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A series of chromium carbide coatings were formed on ductile cast iron QT600-3 by thermal reactive diﬀusion
(TRD) processes in ﬂuoride salt bath at 850–980 °C for 10 min ~ 40 h under an argon atmosphere. Coatings were
analyzed by X-ray diﬀraction analysis (XRD), scanning electron microscopy (SEM) and energy dispersive X-ray
spectrometry (EDX). The results demonstrate that the microstructure of chromium carbide coatings formed on
ductile cast iron QT600-3 at 850 °C is related to the treatment time. At ﬁrst 10 min, there is only a thin layer of
Cr7C3 in the coating. At 1 h, the outermost layer of the coating is a thin Cr23C6 layer, and there is a thin M3C layer
beneath the M7C3 layer. With increasing treatment time, the thickness of all layers in the coatings increases. For
the sample treated for longer than 1 h, the microstructure of coating is Cr23C6, M7C3 and M3C from the outermost
layer to the substrate. The microstructure of chromium carbide coatings formed on high C content steel substrates via TRD processes is independent with the composition of the base salt. The growth kinetics of chromium
carbide coating follows a parabolic law with an activation energy of 129.906 kJ/mol. The evolution of hardness
of coatings is consistent with the microstructure evolution of coatings.

1. Introduction
Chromium carbide have high hardness and high wear, corrosion and
oxidation resistances as well as comparable coeﬃcients of thermal expansion to the steel substrate [1–4]. Therefore, tremendous eﬀorts have
been used to produce chromium carbide coatings on steel substrates,
such as chemical vapour deposition (CVD) [5,6], high rate reactive
magnetron sputtering [7], electro-spark deposition [8], ﬁltered
cathodic vacuum arc deposition [9], pack cementation method [10]
and thermal reactive diﬀusion (TRD) [1,11,12]. Among them, TRD is a
simple, environmental friendly and inexpensive method [13]. And the
coatings formed by TRD processes are dense and metallurgically
bonded to the steel substrate [14].
It's well known that chromium carbide has three stable phases:
Cr2C3, Cr7C3 and Cr23C6 [15,16]. Diﬀerent crystal structures exhibit
diﬀerent properties. For example, Cr23C6 has better oxidation resistance
than Cr3C2 and Cr7C3 [17]. Cr3C2 exhibits the highest melting-point
[15]. Therefore, it is important to study the microstructure of chromium carbide coatings. Microstructure of chromium carbide coatings
were thought to be related to the Cr and C contents in the steel substrate
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[5,18] and the treatment temperature [10], and independent with
chromizing processes [5,19]. Gholamreza et al. studied the eﬀect of prenitriding time, ferro-chromium particle size, ferro-chromium weight
percent, salt bath temperature, and treatment time on the thickness of
coatings and developed models to the estimate the thickness of coatings
[12,20,21]. However, there were limited reports on the eﬀects of
treatment time on the microstructure of chromium carbide coatings.
Arai studied the growth behavior of chromium carbide coatings in
borax salt bath [19]. The X-ray diﬀraction (XRD) results revealed that
the coatings formed from 30 s to 72 ks were only M7C3 (M = Cr, Fe).
Beneath the M7C3 layer, M3C was found in W1 (0.98 wt%C) at 1083 K
for 72 ks. M23C6 was found only in the coatings formed at 1173 K for
longer than 3.6 ks. These results revealed that microstructure of chromium carbide coatings was dependent on the treatment time. However,
the relationship between the microstructure of coatings and the treatment time was not demonstrated clearly. Therefore, the aim of present
work was to investigate the eﬀect of treatment time on the microstructure of chromium carbide coatings. In this paper, the growth behavior and microstructure evolution of chromium carbides coating on
ductile cast iron QT600-3 via TRD technology in ﬂuoride salt bath were
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mapping scan. The results are plotted in Fig. 3. When the treatment
time is less than 1 h, there is still about 30 wt% Fe on the surface of the
coating. This result demonstrates that the thickness of formed chromium coatings is thinner than the probing depth of EDX. When the
treatment time is longer than 1 h, the content of Fe on the surface of
coatings decreases sharply, and the content of Cr keeps increasing
slowly. These results reveal that the thickness of chromium coating is
greater than the probing depth of EDX after treatment at 850 °C for 1 h.
And higher content of Cr compounds were obtained on the outermost
layer of coatings with increasing immersion time.
XRD patterns (Fig. 4) are consistent with these deduce. The ductile
cast iron QT600-3 substrate mainly contains a Fe phase. When the
treatment time is 10 min, the XRD pattern is composed of Cr7C3 and Fe
phases. The coating formed in molten salt bath is uniform. Therefore,
the outermost layer of coatings should contain only one phase. The
observation of the Fe phase could be attributed to the fact that the
thickness of the chromium carbide coating is less than the probing
depth of XRD. Therefore, the outermost layer of samples treated for
10 min is Cr7C3. After immersion treated for 1 h, Cr23C6 and Cr7C3
phases coexist, and the Fe phase is almost disappeared. These results
indicate that the thickness of chromium carbides coating is greater than
the probing depth of XRD. With the treatment time further increasing,
the content of Cr7C3 decreases and the content of Cr23C6 increases.
When the treatment time increased up to 40 h, the Cr7C3 phase almost
disappears and Cr23C6 is the ﬁnal product on the outermost layer of the
coating. Since Cr23C6 has higher Cr/C molar ration than Cr7C3, Cr23C6 is
the higher content of Cr compound. The XRD results are compatible
with the EDX analysis (Fig. 3).
Based on the analysis above, the growth behavior of the surface of
coatings can be concluded as this: a thin layer of Cr7C3 is ﬁrstly forms
on the surface of the substrate. After immersion treated in molten salt
for 1 h, the outermost surface of the sample is covered by a thin layer of
Cr23C6. With increasing immersion time, the thickness of Cr23C6 layer
increases.

