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Thermo-reactive diffusion (TRD) process is used to produce hard, wear-resistant, oxidation and corrosion-resistant coating
layers on steel substrates. In this research, molten salt bath method was used for the formation of chromium coating in which,
low- and high-ferrochromium powder was separately dissolved in molten borax as the source of chromium. The purpose of
this research is to investigate the effect of the carbon content in the substrate and the salt bath on the formation of chromium-
based coating layers on sample surfaces. Coating thickness and microstructure formed in the baths were studied using
scanning electron microscope (SEM) and optical microscope (OM). The coating thickness of the samples treated in low-carbon
ferrochromium baths (38 ± 2 µm) was 5 times greater than those treated in the high-carbon ferrochromium baths (8 ± 2 µm).
The sample surface, the final baths residue, and the initial ferrochromium powders were examined by X-ray diffractometer
(XRD). Results showed that, no chromium carbide phases (Cr7C3 or Cr23C6) were formed on the pure iron samples which
comes to the point that, the presence of carbon in the samples plays a major role on the formation of carbide coating layers.
In comparison, the carbon content of bath has no positive effect on the chromium carbide formation and even reduces the
chromium diffusion into the surface of the samples.
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Introduction

In order to fabricate thin hard coatings, three major
kinds of processes namely Chemical Vapor Deposition
(CVD), Physical Vapor Deposition (PVD) and Thermo-
Reactive Diffusion (TRD) techniques were put into
practical application by a number of worldwide industries
[1-3]. TRD is one of these processes which are used for
making hard and wear-resistant coating layers such as
carbides, nitrides, or carbonitrides on ferrous alloys [4-6].
These coatings are used to improve the wear and
corrosion behavior of the surfaces of ferrous materials
such as steels, in addition to increasing their hardness
[4, 7, 8]. The TRD process is carried out by molten salt
bath [9] and fluidized bed [10] methods. Molten salt
bath method involves immersion of materials in a
molten borax bath that contains the relevant carbide
forming elements (CFE) such as vanadium, niobium, or
chromium [4, 11].

Chromium is one of the elements which have been
successfully diffused into ferrous alloys by TRD
process especially using the salt bath method. A bath
composed of an appropriate salt and a chromium
containing agent is used for successful salt bath
chromizing [9, 12, 13].

Different salts such as: borax, boric acid or sodium

chloride may be used as baths in the salt bath method.
However, Arai et al. reported that using borax causes
better quality coatings [9, 13-15]. This is why the borax
was used as the base of bath in the present study.

Chromium metal powder, ferrochromium, chromium
halides and chromium oxide have been used as the
chromium sources. According to literature survey,
ferrochromium is the most economically-available
source of chromium for the TRD process. Two kinds of
ferrochromium are available, namely, low-carbon
ferrochromium that contains maximum 0.1 wt% carbon
and high-carbon ferrochromium that contains 4-7 wt%
carbon. The chromium content of both groups lies in
the range of 60-70 wt% [6, 14, 15].

Different sources of chromium with dissimilar
percentages of carbon were used as starting materials.
Different phases of chromium coating layer and the
coatings thickness were achieved [13-16]. A summary
of these results prepared by TRD method is listed in
Table 1. Nevertheless, no attention was reported on the
carbon content of this material and its effects on the
type and thickness of coating layers. In current study,
an attempt was made out to survey the aforementioned
results and also to investigate the effect of carbon in
both substrate and bath during the formation of the
chromium coating layer on steel samples.

Experimental
In this research, as substrates, pure iron (99.99%)

plates with 10 × 10 mm2 and half of a millimeter
thickness were prepared using precise cutting tools. As
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solution media for coating, two salt baths with the
same amount of barox salt and relatively different
carbon content was used. Bath No.1 constitutes 12 wt%
of low-carbon ferrochromium (LCFC) powder and the
latter (bath No.2), high-carbon ferrochromium (HCFC)
with identical weight percent. Table 2 illustrates the
detailed chemical compositions of baths used in this
work. The iron plates were ground and polished. The
samples were immersed into salt baths for 14 hours at
1000 oC. Subsequently, coated dragged out samples
were air-quenched and washed with distilled water and
finally desiccated.

Optical and scanning electron microscope (SEM)
micrographs were used to study the morphology and the
thickness of the coating layers. X-ray diffractometer (XRD)
(model:  JEOL JDX-5030) was utilized to characterize the
surface of the samples, the final baths residue and the initial
ferrochromium powders, as well.

