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Bearing steelsmust have high hardness, goodwear resistance and dimensional stability. In the present work, the
AISI 52100 bearing steel was selected as the substrate for a niobium carbide coating produced by a salt-bath
thermo-reactive deposition process. The present work addresses the effect of niobium carbide coating on the
wear and corrosion resistance of the abovementioned steel. A homogeneous layer composed solely by the
cubic niobium carbide (NbC) was produced. The carbide coating yielded average hardness and elastic modulus
of 26 GPa and 361 GPa, respectively. No significant decarburization was detected beneath the case by means of
hardness fluctuations. Dry wear tests resulted in worn volumes 10 times smaller for the NbC coated steel, com-
paratively to the untreated substrate, at threedifferent applied loads. Corrosion tests inNaCl solution indicated an
improved behavior for the carbide coated bearing steel at applied potentials inferior than 250 mV. At higher
potentials, the electrolyte appears to penetrate trough the layer yielding wide corrosion caps.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Coating of surfaces is one of the most versatile ways to enhance the
performance of components with respect to wear and/or corrosion.
Hard coatings can be produced by a wide range of processes requiring
controlled atmospheres, vacuum and at high costs [1–4]. An alternative
and cost-effective method is the thermo-reactive diffusion/deposition
(TRD) technique that can be applied to obtain transition metal
compound coatings on iron based alloys [1,5]. The process is usually
performed in a salt-bath [4–6] or in the solid state [7–9].

During the TRD process the interstitial element (usually C and/
or N) diffuse from the bulk towards the surface to meet a carbide/
nitride-forming element such as V, Nb, Ti, Ta and Cr. The diffused inter-
stitials react with the carbide/nitride-forming element from the bath/
pack to produce a dense and metallurgically bonded coating at the sub-
strate surface [1,5]. Such process is widely known to yield very high
hardness, adhesion and a great potential for extreme wear applications
[6,10,11].

Niobium carbide (NbC) is an example of a compound that can be
obtained by the abovementioned TRD technique in molten borax. The
carbide layer forms by the direct combination of carbon in the substrate
with the dissolved niobium in the bath. Such formation is feasible due to
its lower free energy for carbide formation and higher free energy for
oxide formation than boron [12]. This carbide exhibits a number of in-
teresting characteristics for tribological applications [13]. Additionally
nandes).
to high hardness, NbC presents increased toughness and stiffness, an ex-
tremely highmelting temperature (3873 °C) and chemical stability [14].

The vast majority of the literature deals with the growth kinetics of
the carbide layers [15–17], its mechanical [18] and wear properties [10,
13]. Very few studies deal with the electrochemical behavior of carbide
coatings produced by the TRD technique. In fact most of the work in the
literature is dedicated to boronizing [19,20]. A study on pack chromizing
found that protection against corrosion appears to increase with treat-
ment time and temperature [8]. A recent research indicates that per-
centage of ferro-niobium added to the bath did not influence the
corrosion resistance of the NbC layer. However, it is suggested that po-
rosity slightly decreases as the amount of ferro-niobium increase and
that porosity favors the corrosion process [21]. Therefore, it is important
to understand the electrochemistry of such coatings in order to expand
its possible application range.

Wear and corrosion related phenomena are recurrent problems in
industry causing material losses that can further lead to a failure. In
this respect, the present study focuses on the evaluation ofwear proper-
ties and additionally the electrochemical response of niobium carbide
layers produced by a salt-bath TRD process on a high carbon bearing
steel. The selected substrate is the AISI 52100 steel which is one of the
most common bearing steel applied in rolling contact and must have
high hardness, good wear resistance and dimensional stability [22].

2. Experimental

Initially AISI 52100 square samples with dimensions of 20 × 20 mm
and thickness of 3 mm were ground up to 600 mesh emery paper and
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cleaned in ethanol. The AISI 52100 is a bearing steel also known as
100Cr6 and its nominal chemical composition in wt.% is: 0.95–1.10% C,
0.15–0.35% Si, 0.25–0.45% Mn, 0.03% P, 0.025% S, 1.35–1.65% Cr and Fe.
Single values represent the maximum percentage of the element.