Fig. 1. Metallographic image of the etched ductile cast iron QT600-3 substrate.

studied. Besides, the hardness of samples was also tested.
2. Experimental procedures
As-cast ductile cast iron QT600-3 (C 3.6–3.8%, Si 2.4–2.8%, Mn
0.3–0.5%, S 0.03–0.035%, P < 0.1%, Mg 0.045–0.05%) samples with
dimensions of 20 × 10 × 2 mm were used in the present investigation.
Prior to treatment, the samples were ﬁrst ground down to 1500 mesh
emery paper. After polishing, the specimens were marked with consecutive numbers by laser ablation method. Then the specimens were
ultrasonically cleaned in deionized water and ethyl alcohol in turn, and
dried in an oven at 120 °C. Fig. 1 gives the optical micrograph showing
the phase constituents of graphite, ferrite and pearlite in the etched
ductile cast iron QT600-3. The distribution of graphite is homogeneous.
The nodularity is higher than 90%. And the diameter of graphite is
mainly in the range of 20–40 µm. The matrix is prevalently ferrite
(content greater than 80%). LiF-NaF-KF (46.5–11.5–42 mol. %, FLiNaK)
molten salt was puriﬁed by the H2-HF process to eliminate impurities,
such as oxides and sulfates. The salt bath were composed of 5 g Chromium powder (99%, Sinopharm Chemical Reagent Co., Ltd) and 250 g
puriﬁed FLiNaK salt.
The whole treatment processes were conducted in a furnace inside a
glove box in which the oxygen and moisture contents were kept to less
than 10 ppm. Samples were immersed in the FLiNaK molten salt bath in
a 316 L crucible. Details of the crucible assembly were described in our
previous work [22]. Treatment time from 10 min to 40 h was used. The
treatment temperature was between 850 °C and 980 °C. After the
treatment, the samples were cleaned ultrasonically in water and absolute alcohol, and dried. X-ray diﬀraction (XRD) and scanning electron
microscope (SEM) coupled with an energy dispersive X-ray microanalysis (EDX) were used to characterize the coatings. The hardness of
coated samples and substrates were measured on the cross-sections
using Vickers indenter with 100 gf loads for 15 s. Each sample was
tested for ﬁve times.

