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In this study, chromium carbide coating obtained by thermo-reactive diffusion (TRD) process on AISI 52100 steel,
prepared by packed method at temperature of 850 °C for 2, 4, 6 and 8 h, were investigated by performing a series of
tests. The chromium carbide coating was characterized by scanning electron microscopy, X-ray diffraction (XRD),
Micro-Vickers hardness test and Daimler-Benz Rockwell-C adhesion test. The chromium carbide layer produced on the
AISI52100 steel exhibited a smooth and flat morphology. Depending on treatment time, the coating had a thickness of
3.2-8.5 um. XRD analysis revealed the existence of CrzCs and (Cr,Fe)7Cs compounds. The hardness of the surface was
increased from 723 to 17301920 HVo.025 after the coating process. The adhesion strength quality of the coating is
correlated to HF2 to HF3 according to the VDI 3198 norm. Comparision of wear performance between chromium
carbide coating and substrate showed that the coating can significantly improve wear resistance of the material. Friction
coefficient decreased from the 0.46 to 0.37 and wear weight loss decreased by 89.3 %.

Keywords: chromium carbide coating, thermo-reactive diffusion, AlSI 52100 steel, adhesion, tribological behaviour.

1. INTRODUCTION

Ceramic coatings are very effective for increasing the
service life of machine components, cutting and forming
tools, with improved corrosion and wear resistance [1—3].
These ceramics mainly comprise transition metal carbides
and nitrides [4]. As one of the most widely used ceramic
coatings, chromium carbide coatings have been
extensively used as protective coating on various tools,
dies and sliding bearing mainly due to its high resistance
to wear, corrosion and oxidation and its high hardness
[5, 6].

Chemical vapor deposition (CVD) and physical vapor
deposition (PVD) have been applied to fabricating thin
hard coating by industries worldwide [7—10]. Moreover,
the thermo-reactive diffusion (TRD) technique has also
been used for the hard coatings of carbide, nitride or
boride on iron base alloys [11]. Actually, TRD is simpler,
environmental friendly and cost-effective relative to other
coating processes. High quality ceramic coatings can be
produced by TRD with good hardness, adhesion,
toughness and heat resistance properties [12].

In TRD process, a substrate is either immersed into a
molten borax bath (salt bath immersion method) or
covered with a mixture of powders (powder-pack method)
which  contains  carbide/nitride  forming elements
(CFE/NFE) such as tantalum, chromium, tungsten,
molybdenum, vanadium and niobium [13]. The coating is
formed by the combination of carbide/nitride forming
elements with the carbon/nitrogen diffused from the
substrate to the surface and the thickness of the coating
can be significantly affected by exposure time and
temperature, and kinds of carbide and substrate steel [14].
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Despite the potential advantages above mentioned, the
application of TRD technology is not extensive, and there
is limited scientific literature about it when compared with
other deposition methods. Chromium carbide coatings
were formed on various kinds of steels, emphasizing on
their anti-oxidation and anti-corrosion properties [15].
Moreover, there have been some studies on the
microstructure and growth kinetics of chromium carbide
coating on steels [16]. Nevertheless, few studies have
centered on adhesion and tribological properties of the
chromium carbide layers, especially on bearing steels. In
this study, AISI 52100 steel, which is well known as
bearing steel was used as substrate.

Adhesion is an important performance index for
evaluating the reliability of coated components. Coating
adhesion can be influenced by many parameters such as
coating stress, pollution, coating/substrate chemical
bonding, and the physical characteristics and roughness of
the substrate [17]. There are several ways of determining
coating adhesion, such as scratch test, pull-off test and
Rockwell test [18]. The well-known Rockwell-C
indentation test, prescribed by the VDI 3198 norm, is a
destructive quality test for coated compounds [19].

The purpose of this research was to study chromium
carbide coatings produced by TRD technique on the AISI
52100 steel samples. The microstructure, phases and
microhardness were investigated using a scanning electron
microscope, X-Ray diffraction and Vickers indenter. In
addition, adhesion and tribological properties were also
investigated.