Results and Discussion

Investigation of the chromium coating layer
Based on the experiments performed, it is believed

that the carbon content of both the substrate and the salt
bath plays a major role in the chromium diffusion. The
images of optical and scanning electron microscope
(SEM) for samples coated in baths with low and high
carbon content of ferrochromium are shown in Fig 1
and 2, respectively. In addition, X-ray diffraction

patterns were analyzed (Fig 3a and 3b) for bath No. 1
and 2, respectively.

As can be seen clearly in Fig 1 and 2, chromium has
diffused into pure iron samples. The chromium coating
layer formed in bath No. 1 possessed a uniform
thickness of 38 ± 2 µm (Fig 1). Based on XRD results
in Fig 3a, this chromium coating layer consisted of an
iron-chromium solid solution phase. Since there was no
carbon in the substrate and the bath, neither of the
chromium carbide phases was formed on the sample
surface. 

The chromium coating layer formed on the pure iron
sample in bath No. 2 was non-uniform and had a
thickness of 8 ± 2 µm (Fig 2). As shown in this figure,
the microstructure of the sample has changed. Based
on XRD results indicated in Fig 3b, no chromium
carbide phases were formed, but iron carbide (Fe7C3),
ferrite and iron-chromium solid solution phases were
detected. It is anticipated that some excess carbon has
diffused from salt bath into pure iron substrate. Since,

Table 1. Results of using ferrochromium powder as the carbide-forming agents for the formation of chromium coating layer in molten
salt bath [13-15].

Substrate Salt Chromium source
T

(hrs)
T

(ºC)
Thickness

(µm)
Coating phase Ref.

Plain carbon
steel

JIS S10C

300 g Borax

150 g
ferrochromium 

powder

4 1000 20 Solid solution of Fe-Cr 13

Plain carbon
steel

JIS S45C
8 1000 30

Cr23C6 + Cr7C3+
solid solution of Fe-Cr

14

Tool carbon
steel

JIS SK2
24 800 15

Cr23C6+ Cr7C3+
solid solution of Fe-Cr

15

Plain carbon
steel

40 g
 Low carbon 
ferrochromium 

powder

14 1000 32 ± 8
Cr23C6+ Cr7C3+

solid solution of Fe-Cr
16

Plain carbon
steel

40 g
High carbon 
ferrochromium 

powder

14 1000 6.8 ± 1.2 Cr7C3 16

Table 2. Chemical composition of the LCFC and HCFC
powders (wt%).

Element (wt%) C Cr Si S P Fe

LCFC 0.1 68 0.7 0.005 0.02 Balance

HCFC 7.5 68 0.7 0.004 0.04 Balance

Fig. 1. Optical (a) and SEM (b) images of the pure iron sample
coated in bath No. 1, at 1000 oC for 14 hrs (etched in nital 3%
HNO3 solution). 
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iron carbide is thermodynamically more stable than
chromium carbide, neither of chromium carbide phases
such as Cr7C3 and Cr23C6 was detected in the sample
surface. Regarding the results from pure iron samples,
it can be deduced that the carbon content of the
samples plays an essential role in the formation of the

chromium carbide phases. Chromium diffuses into the
substrate and reacts with the carbon present in the steel
and subsequently, chromium carbide is formed on the
metallic surface [11, 17]. Furthermore, as claimed by
X. Fan, as the activity of carbon in the substrate
increases, more approving carbide phase is observed in
the coating microstructure [18].

The EDS results of the elemental point analysis (Fig
4), conducted on the chromium coatings layer formed
on the pure iron samples for bath No. 1, indicated that
the chromium has diffused into the surface of the pure
iron so that its amount reached to 15.6 wt% in a point
which is 2 µm below the surface. In Fig 5, the SEM
micrographs of the sample treated in bath No. 1 are
shown. This figure is a line-scan analysis of the sheet
sample. The linear elemental scan results, shown in Fig
5, indicate that chromium curve reaches a maximum of
about 40 µm below the surface, then chromium content
decreases and finally it increases again to the former
value of approximately 40 µm below the surface of the
other end of the sample. All in all, it can be concluded
that a relatively high amount of chromium has diffused
from bath No. 1 into the sample surface of the pure
iron.

Fig. 2. Optical (a) and SEM (b) images of the pure iron sample
coated in bath No. 2, at 1000 oC for 14 hrs (etched in nital 3%
HNO3 solution).

Fig. 3. XRD patterns of the sample surface of the pure iron
immersed into bath No. 1(a) and bath No. 2(b).

Fig. 4. Elemental point analysis at a point located 2 µm under
the sample surface of the pure iron treated in bath No. 1.

Fig. 5. Elemental line scan analysis from the sample surface
of the pure iron treated in bath No.1.