3.2. Growth behavior of cross section of coatings
The cross-sectional SEM images and corresponding EDX line scanning proﬁles of samples treated at 850 °C for diﬀerent times are presented in Fig. 5. The coatings on ductile cast iron QT600-3 are compact,
uniform and metallurgical bonding with the substrate. With increasing
treatment time, the thickness of coatings increases, and there are more
layers in the coating. The EDX spectrum in Fig. 5(b), (d), (f), and (h)
show that the content of Cr decreases from surface to the substrate.
Therefore, the outermost layer of coatings contains compound with
higher content of Cr.
The visual diﬀerences in SEM images among layers are attributed to
diﬀerent microstructure with various metal - carbon ratio. Analyses
(Section 3.1) on the surface of samples provided valuable information
about the microstructure of the outermost layer. The outermost layer of
the coating is Cr7C3 for samples treated less than 10 min. The outermost
layer of the coating is Cr23C6 for samples treated longer than 1 h. As
regards the microstructure of inside layers, EDX line scanning proﬁles
in Fig. 5(d, f, h) show that there are a fairly amount of Fe and Cr in the
intermediate layers between the outermost layer (Cr23C6 layer) and the
substrate. The outward diﬀusion of Fe and C and the inward diﬀusion of
Cr will be suppressed by the formed Cr7C3 layer for samples treated for
longer than 1 h. Therefore, after the formation of Cr7C3 layer, there are
less C in the outermost layer and less Cr in the layer beneath Cr7C3
layer. Ternary phase diagram of iron-chromium-carbon [5] indicates
that there would be M23C6 (M= Cr, Fe) in the situation of high Cr and
low C and M3C in the situation of low Cr and high C. According to the
EDX spectrum and the analysis of phase diagram, for the sample treated
for longer than 1 h, the outermost layer of the coating is Cr23C6 and the
two intermediate layers should be M7C3 and M3C. However, it's diﬃcult
to distinguish M7C3 from M3C in Fig. 5(c, d), which should be due to the

3. Results and discussion
3.1. Growth behavior of the surface of coatings
The SEM images of the surface of coated samples treated at 850 °C
for diﬀerent times are presented in Fig. 2.
As shown in Fig. 2, the surface of the coated sample treated for
10 min is almost homogenous. The characteristic structure of ductile
cast iron - “graphite holes” is replaced by numerous dents, which could
be attributed to the slower growth rate of coatings on graphite spherulites than that on the substrate [23]. The surface of the sample treated
shorter than 1 h is smooth, and traces of polishing could still be found.
With increasing immersion time, the surface of samples is covered with
thicker coatings, and traces of polishing disappear.
The contents of Fe and Cr on the surface were analyzed by EDX
1197
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Fig. 2. SEM images of the surface of samples treated at 850 °C for diﬀerent times. a) 10 min, b) 1 h, c)16 h, d) 40 h.