2. MATERIALS AND METHODS

2.1. Materials and process

Table 1 lists the chemical composition of the substrate
known as a ball-bearing steel with high carbon content.
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The sample was cut into pieces (20 mm diameter, 5 mm
length) before treatment, ground up to 1000 grid emery
paper, and thereafter rinsed ultrasonically in ethyl alcohol.

Chromium carbide coating was produced on the steel
with the pack method in the blend consisting of ferro-
chromium, NHiCl and NaF. The TRD treatment was
performed in a steel box sealed with alumina-based
cement at 850 °C in an electrical resistance furnace for 2,
4, 6 and 8 h, and followed by cooling with furnace to
150 °C. After TRD treatment, all the samples were heated
(650 °C for 20 min), austenitized (840 °C for 20 min, oil
quenched), cryogenic treatment (— 78 °C for 1 h), and low-
temperature heat treatment (160 °C for 2 h) to generate the
desirable tempered martensite structure.

Table 1. Chemical composition of the substrate steel AlISI 52100

Element| C |Cr| Ni | Si |[Mn|Mo| S P Fe

wt.% | 0.95 |1.45/0.11)0.19/0.32]0.01]0.010.01 |Balance

2.2. Characterization

The microstructures were observed under a QUAN
TA-400 scanning electron microscope (SEM). The
presence of chromium carbide coating was confirmed by
X-ray diffraction (XRD, Shimadzu, Japan) with 26
varying from 20° to 90° using Cu Ka radiation. The
distribution of the alloying elements within the chromium
carbide layer was determined by means of electron
dispersive spectroscopy (EDS) (LEO-1430VP,
Oberkochen, Germany) from the surface to the interior.
The hardness measurements were made using a HXD-
1000 Vickers indenter with a load of 0.245N. The
thickness of the layer was measured with a digital
thickness measurement instrument attached to the SEM.
Thickness values are reported as the averages of at least
10 measurements.

2.3. Rockwell-C adhesion properties

The Daimler-Benz Rockwell-C adhesion test was
applied to the assessment of the adhesion of the chromium
carbide layers. The principle of this approach is shown in
Fig.1. A load of 1471 N was used to cause coating
destruction adjacent to the indentation boundary [19].
Three indentations were performed for each sample and
SEM was used to evaluate the test.

Acceptable failure Unacceptable failure VDI 3198 test

indentation load
+

microcracks

Bigans

Fig. 1. The principle of the VDI 3198 indentation test
2.3. Wear test

Tribological properties of the chromium carbide
coatings were examined using a pin-on-disc test device.
The samples were rotated at a speed of 0.3 m/s under a
load of 15 N, and the sliding time was 30 min for each test.
The pin is a SizsN4 ceramic ball with a diameter of 6 mm.

The specimens were cleaned before and after the tests by
immersion in acetone with agitation in an ultrasonic bath
for 15 min. Untreated AISI 52100 steel was submitted to
wear tests in a quenched and tempered condition with the
hardness of 61 HRC. Wear tests were carried out in the
unlubricated condition at room temperature in open air.
The friction force was detected by a load cell through a
friction force measurement arm. The friction coefficient
was continuously recorded during the tests. Surface
profiles of the wear tracks on the disks were measured by
a surface profilometer. Wear volume of the disk specimen
was determined from the cross-sectional area of the wear
track obtained perpendicularly to the sliding direction. The
wear rates of coatings were calculated according to:

V
p-sS
where, K is the relative wear rate (mm3/N.m), V is the
wear volume, p is the load and s is the sliding distance.
Two wear experiments were conducted for each sample
and three measurements were performed using the surface
profilometer each wear track and the average value is
reported. Worn surfaces were investigated by optical

microscope, SEM and electron dispersive spectroscopy
(EDS).

K= ) )

3. RESULTS AND DISCUSSION

3.1. Characterization of
coating

chromium carbide

Fig. 2 shows the SEM micrograph of cross-section of
chromium carbide-coated AlIS152100 steel after the TRD
treatment (850 °C, 2 and 8 h).

Fig. 2. SEM micrograph of the AISI 52100 steel, coated with
chromium carbide at 850 °C: a—2 h; b—8 h



As shown, the chromium carbide layer produced on
the AISI52100 steel exhibited a smooth and flat
morphology. There is a distinct, flat interface zone
between the chromium carbide coating and the substrate.
This zone can be divided into chromium carbide layer and
steel matrix. The SEM micrograph also reveals that
chromium carbide layer formed on the steel surface has
uniform thickness throughout the surface and the coating
layer.