The salt bath, for depositing the carbide coating, was composed
of 5 wt.% ferro-niobium (containing 65 wt.% Nb and particle
size N 150 mesh), 3 wt.% aluminum and 92 wt.% sodium tetraborate
(Na2B4O7·10H2O).

TRD treatments were performed in an open air pit-type furnace.
Firstly, sodium tetraborate (borax) was molten in a steel container
then aluminum and ferro-niobium added. Aluminum was applied as a
reducing agent and ferro-niobium as the source of niobium [5]. The
specimens were hanged in the homogenized melt at 1000 °C for 4 h
and quenched in oil directly from the bath. The produced layer was
characterized by X-ray diffraction, scanning electron microscopy
(SEM), instrumented hardness measurements, micro-abrasive wear
and corrosion testing. Prior to the measurements the samples were
cleaned in boiling water and gently polished with alumina suspension
(1 μm) in order to remove any residue from the salt bath.

Instrumented hardness measurements were performed on a hot
mounted cross section of a coated sample applying a Shimadzu dynamic
ultra micro-hardness tester (DUH-211S), with a Vickers indenter. The
test load was 50 mN at a loading speed of approximately 3 mN/s. The
elastic modulus (E) of the carbide layer and substrate were estimated
as well and the indentations repeated at least 5 times. The elastic mod-
ulus of the indented specimenswere evaluated based on a standardized
method initially proposed by Oliver and Pharr [23], considering a frac-
tion of the unloading curves and the Poisson ratio. For phase identifica-
tion, X-ray diffraction (XRD) was performed on the surface of the
samples using the Bragg–Brentano symmetric geometry in a Rigaku
Gergerflex equipment with scanning angles ranging from 30 to 100°.
The analyses were carried out employing copper (Cu) Kα radiation
and continuous scanning with a speed of 2°/min.

Electron microscopy was applied on the cross section of the NbC
coated steel using a scanning electron microscope (SEM), model LEO
440 with a tungsten filament, coupled with an EDS (energy dispersive
spectroscopy) detector.

A micro-abrasive wear machine was applied for studying the tribol-
ogy of coated and uncoated systems. Tests were performed in a fixed-
ball machine (described elsewhere [6,11]) without abrasive and using
a AISI 52100 steel sphere of 25.4 mm in diameter as a counter-body
and hardness of approximately 850 HV. The rotation speed and loads
were 500 rpm and 665, 1459 and 1826 g (6.65, 14.59 and 18.26 N), re-
spectively. Mean Hertzian contact stress for an AISI 52100 sphere
pressed against a NbC plate was calculated as 360, 470 and 500 MPa,
for the three studied loads [24].

Consecutivewear scarswere produced for test times of 5, 10, 15, and
20 min in order to obtain the volume loss curve for each applied load.
Each test was repeated five times on the substrate and twice on the car-
bide coated steel. One sphere is used for a series of four tests (5, 10, 15
and 20 min) and the sphere is slightly rotated after each test thereby
creating a new circular mark around it at every test duration. The
removed volume (V) and the wear depth (h) of each wear crater were
calculated according to the following equations [25,26]:

V≈
π � d4

64� R
; for d≪ R ð1Þ

h≈

ffiffiffiffiffiffiffiffiffiffiffiffi
V

π � R

r
; for h≪ R ð2Þ

where d is the scar diameter, h the wear depth and R the sphere radius.
Additionally, corrosion tests were performed on coated and uncoat-

ed specimens in order to comparatively evaluate the electrochemical
response of the systems. Experiments were made by means of potenti-
odynamic polarization tests. The electrochemical cell used to obtain the
polarization curves utilized a saturated calomel reference electrode and
a platinum auxiliary electrode. The electrolyte employed was an aque-
ous solution of NaCl 3.5 wt.%. Prior to the tests the system was led to
rest for 15 min and the open-circuit potential (OCP) acquired.

Formonitoring the potential and current, anAutolabmodel PGSTAT-
302 potentiostat was applied. The polarization curves were obtained
with a scanning speed of 1mV/s from−1.0 to 1.125 V. Each test was re-
peated twice and a representative curve is shown. For each experiment,
50 ml of the electrolyte was employed and the area exposed to the
saline solution was approximately 0.5 cm2.