fact that the thickness of M3C layer is too thin to be distinguished. The
thickness of coating and diﬀerent layers increases with the increase of
the treatment time. Therefore, the boundary between M7C3 layer and
M3C layer in the sample treated for 16 h and 40 h can be clearly distinguished, as shown in Fig. 5(e, f, g, h).
The microstructure of chromium carbide coatings formed in ﬂuoride
salt is compared with this formed in borax and chloride salts. Arai
studied the growth behavior of chromium carbide coatings in borax salt
bath [19]. The immersion time needed for the formation of Cr23C6 was
1 h, which was the same as that in ﬂuoride salt. The M3C layer was
found beneath the M7C3 layer in high C steel W1 (0.98 wt%C). L.
Zancheva et al. studied the formation of chromium carbide layer by a
series of long-time (30 h) chromizing heat-treatments at 1000 °C with
carbon steels (0.2%-1.65 wt% carbon) in chlorine salt [18]. They
thought that the structure of coating was M23C6, M7C3, M3C and γ-Fe
from the outermost layer to the substrate at high C content (1.65 wt%)
substrates. This microstructure is exactly the same as that in ﬂuoride
salt for the sample treated longer than 16 h. All these common points
led up to the conclusion that the microstructure of chromium carbide
coatings formed on high C content steel substrates via TRD processes is
independent with the composition of the base salt.
Fig. 3, Fig. 4 and Fig. 5 indicated that the microstructure of chromium carbide coatings formed on ductile cast iron QT 600-3 via TRD
processes are related to the treatment time. The schematic illustrates in
Fig. 6 show the evolution of chromium carbide coatings in the salt bath.
At ﬁrst 10 min, Cr from the salt reacts with C in the substrate to form
Cr7C3. There are two probable explanations for the phenomenon that
M7C3 formed in preference to M3C: 1) Cr7C3 is formed by reaction between C and Cr, which is faster than the formation of M3C (M3C is
formed by substitution of some sublattice Cr sites of Fe3C in the substrate by Fe atoms [24]). 2) The capability of very rapid heating and
cooling in the salt bath [19]. The outward diﬀusion of Fe and C and the
inward diﬀusion of Cr are suppressed after the formation of Cr7C3 layer.
The Cr23C6 forms in the situation of high Cr and low C on the outermost
of the coatings. And M3C forms in the situation of low Cr and high C
beneath the M7C3 layer. Meanwhile, the outward diﬀusion of Fe into

Fig. 3. Weight percentage of elements on the surface of samples treated at
850 °C for diﬀerent times.

Fig. 4. XRD patterns of base metal and samples treated at 850 °C for 10 min,
1 h, 16 h and 40 h.
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Fig. 5. Cross-sectional SEM images (a, c, e and g) and corresponding EDX line scanning proﬁles (b, d, f and h) of ductile cast iron QT600-3 treated at 850 °C for
diﬀerent durations: 10 min (a, b), 1 h (c, d), 16 h (e, f) and 40 h (g, h).

1 h is composed of a thick Cr7C3 layer and a thin Cr23C6 layer. The
outermost layer of coatings of samples treated for longer than 16 h is a
thick Cr23C6 layer. Diﬀerent structures of chromium carbides exhibit
diﬀerent hardness. Cr7C3 exhibits higher hardness than Cr23C6 [25,26].
Therefore, the microstructure of coatings may aﬀect the hardness of
coatings. Hardness test results from cross section of the ductile cast iron
QT600-3 substrate and coated samples for diﬀerent times are shown in
Fig. 7. The hardness of samples treated for 10 min is slightly higher than

the Cr7C3 layer forms the M7C3. With increasing treatment time, the
thickness of all layers in the coating increases. For the sample treated
for longer than 1 h, the microstructure of coating is Cr23C6, M7C3 and
M3C from the outermost layer to the substrate.

3.3. Hardness of coatings
Fig. 5 and Fig. 6 both show that the coating of samples treated for
1199
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Fig. 8. Thickness of chromium carbide coatings versus square root of treatment
time (ductile cast iron QT600-3 treated at 850 °C).

[29,30]:
Q

k = k 0*e− RT

(2)
2

Where k 0 is the pre-exponential constant (m /s), Q is the activation
energy of the process (J/ mol), R is the gas constant (8.314 J/mol K)
and T is the absolute temperature measured (K).
Taking the logarithm of Eq. (2), the Arrhenius equation is expressed
as:

Fig. 6. Schematic illustration of microstructure evolution of chromium carbide
coatings at 850 °C, M=Cr, Fe.