Element distribution along the line shown in Fig. 2 a
and b are present in Fig. 3. As can be seen from the EDS
line scan profiles, an obvious chromium-iron coexistence
zone can be pointed out in samples. Actually, the iron
content increases slowly moving from the surface to the
core of the sample, and iron and chromium have a wide
coexistence zone. The effect may be attributed to
relatively high (compared with other carbide forming
elements, such as V) solubility product of chromium and
carbon in austenite at TRD temperature [20]. This
phenomenon especially occurred at the first period of
TRD process (prior to the ceramic coating formation).
Subsequently, during the cooling process, chromium
precipitated as carbide because of the decreased solubility
product.

Distance, pm

Distance, pm

b

Fig. 3. EDS analysis results of the AISI 52100 steel, coated with
chromium carbide at 850 °C: a—2 h; b—8h

3.2. XRD analysis

In this work, the presence of chromium carbides was
identified by using XRD analysis (Fig. 4). As shown, the
presence of Cr;Cs and (Cr,Fe);Cs was detected. With
increasing of treatment time, Cr;Cz content increases and
(Cr,Fe);C3 phase decreases for AISI 52100 steel. The
properties of the chromium carbide layers are determined
by the phase structure.
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Fig. 4. XRD patterns of the AISI 52100 steel, coated with
chromium carbide at 850 °C: a—2 h;b—8h

3.3. Thickness and hardness of chromium carbide
layer

The measured thickness values of the chromium
carbide layer are in the range of 3.2-8.5 um. Fig. 5 a
shows that the thickness of chromium carbide layer
increased with time at 850 °C. There is a nearly parabolic
relation between the depth of chromium carbide layer and
diffusion time. The thickness was in directly proportional
to the square root of time in hour (Fig. 5 b).

The microhardness of outer layer surface formed after
TRD treatment ranged from 1730 to 1920 HVo.025. These
values are considerably higher than that of the substrate
(723 HVq.025). This is because of the presence of hard
Cr;Cs and (Cr,Fe);Cs phase in the coating layer, providing
an extremely hard surface. In thermo-reactive diffusion
treatment, high hardness is obtained directly through the
generation of transition metal carbides.

Fig. 6 shows the microhardness versus distance from
the surface of the sample to the core produced at 850 °C
on AISI 52100 steel with treatment time of 2 h, 4h, 6 h
and 8 h. As can be seen, for the treatment times of 4 h, 6 h
and 8 h, the hardness distribution from the surface to the
substrate gradually varies. With the treatment time of 2 h,
the cross section hardness near the surface of the
chromium carbide layer is difficult to obtain due to its
excessive thin thickness, so the measurement result is
much lower than that of the surface layer.

3.4. Rockwell-C adhesion properties

SEM micrographs of the indentation craters for TRD
treated sample with treatment time of 2h and 8 h are
given in Fig. 7.
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Fig. 5. The thickness of chromium carbide layer as a function of:
a—treatment time; b —square root of treatment time
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Fig. 6. The variation of microhardness versus distance from the
surface of the sample to the core produced at 850 °C (2 h,
4 h, 6 h, 8 h treatment) on AISI 52100 steel

There were little flaking areas at the perimeter of
indentation craters as well as radial crackings, and these
failures represent HF2 type of the adhesion strength
quality. In general, the adhesion strength quality maps
HF1-HF4 define sufficient adhesion, whereas HF5 and
HF6 represent insufficient adhesion [19], so there was
sufficient adhesion of the chromium carbide layers on
AISI 52100 steel.

3.5. Tribological properties

Fig. 8 shows the variation of the friction coefficients
of the AISI 52100 substrate and chromium carbide layer
(850°C for 8h) sliding against SizsN4 ball under dry friction
condition. In the first stage of the friction test, the
coefficients of friction of both samples increase with the
sliding time rapidly. At the steady-state, the coefficients of

39

friction of the substrate and the chromium carbide layer
are 0.46 and 0.37 respectively.