3. Results and interpretation

3.1. Metallography and X-ray diffraction

In the present study, the AISI 52100 bearing steel was quenched in
oil directly after the TRD treatment. Fig. 1 shows an electronmicrograph
and a EDS line scan from the cross section of the carbide coated sample.
A continuous layer is observed over the base material, presenting a
smooth interface with the substrate. Additionally, a small porosity is
detected in the layer.

EDS line scan was performed perpendicularly from the top towards
the base material and shows iron (Fe) and niobium (Nb) signals. Quali-
tatively, the analysis indicates a high niobium content on the layer,
which decreases abruptly at the interface, where the iron amount
from the substrate is detected. Residual aluminum was not found indi-
cating that it is not incorporated into the carbide layer. The thickness
of the layer measured directly on the electron microscope at different
locations along the layer was about 6.1 ± 0.1 μm.Moreover, the typical
martensitic microstructure is verified below the compound layer which
results from oil quenching.

Instrumented hardness was measured on the cross section of a hot
mounted carbide coated steel on the diffusion layer and on the
quenched substrate. AISI 52100 bearing steel has a hardness of about
64 HRC (850 HV or approximately 8.3 GPa) which results from the usu-
ally applied heat treatment conditions. The average value of 27± 3 GPa
was obtained for the carbide layer, which is more than the double of the
substrate hardness (11 ± 1 GPa). By means of hardness measurements
on the cross section, no indication of a decarburized sub-surface zone
was observed, after the TRD treatment. Such decarburization has been
reported to develop as a consequence of carbon consumption to sustain
the growth of the carbide layer [27].

The Poisson ratio of NbC as well as of the quenched AISI 52100 steel
were taken from the literature as 0.21 [28] and 0.28 [29], respectively.
Therefore, average elastic modulus of NbC and quenched AISI 52100
were estimated as 361 ± 35 GPa and 206 ± 14 GPa, respectively.

Specialized literature indicates that elastic modulus of niobium car-
bide usually ranges from 338 to 580 GPa. Hardness of NbC depends on
the metal to carbon ratio and a maximum of 25 GPa is observed for a
ratio of 0.8 decreasing to 20 GPa when the ratio reaches the unit [28].
However, these properties are additionally dependent on the fabrica-
tion process, presence of impurities, etc. [28]. A study conducted by
Orjuela G. and coworkers found hardness values of 26 GPa for niobium
carbide coatings produced by TRD on a carbon steel employing nanoin-
dentation [21]. These values are in close agreement with the results of
the present work.

In Fig. 2, an X-ray diffraction pattern of the coated AISI 52100 steel is
shown. The narrow peaks confirm the presence of a cubic NbC layer on
the surface of the substrate, according to ICDD card, number 38-1364.
Additionally, ferrite peaks (α-Fe) are detected due to the penetration
of the X-rays. These peaks actually correspond to martensite that is ob-
tained after oil quenching the specimens directly from the salt bath after
the treatment cycle (1000 °C/4 h). The results are in agreement with
previously published research [6,10,11,21].

Niobium carbide layers can be produced in borax salt bath treatment
because this transition element has a relatively small free energy of



Fig. 1. Scanning electron micrograph of a carbide coated AISI 52100 steel produced at 1000 °C for 4 h with a line EDS scan for iron (Fe) and niobium (Nb).
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carbide formation and a free energy of oxide formation which is higher
than that of B2O3 [5,17]. The layers are formed by the reaction of niobi-
um atoms dissolved in the bath with carbon atoms present in the steel
sample being treated. Thus it is important that the piece to be treated
has a considerable carbon amount (N0.3 wt.%) in its chemical composi-
tion [27].

Transition metal carbides, such as NbC, with very high hardness
have a great potential for wear applications [6,10,11]. Therefore, the
next section deals with the evaluation of the wear performance of the
produced coating.
3.2. Wear characterization

Wear is of extreme importance in numerous tribological systems.
Coated and uncoated systemswere characterized under identical condi-
tions applying amicro-abrasivewear devicewith a fixed-ball configura-
tion. Fig. 3 depicts the volume loss curves versus traveled distance,
for the AISI 52100 steel substrate (Fig. 3a) and the NbC coated steel
(Fig. 3b), at three different loads. The worn volumes were calculated
using Eq. (1), based on the wear crater diameter (d).