Q
1
lnk = lnk 0 − ⎛ ⎞*⎛ ⎞
⎝ R ⎠ ⎝T ⎠

(3)

To calculate the values of k 0 and Q, samples were treated at 850 °C,
880 °C,940 °C and 980 °C for 16 h. The corresponding logarithmic k
value and the reciprocal values of the absolute treatment temperature
1/T are graphically presented in Fig. 9.
Based on the result in Fig. 9, the calculated k 0 and Q values are
2.1282 × 10−9 m2/s and 129.906 kJ/mol, respectively. The derived
formula between the parabolic growth rate constant of chromium carbide coating and the treatment temperature can be expressed as follows:

k = 2.1282×10−9e−

15624.97
T

(4)

Therefore, combining Eqs. (1) and (3), the relationship between
thickness of chromium coatings and treatment time can be expressed as
follows:

Fig. 7. The hardness of ductile cast iron QT600-3 substrate and samples treated
at 850 °C for 1 h, 16 h and 40 h.

d = 2.1282×10−9e−
that of the substrate, which should be due to the fact that the coating is
not thick enough. The hardness of samples treated for longer than 1 h is
obviously higher than that of the substrate. The sample treated for 1 h
exhibits the highest hardness. The hardness of samples treated longer
than 16 h is almost constant. These results indicate that the evolution of
hardness of coatings is consistent with the microstructure evolution of
coatings.

15624.97
T

t

(5)

According to above results, the microstructure and the thickness of
coatings can be controlled by the immersion treatment time. To obtain
Cr7C3 coatings, the duration of TRD processes should be controlled less
than 1 h. To obtain Cr23C6 coatings, the treatment time should be more
than 1 h. The thickness of coating can be estimated by the kinetics

3.4. Growth kinetics of coatings
The thicknesses of coatings were determined by line scanning the
cross section of samples. The thickness can be ﬁtted linear with the
square root of treatment time, as shown in Fig. 8. Their relationship can
be expressed by the following equation [27,28]:

d = k* t

(1)

where d is the thickness of the coatings (m), k is the coating growth-rate
constant and t is the treatment time (s). According to the ﬁtting results
in Fig. 8, k value is calculated to be 2.0244 × 10–15 m2/s at 850 °C.
The coating growth-rate constant k is depending on the treatment
temperature. It can be calculated according to the Arrhenius equation

Fig. 9. Relationship between the carbide layer growth-rate constant and the
absolute temperature.
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equation (Eq. (5)).
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4. Conclusion
Compact and uniform chromium coating were formed on the surface of ductile cast iron QT600-3(about 3 wt. C %) in ﬂuoride salt bath
via TRD processes under a controlled atmosphere inside a glove box. A
series of chromium carbide coatings formed at 850–980 °C for 10 min ~
40 h were analyzed by XRD, SEM and EDX. The hardness of samples
was also tested. Based on above results, the following conclusions were
drawn.
i. The microstructure of chromium carbide coatings formed on ductile
cast iron QT600–3 at 850 °C are related to the treatment time. At
ﬁrst 10 min, there is only a thin layer of Cr7C3 in the coating. At 1 h,
the outermost layer of the coating is a thin Cr23C6 layer, and there is
a thin M3C layer beneath the M7C3 layer. With increasing treatment
time, the thickness of all layers in the coatings increases. For the
sample treated for longer than 1 h, the microstructure of coating is
Cr23C6, M7C3 and M3C from the outermost layer to the substrate.
ii. The microstructure of chromium coatings formed via TRD processes
is independent with the composition of the base salt. The microstructure of chromium carbide coatings formed on high C content
steel substrates in ﬂuoride salt bath is the same as this formed in
borax and chloride salt baths.
iii. The evolution of hardness of coatings is consistent with the microstructure evolution of coatings.
iv. The growth kinetic of chromium carbide coating is studied by
Arrhenius equation. The variation of thickness of chromium coatings (d) with the treatment temperature (T) and treatment time (t)
can be expressed as follows:

d = 2.1282×10−9e−

15624.97
T

t
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