Fig. 6. Elemental point analysis at a point located 2 µm under
the sample surface of the pure iron treated in bath No. 2.
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The EDS results of a point where is located 2 µm
under the surface of the treated pure iron sample shown
in Fig 6 indicate that the chromium and carbon has
diffused into this sample while bath No. 2 is used.
These results show that the carbon has increased to
3.5 wt% while the chromium has reached to 6.9 wt% in
that point. As it is obviously seen, carbon has diffused
into the plate and then, it has reacted with the pure iron
sample resulting in the formation of iron carbide. As a
consequence, the sample structure of the pure iron has
altered. In Fig 7, the SEM micrograph of end to end
analysis of the sample treated in bath No. 2 is shown
which indicates that, a small amount of the chromium
has diffused into the sample surface of the pure iron.

The analysis of the baths and the additive powders 
As previously discussed, the thickness of the

chromium coating layer using bath No. 1 is higher than
that of bath No. 2. However the only difference between
the two baths is the carbon content of the ferrochromium.

To address this phenomenon, the quenched bath and
ferrochromium powders were investigated by XRD
method. In Fig 8a, the diffraction pattern of bath No. 1 is
shown. The crystalline phases such as iron-chromium
solid solution and ferrite (iron-carbon solid solution) were
detected just simultaneously with the amorphous
background present due to the amorphous structure of
borax. In Fig 8b, XRD pattern of the initial low-carbon
ferrochromium powder (LCFC) is presented. Comparisons
of these two patterns show that the same phases were
detected in both samples.

In Fig 9a, the diffraction pattern of bath No. 2,
chromium carbide phase (Cr7C3), iron-chromium solid
solution phase and carbon phase can be observed and
also in Fig 9b, X-ray characterization of as received
high-carbon ferrochromium powder (HCFC) is shown. 

Comparing Figs 8a and 8b, and Figs 9a and 9b, it can
be conceived that the phases present before and after
addition of ferrochromium powder in the borax bath
maintain their structure i.e. it seems that borax acts only
as a medium for the dissolution of the ferrochromium
powder and causes no considerable changes in the state
of the ferrochromium powder.

According to the results obtained from X-ray diffraction
patterns, it can be understood that the chromium in bath
No. 1 only exists in iron-chromium solid solution phase.
Therefore, the chromium will freely move within the bath
and no atomic bond forms between the chromium and the
other atoms (such as carbon or iron) in the bath.
Consequently, a high amount of chromium diffuses into
the pure iron sample and, as a result, a chromium
coating layer with a thickness of 38 ± 2 µm is formed. 

Based on XRD results, in addition to iron-chromium
solid solution, two other phases i.e. chromium carbide

Fig. 7. Elemental line scan analysis from the sample surface
of pure iron treated in bath No. 2.

Fig. 8. The XRD pattern of quenched bath No.1(a) and Low-carbon
ferrochromium powder (b).

Fig. 9. XRD pattern of quenched bath No.2 (a) and high-carbon
ferrochromium powder (b).
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and some carbon phases were detected in bath No. 2
due to the higher carbon content. This chromium
carbide phase results in less free-chromium in this bath
compared to bath No. 1. So the thickness of chromium
coating layer in the sample surface is measured to be
about 8 ± 2 µm. Thus, the chromium coating layer
formed using bath No. 1 is about five times thicker
than that of the sample treated in bath No. 2.

Bath No. 2 including HCFC powders contains some
stable chromium carbide phase which lowers down the
chromium mobility and its diffusion into the sample.
Furthermore, some free carbon has diffused in the
sample and tends to form iron carbide phase in the
sample surface and then, this phase acts as a chromium
diffusion barrier. So all together, existence of carbon in
the bath is not in favor of the formation of the
chromium carbide coating, in contrast, the carbon
presence in the substrate is favorable on the formation
of the chromium carbide coating layers. 

Conclusions

It can be concluded that the carbon content of the
substrate acts the main role in the formation of the
chromium carbide phase. Chromium in bath No. 1
(molten borax salt containing LCFC) only exists as a
free atom in the iron-chromium solid solution phase.
Therefore, chromium will freely diffuse into the sample
surface. In bath No. 2 (molten borax salt containing
HCFC), less free chromium atoms are available
because of the existence of chromium carbide phase.
Therefore in comparison with bath No. 1, less
chromium diffuses into the pure iron substrate and as a
result, the thickness of the chromium coating layers
formed in bath No. 1 is five times higher than those
formed in bath No. 2. High carbon content in the bath

may act as an inhibiting factor against diffusion of
chromium element into the substrate and the formation
of the chromium-containing coating layers on the
sample surface will decrease drastically.
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