The worn volume of the AISI 52100 substrate increases as the ap-
plied load increase, and shows a tendency of stabilization along the trav-
eled distance, for all three applied loads (Fig. 3a). Stabilization is usually
expected in the present test configuration because at a fixed load the
Fig. 2. X-ray diffraction pattern of the carbide coated AISI 52100 steel.
wear crater increases along the test and thereby diminishing the applied
pressure.

In the case of the NbC coated system (Fig. 3b) there is also an incre-
ment on theworn volumewith the applied load. However, the total vol-
ume lost related to the three loads, were nearly 10 times less than that
observed for the substrate, indicating a remarkablewear reduction after
the TRD treatment.Moreover, theNbC coated AISI 52100 sample did not
showa tendency of volume stabilization along the runningdistance. The
NbC layer is perforated during the wear tests thus yielding an increase
on the worn volume seen in Fig. 3b (after about 420 m).

Calculations based on the layer thickness and Eqs. (1) and (2) indi-
cate that the maximum crater diameter to yield a layer perforation is
0.787mm or 0.0014846mm3 of volume. The dashed line in Fig. 3b indi-
cates this maximum volume until the layer disruption. For all three test
loads theNbC layerwas disrupted although at different distances. By ap-
plying 18.26 N of normal load for example, the layer is disrupted within
the first 5 min of wear testing.

Even after the breakdown of the NbC layer the substrate/layer wear
rate seems to remain constant until 15 min (420 m) of wear testing
(Fig. 3b). This happens because most of the load is still sustained by
the hard carbide layer and as the substrate is exposed wear gradually
raises.

Although the tests were performed under dry condition, an abrasion
wear mode was observed for both coated and uncoated systems at the
three different studied loads. The wear debris from the contact region
are responsible for the two-body abrasion (grooving) process which
yields typical parallel scratches inside the wear tracks. In this case, the
particles are essentially attached to the ball surface during the test and
the grooves are produced by the micro-cutting action of these abrasive
particles [30]. Since the niobium carbide layer has much higher hard-
ness it can be assumed that the expected micro-cutting action of the
abrasive particles is less effective what would lead to a lower wear
rate when compared to the substrate.

A previous study by Oliveira et al. 2006, found similar results apply-
ing the same wear tests in a NbC layer produced by TRD on a tool steel
(AISI H13). A decrease of more than ten times on the volume lost was
observed after a 300 m of running distance employing a load of 18.7 N
[6].

Fig. 4 plots the specific wear rate against the applied load for the AISI
52100 substrate and the NbC coated system. To estimate the specific
wear rate (mm3·N−1·m−1) from each volumetric loss curve (Fig. 3a
and b) at distinct applied load, linear regression was applied and the
slope considered as the wear rate. In the case of the coated system
only the first three points were used due to layer disruption, as previ-
ously discussed. The specific wear rate for the AISI 52100 steel clearly



Fig. 3. Volume loss curves of the: (a) AISI 52100 substrate and (b) NbC coated AISI 52100, with 6.65, 14.59 and 18.26 N of applied load.
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increases with load. Meanwhile nearly constant wear rates are seen for
theNbC coated system, thereby indicating a significant enhancement on
the tribological properties after the application of the TRD treatment.

Sen and Sen, 2008 studied the wear properties of a NbC coated AISI
1040 steel against alumina and AISI 52100 steel balls in a ball-on-disk
configuration. The authors found wear rates for an NbC coating rubbing
against steel and alumina, ranging from 1.44 · 10−6 to 7.55 ·
10−6 mm3/N·m for 2.5 and 10 N of normal load, respectively [10].
Such values commensurate with those obtained in the present work
although applying a different test configuration. In the present case
specific wear rates ranging from 1.3 · 10−6 to 0.9 · 10−6 mm3/N·m
were obtained.

Such transition metal carbides are ceramic compounds with a very
high hardness and exceptional wear properties. Numerous papers
have already proved the feasibility of the TRD process to produce high
hardness carbide layers and its potential for tribological applications
[6,10,11]. However very few studies have dealtwith the electrochemical
behavior of transition metal carbides produced by TRD process.

