can be achieved because a thick layer provides
more resistance to deformation in areas surrounding the indentations.

3.5. Coefficient of friction and wear

Graphs of coefficient of friction (COF) as a function of sliding
distance obtained from wear tests of the untreated AISI W1 substrate
and the coated samples are shown in Fig. 13. It is seen from Fig. 13a
that the untreated AISI W1 follows a stabilized course after a very rapid
increase in COF in the first 130 m of sliding. It is demonstrated that the
applied load to the untreated sample may have caused the deformation
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hardening of the material (Gunen et al., 2014). This claim is supported
by the fact that the surface hardness of AISI W1 steel is 360 HV and
485 HV before and after the wear test, respectively. Another possible
reason for this situation is that during sliding, the local temperature rise
may lead to the formation of low-friction adhesive oxide films because
the experiments were carried out in the air (Giinen et al., 2020b; Jin
et al., 2017).

The COF curves of the sample coated at 800 °C are shown in
Fig. 13b. The COF values for 4 h were close to the untreated AISI W1
substrate because, as mentioned before, only a few chromium carbide
nuclei were formed in this situation. More chromium carbide nuclei
are formed by increasing the immersion time to 5 and 6 h resulting in
decreasing of COF values. Significant fluctuations in COF are observed
during the whole test period because the coatings formed at 800 °C
are non-uniform and porous. Wear curve of the coated sample for 6 h
displays an increase in COF for the first 80 m afterward, the COF curve
has a slight increase up to 133 m and finally, it decreases suddenly. The
increase in COF is likely caused by destroying the chromium carbide
nuclei and iron-chromium solid solution.

Fig. 13c and d show the COF graphs of the samples coated at
900 °C and 1000 °C, respectively. Without exception, all coated speci-
mens at 900 and 1000 °C have lower COF values than the uncoated
AISI W1, which is in agreement with the results reported by other
researchers (Zong et al., 2019; Su et al., 2018). Decreasing the friction
coefficient of chromium carbide coatings compared with the substrate
could be associated with the high hardness of the chromium carbide
phases and the higher carbon content in the coatings (Giinen et al.,
2019, 2020a,b; Zong et al., 2019). COF fluctuations of the coatings
formed at 900 and 1000 °C were decreased, which could be explained
by considering that these coatings are uniform and have no porosities.
It was observed that with increasing TRD temperature and immersion
time, the average COF values of coated samples decrease since thicker
and harder carbide coatings improve friction behavior (Giinen et al.,
2020b; Gok et al., 2017). Therefore, coatings formed at 1000 °C have
better friction behavior than coatings formed at 900 °C. It is believed
that during the wear test, the coatings can break down by the applied
load into hard particles. The COF values increase during the whole wear
test period because these third body particles act as abrasive between
the pin and the surface (Ma et al., 2015).

The wear loss values of the untreated and the coated samples at
different temperatures and immersion times after the wear test are
presented in Fig. 14. The weight loss of coatings formed at 800 °C is
close to the weight loss of the substrate. However, the coated samples at
900 and 1000 °C showed a significant enhancement in wear resistance
compared to the untreated sample. The samples treated at 1000 °C
showed better wear resistance than those treated at lower temperatures.
Similarly, the samples immersed in the molten salt bath for more
extended periods demonstrated improving wear resistance. It is noted
that increasing surface hardness and thickness of the coatings layer
have a beneficial effect on wear performance. Because the penetration
of abrasive pin and wear debris on the substrate decrease by increasing
hardness (Giinen et al., 2017).

3.6. Evolution process of chromium carbide coating

Based on the current investigation performed at different condi-
tions (temperatures and immersion times) and the published researches
(Ganji et al., 2020; Sun et al., 2018; Glowacki and Kaluba, 1982), a
proposed model for the formation and growth of chromium carbide
coating on AISI W1 steel substrate is presented. According to the model,
in the initial stages, chromium oxide is reduced through reaction (1)
by adding aluminum to the salt bath and chromium atoms are released

into the molten salt bath.
Cry0; +2Al = AL,O; +2Cr G, (kJmol™") = —406:8 — 0:0477 T

(298 K < T <2171 K) )
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Fig. 12. Microhardness values versus distance graph from cross-section of samples coated at 1000 °C for (a) 4 h, (b) 5 h and (c¢) 6 h.

It is well known that the amount of Gibbs free energy ( G) deter-
mines the chemical reactions in a system. As the free energy of reducing
chromium oxides decreases with increasing temperature, chromium
oxide is more easily reduced at higher temperatures. As mentioned
before, chromium has a high solubility in iron because the atomic
radius of chromium and iron are similar (Sun et al., 2018). Diffusion
of chromium atoms takes place into the austenite matrix resulting in
the formation of iron—chromium solid solution. Carbon atoms migrate
to the outermost surface of austenite due to the gradient of chemical
potential and combine with chromium atoms (Fan et al., 2012; Cao
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et al., 2016). As a result, chromium carbide nucleates on the solid
solution layer. As indicated below, Gibbs free energy of formation of
different chromium carbides at temperatures between 1073 and 1273

K are negative and also the energy values decrease with increasing
temperature.

23Cr+6C CrpCq Gy (KJmol — 1) = =309:616 — 0:0774 T
(298 K < T < 1773 K)

7Cr +3C Cr,C4

2
Gy (KJmol — 1) = —174:401 — 0:0259 T
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Fig. 14. Wear weight loss of the untreated W1 and coated samples.

(298 K < T <2171 K) 3
3Cr+2C Cr;C, Gy (KJmol — 1) = =79:078 — 0:01766 T
(298 K < T < 2130 K) 4

Hence, the thermodynamic condition is more proper for the forma-
tion of chromium carbides at higher temperatures. Sun et al. (2018)
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stated that new chromium carbides could form and grow on the existing
chromium carbides. It can be said that the solid solution layer acts
as a proper place for chromium carbide nucleation, and carbon atoms
pass through from the iron-chromium solid solution to the carbide
layer (Ghadi et al., 2016; Ganji et al., 2020). When a continuous
carbide layer is formed, the growth of the carbide layer is controlled
by the diffusion of chromium atoms from the bath into the existing
carbide layer and the diffusion of carbon atoms from the substrate.
Simultaneously, iron diffusion to the chromium carbide layer occurs,
leading to the formation of (Cr, Fe) multicarbide in which chromium
atoms could replace some of the iron atoms in the formed chromium
carbide (Sun et al., 2018). Ganji et al. (2021) stated that the solid
solution layer becomes thinner with increasing immersion time be-
cause of the decomposition of this layer. Accordingly, the released
chromium atoms combine with the substrate carbon leading to the
formation of chromium carbide particles. However, the present study
has shown the opposite effect of immersion time on the thickness of
the iron-chromium solid solution layer in which, the iron—chromium
solid solution layer became thicker with increasing immersion time. It
can be attributed to the type of substrate in terms of the amount of
alloying elements. It should be mentioned that cold work D2 tool steel
is a high alloy steel containing 12 wt% chromium, while AISI W1 tool
steel is a simple carbon steel. Since several primary carbides are exist
in the matrix of D2 tool steel, the diffusion of carbon atoms from the
substrate to the surface and chromium atoms from the TRD bath to
the substrate are more difficult in D2 tool steel than in W1 tool steel.
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