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ABSTRACT

Tungsten carbide reinforced coatings play an important role in the field of
surface engineering to protect stressed surfaces against wear. For
thermally sprayed coatings, it is already shown that the tribological
properties get mainly determined by the carbide grain size fraction.
Within the scope of this study, the tribological characteristics of iron
based WC-W-C reinforced arc sprayed coatings deposited using cored
wires consisting of different carbide grain size fractions were examined.
Microstructural characteristics of the produced coatings were scrutinized
using electron microscopy and x-ray diffraction analyses. Ball-on-disk test
as well as Taber Abraser and dry sand rubber wheel test were employed to
analyze both the dry sliding and the abrasive wear behavior. It was shown
that a reduced carbide grain size fraction as filling leads to an enhanced
wear resistance against sliding. In terms of the Taber Abraser test, it is
also demonstrated that a fine carbide grain size fraction results in an
improved wear resistant against abrasion. As opposed to that, a poorer
wear resistance was found within the dry sand rubber wheel tests. The
findings show that the operating mechanisms for both abrasion tests
affect the stressed surface in a different way, leading either to
microcutting or microploughing.

© 2017 Published by Faculty of Engineering

1. INTRODUCTION

apply hard coatings, which provide superior
tribological characteristics.

The life span of industrial components is limited
by its wear and corrosion resistance. Due to the
increasing demand on productivity, quality, and
efficiency, the performance related stress on
functional surfaces such as tool surfaces and
machine parts is increased at the same time.
Thermal spraying becomes one of the most
versatile and economical surface technologies to
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Tungsten carbides reinforced coatings are
widely established in the field of surface
engineering to protect functional surfaces
against wear. For various thermal spray
techniques, numerous studies emphasized the
enhanced wear resistance of WC reinforced
coatings against sliding wear [1], abrasive wear
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[2] as well as erosion [3] and erosion-corrosion
[4]. For high velocity oxy fuel [5, 6], plasma [7,8]
and suspension flame [9] sprayed coatings,
several authors investigated the tribological
characteristics of stressed surfaces by employing
different  tungsten carbide  grain-sized
feedstocks. It was found that a decreased
carbide grain size possesses a higher resistance
against abrasion, sliding, or erosive wear.

In comparison to other thermal spray
techniques, twin wire arc spraying (TWAS)
process is a time saving [10] and energy efficient
[11] process mainly used in surface
refurbishments and maintenance applications
[12]. Nevertheless, TWAS provides the ability to
deposit hard coatings, such as tungsten carbide
reinforced composites, accompanied by cost
saving measures due to the use of compressed
air and cored wires with hard particle filling,
which serves as atomization gas, and feedstock,
respectively. Consequently, tungsten carbide
reinforced arc sprayed coatings appear to be an
appropriate candidate to protect stressed
surfaces against wear. In terms of arc sprayed
coatings, only few studies have discussed the use
of tungsten carbide reinforced feedstocks such
as iron-based (FeCSiMn-WC/W-C, Fe3;Al-WC, Fe-
FeB- WC) [13-16] and nickel-based alloys
((NiCrBSi, NiBSi) -WC/W-C, Ni-(WC-Co))
[12,17,18]. With respect to the feedstock, Ni-
based and Co-based materials exhibit some
health and safety issues. Bolelli et al. [19]
already discussed their toxicity and health
hazard in thermal spray processes, referring to a
hazard statement according to European
Commission regulation (EC) No. 790/2009 [20]
and a “Report on Carcinogens” [21]. As opposed
to that, Fe-based alloys have turned out to be
less hazardous when compared to Ni- and Co-
based alloys. Thus, tungsten carbide reinforced
Fe-based MMCs constitute an environmentally
friendly alternative for thermal spray
applications. In terms of WC and WC-W,C
reinforced Fe-based arc sprayed coatings,
different studies focused on the tribological
behavior [13, 15, 16]. According to these studies,
the samples were either produced with
agglomerated sintered WC-Co powders or with
the use of coarse grain-sized eutectic carbides.
The utilization of different grain-sized tungsten
carbides was not taken into account.