3.3. Corrosion

Potentiodynamic polarization curves including both cathodic and
anodic regions are shown in Fig. 5 for NbC coated and uncoated AISI
52100 steels. At negative (cathodic) potentials, the curves are very sim-
ilar. However, when moving to positive (anodic) potentials the NbC
Fig. 4. Variation on specific wear rate (mm3/N·m) versus applied load (N) for the
substrate and the NbC coated AISI 52100 steel.
coated curve appears shifted towards higher potentials indicating an
improved behavior. At elevated anodic potentials (N250 mV) both
curves are again similar and the current density that runs through the
systems is nearly equal (~60 mA/cm2). Both systems do not provide a
satisfactory protection at this stage.

After examining the polarization curves in Fig. 5 the electrochemical
parameters from NbC coated and uncoated AISI 52100 were collected
and are presented in Table 1. The corrosion potential (Ecorr), corrosion
current density (Icorr) and open-circuit potential (OCP) give indications
about the corrosion resistance of the studied specimens. Other parame-
ters such as the anodic (ba) and cathodic (bc) Tafel slopes and the
corrosion rate (CR) were obtained as well.

Based on these parameters it is clear that the NbC coated system
yields a more positive open-circuit potential, corrosion potential and
additionally, a slightly lower corrosion current and corrosion rate.
Therefore, the NbC layer confers a better response under the test condi-
tions in the Tafel region where the cathodic branch meets the anodic
one. Orjuela G. and coworkers suggested that improved corrosion resis-
tance of niobium carbide coatings is probably due to the formation of
niobium oxide (Nb2O5) at the coated surfaces [21].

Examination of the corroded surfaces after the polarization allows
an analysis of the operating corrosion mechanism. The AISI 52100 sub-
strate underwent a generalized corrosion process in which dissolution
takes place uniformly on the whole exposed area. Meanwhile, the NbC
Fig. 5. Potentiodynamic polarization curves in aqueous solution for NbC coated and
uncoated AISI 52100 steels.



Table 1
Electrochemical parameters of the NbC coated and uncoated AISI 52100 steels.

Sample Icorr,
A/cm2

Ecorr,
mV

OCP,
mV

bc,
V/dec.

ba,
V/dec.

CR,
mm/year

AISI 52100 8.1 × 10−6 −725 −590 0.339 0.073 0.070
AISI 52100 + NbC 4.3 × 10−6 −423 −370 0.372 0.089 0.037
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coated system experienced a different corrosion mechanism that can
clearly be noticed on the electron micrographs presented in Fig. 6.

Fig. 6a depicts the corroded area showing several corrosion caps pro-
duced after polarization tests performed on the NbC coated AISI 52100.
EDS analysis conducted inside (point 1) and outside (point 2) the corro-
sion caps indicate a very low niobium content inside a corroded crater/
cap. Therefore it is suggested that theNbC layer was somehow removed
at different points on the layer.

An additionalmicrograph (Fig. 6b)was taken fromamoremagnified
region outside the corrosion caps revealing the presence of small incip-
ient pits. It is expected that these pits would allow the electrolyte to
reach the steel substrate leading to the formation of corrosion products
that press the layer upwards, thus yielding such corrosion caps seen in
Fig. 6a.

Orjuela G. et al., 2014 recently studied the corrosion mechanism of
NbC coating produced in borax salt-bath TRD on AISI 1045 steel. Polar-
ization and impedance tests were performed in 3.0% NaCl solution and
indicated that saline solution reaches the substrate by penetrating
trough the pores and defects present on the carbide layer. Furthermore,
the authors did not observe corrosion caps after polarization and their
work was conducted at a maximum scanning potential of 0.00 mV
[21]. In the present study up to 1.125 V was applied (see Fig. 5).

It is believed that such wide corrosion caps develop in a later stage
during polarization at high applied potentials (N250 mV) in which the
current density is elevated and results on the massive formation of cor-
rosion products beneath the carbide layer. In another work, Sun, 2010
verified corrosion caps in plasma carburized AISI 316L and suggested
that the electrolyte would permeate the carburized case and reach the
base alloy resulting on the formation of corrosion products that build
up a pressure leading to a wide corrosion cap [31].

3.4. Discussion

The production of a carbide layer by the thermo-reactive deposition
process depends strongly on the carbon content present on the steel
employed. Steels with less than 0.3 wt.% of carbon might suffer from
decarburization beneath the case, due to carbon diffusion towards the
surface to form the carbide layer [27]. The AISI 52100 has around
Fig. 6. Electron micrographs of the NbC coated AISI 52100 s
1.0 wt.% of carbon which results in a homogeneous NbC layer as con-
firmed by EDS (Fig. 1) and XRD (Fig. 2) analyses.