Fig. 7. Rockwell-C indentation craters for the AISI 52100 steel,
coated with chromium carbide at 850 °C: a—2 h; b—8h

Apparently, the coefficient of friction of the
chromium carbide layer decreased significantly and the
change tendency of coefficient of friction becomes
smoother than that of the AISI52100 substrate. The
friction coefficient of chromium carbide layer presents no
abrupt change, which indicates the surface of Cr modified
layer exists no or less brittle oxidation and has no worn-
out occurred.
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Fig. 8. Curve of friction coefficient versus sliding time

Fig.9 and Fig.10 show the worn surface
morphologies of AISI 52100 substrate and TRD treated
samples, respectively. As shown in Fig. 9 a and Fig. 10 a,
the wear scar width of substrate and TRD treated samples
are about 580 um and 210 pm respectively. Obviously, the
wear resistance of chromium carbide layer is superior to
that of substrate. As shown in Fig. 9 b and Fig. 10 b, the
worn surface morphologies of the substrate and chromium
carbide layer exhibit different characteristics, which can
reveal different mechanisms of wear.



Fig. 9. Wear track of AISI 52100 steel substrate: a—wear scar
morphology of specimen; b —micrograph of wear surface

Fig. 10. Wear track of TRD treated AISI 52100 steel: a—wear
scar morphology of specimen; b —micrograph of wear
surface

As shown in Fig. 9 b, AISI 52100 substrate presents
grooves parallel to the sliding direction as a result of the
heavy ploughing of the counterbody (SisN4 ball), and
these features indicate the wear mechanism is abrasive
wear and adhesion. This is due to the fact that the hardness
of 52100 steel is lower than that of the SisN4 ball. In
comparison, Fig.10b shows that the wearing of
chromium carbide layer is slight, and only some surface
asperities are rubbed down. Therefore, the wear
mechanism is mainly slight abrasion.

Fig. 11 shows the wear scar profile curves of the AISI
52100 steel substrate and the TRD treated samples. It can
be seen that the wear resistance performance of the AISI
52100 steel improves evidently after TRD treatment. The
wear volume of the AISI 52100 steel substrate and the
TRD treated samples calculated from the wear profile are
1.492 x 10%um® and 1.583 x 107 um® respectively, the
wear weight loss decreased by 89.3 %. K of AISI 52100
steel substrate calculated is 1.842 x 10> mm®/N-m
according to the formula (1), and K of the chromium
carbide layer calculated is 1.954x10°mm%N-m, the
former is about 10 fold of K value of the latter. This
suggests that the wear rate is also reduced greatly. There
are many reasons for it. One reason is that chromium
carbide layer itself has high hardness, low friction
coefficient and well anti-sticking property so that the
coating has well anti-sticking wear performance and
resulting in efficient resisting the intrusion cutting of the
mating material. Another reason may be attributable to the
high interface bonding strength of substrate and coating.
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Fig. 11. Wear track profile curves of substrate and TRD treated
AISI 52100 steel

4. CONCLUSIONS

The following conclusions can be derived from the
present work:

1. The chromium carbide coatings produced on the
surface of AISI52100 steel had a smooth and flat
morphology.

2. The chromium carbide coatings themochemically
grown on the AISI52100 steel was comprised of
Cr;Cs and (Cr,Fe)7Cs phases.

3. the chromium carbide coatings ranged in thickness
from 3.2 to 8.5 um versus TRD treatment time. The
longer TRD treatment time, the thicker chromium
carbide layer is.

4.  The microhardness of the chromium carbides layers
formed on the surface of AIS152100 steel ranged from
1730 to 1920 HVo.025, Whereas the Vickers hardness
values of the AISI52100 substrate was 723 HVqgzs.



The surface hardness of AISI52100 steel
remarkably improved by TRD treatment.

The Daimler-Benz Rockwell-C adhesion test result
shows that the adhesion strength quality of the
chromium carbide layer is related to HF2 to HF3,
there were sufficient adhesion of the chromium
carbide lays on AISI 52100 steel.

The friction coefficient reduced from 0.46 to 0.37 and
the wear weight loss decreased by 89.3 % after TRD
process, which indicated that chromium carbide layer
can significantly improve the wear resistance.
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