Very high hardness was observed on the cross section of the carbide
layer (about 27 GPa) and elastic modulus of 361 GPa. Previous work
yielded similar hardness levels of NbC layers produced on a carbon
steel by a TRD process [21,32]. Moreover, no difference in terms of hard-
ness beneath the case and on the bulk was detected, indicating no sig-
nificant decarburization of the base material. Such observation would
validate the applied thermal cycle (1000 °C/4 h) to obtain hard carbide
layers for practical applications. Accordingly, the carbon content of the
steel must be considered as well.

Hardness fluctuations beneath the case would additionally impair
wear performance in applications where increased load bearing capac-
ity is required. Tribological tests indeed indicated improved wear resis-
tance for the NbC coated AISI 52100 steel (see Fig. 3). A reduction of
nearly 10 times on the worn volume was observed at a fixed load com-
paratively to the substrate. Additionally, increasing the applied load
during the wear testing drastically increases the wear rate of the
untreated steel. Meanwhile after the NbC deposition the wear rate is
maintained at a low values for the three applied loads (Fig. 4). Such re-
ductions in wear were previously observed in the literature for NbC
layers produced by TRDprocess in a salt bath [6,10].Moreover, wearmi-
crostructures are in agreement with those from previous work [6,10].

Polarization experiments (see Fig. 4) suggest that niobium carbide
layer presents an improved corrosion performance, although for applied
potentials inferior than 250mV. At higher potentials, both the substrate
and NbC layer undergo significant corrosion damage. However, differ-
ent mechanisms appear to operate on the substrate and on the layer.
From the electron micrographs of the corroded NbC coating surface
(Fig. 5), indeed it appears that the electrolyte access the substrate by
permeating through the layer. Once the substrate begins to dissolve
the resultant corrosion products build up a pressure on the layer there-
by promoting a wide cap like seen in Fig. 5a.

The present work corroborates the mechanism proposed by Sun,
2010 [31] which was additionally observed by Orjuela G. et al., 2014
[21]. Both authors suggest that the electrolyte reaches the substrate
through the defects and/or porosity present on the layer.Moreover, pre-
vious studies on nitrocarburized [33] and deposited TiN films [34], both
on AISI H13 tool steel, suggest that improved corrosion resistance is
associated with lower porosity in the coating.

Thus, from the corrosion behavior perspective it seems important to
develop alternative routes and methods to diffuse/deposit transition
metal carbides in order to attain porosity-free coatings. Arai and
Moriyama concluded that grain morphology, surface morphology and
preferred orientation are greatly affected by the process parameters
such as temperature, time and applied substrate [17]. It is estimated
teel surface after potentiodynamic polarization testing.
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that porosity content is dependent on the applied process parameters as
well. A recent work by Orjuela G. and collaborators suggests that poros-
ity in the carbide layer decreases with the increase of ferro-niobium in
the bath [21].

Therefore, a reduced porosity content may effectively prevent the
electrolyte of permeating trough the layer. The production of low-
porosity carbide layers could additionally provide higher hardness and
improve even more the wear resistance of such coatings.

4. Summary

Thermo-reactive deposition in molten borax produced homoge-
neous niobium carbide coatings on AISI 52100 bearing steel. The layer
is composed of cubic NbC, as confirmed by EDS analysis and X-ray
diffraction. Very high hardness (27 GPa) and elastic modulus that
commensurate with previous studies were attained. Additionally, no
significant decarburization was detected beneath the carbide case.

A hard carbide layer greatly enhances the wear resistance of the
bearing steel. The worn volume increases as the load is increased, for
both the substrate and the TRD treated system.However, worn volumes
10 times smaller are observed for the NbC coated AISI 52100 steel.

Potentiodynamic polarization experiments indicate an improved be-
havior for the NbC coated steel in 3.5% NaCl solution, comparatively to
the untreated substrate, for potentials lower than 250 mV. The corro-
sion process on the NbC coating takes place in a localized manner
where the saline solution penetrates through the layer reaching the
substrate then leading to the occurrence of wide corrosion caps.
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