With respect to the tribo-mechanical properties
of arc sprayed coatings, the microstructural
characteristics, such as the microstructure
formation, the amount of hard phases and phase
composition, play a significant role. To the best
of our knowledge the phase evolution of arc
sprayed Fe-based WC-W,C reinforced coating
systems has not been examined. Only a few
studies  investigated the  microstructure
formation and phase transformation of arc
sprayed Ni-based WC-W;C reinforced coating
systems [12, 17]. According to these studies,
eutectic tungsten carbides decarburize during
spraying and a large amount of W dissolves into
the Ni-rich matrix. It was mentioned that these
metallurgical interactions affect the mechanical
properties of the produced coating systems.
Among others such as the chemical composition
of the metal matrix, the degree of dissolution of
tungsten carbides depends on the type, shape
and size. For instance, irregular shaped particles
are more prone to dissolve due to the tendency
to heat up to higher temperatures through the
exposure of a heat source [22]. Small sized
particles tend to dissolve faster than coarser.
Moreover, as reported by other researchers [23,
24] eutectic tungsten carbides are more prone to
react with the liquid melt, than more thermally
stable carbides such as mono crystalline
carbides consisting of hexagonal WC.

In this study, the tribological characteristics of
Fe-based WC-W;C reinforced arc sprayed
coatings deposited using cored wires consisting
of different carbide grain size fractions were
investigated. In order to examine the sliding and
abrasive wear behavior, ball-on-disk test as well
as Taber Abraser, and dry sand rubber wheel
test were conducted. Those tribological tests
selected appear to stress the coating surfaces in
different ways without the need of time-
consuming and expensive field tests.
Accordingly, wear effects and wear mechanisms
of stressed surfaces were assessed for both
samples types (manufactured with the use of a
conventional and fine carbide grain size
fraction). Moreover, the microstructure
formation of the produced coating systems was
scrutinized by using electron microcopy and
energy disperse x-ray spectroscopy. The phase
evolution after spraying across the samples was
analyzed via x-ray diffraction.
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2. EXPERIMENTEL
2.1 SUBSTRATE AND FEEDSTOCK MATERIAL

Round (with d = 40 mm for the ball-on-disk test,
and d = 105 mm for the Taber Abraser test) and
rectangle (20 mm x 65 mm x 10 mm for the dry
sand rubber wheel test) C45 steel specimens
were used as substrate material. Prior coating
deposition, the samples were grit-blasted
(corundum EKF 14) and cleaned after in an
ultrasonic ethanol bath for 15 minutes.

An iron-based (2 wt.% C, <1 wt.% Mn, 1.4 wt.%
Si, bal. wt.% Fe) cored wire with 50 wt.% of cast
tungsten carbides CTC (eutectic mixture of WC
and W-(C) as filling serves as feedstock (type
Durmat AS-850, Fa. Durum Verschleissschutz,
Germany) for the coating deposition. Two
different wire types were used in this study.
Both FeCMnSi based cored wires feature a
diameter of 1.6 mm (band width of the velum:
10 mm, thickness of the velum: 220 pm).
Regarding the wire configuration used in this
study, two different carbide grain size fractions
(conventional and fine) serve as fillings (Fig. 1).

Fig. 1. (a) wire configuration used in this study; (b)
different carbide grain size fractions which serve as
filling (top: coarse carbide grain-sized filling; down:
fine carbide grain-sized filling).

As observed by laser light scattering using the
particle  analyzer = S3500  (Fa. Microtrac,
Pennsylvania), the conventional carbide grain-
sized filling features a bimodal particle size
distribution with a fine proportion in the small
micrograin range. Regarding the volumetric size
distribution, the 50t percentile of the sampling
is dpso = 113.2 jm (dplo = 72.8 um, dpgo =
158.4 um). As opposed to that, the 50t
percentile of the sampling of the fine grain-sized
filling is dpso = 38.7 pum (dp1o = 22.3 um, dpgo =
66.0 um).
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2.3 SPRAYING PARAMETERS

The Smart Arc 350 PPG arc spraying system (Fa.
Oerlikon Metco, Switzerland) was utilized for
the coating deposition using two overruns. All
parameters were kept constant for both sample
types (1,6 as referred to the conventional
carbide grain size fraction; 1,6 UF as referred to
the fine carbide grain size fraction). According to
the spray parameters, the voltage and current
were set to 30 V and 220 A, respectively. For the
atomization gas, compressed air with a gas
pressure of 0.6 MPa was used. In terms of the
handling parameters of the spray torch, a spray
distance of 110 mm, gun velocity of 200 mm/s,
and track pitch of 5 mm were utilized.

2.4 ANALYTIC METHODS

In order to analyse the coated samples by means
of electron microscopy, the samples were
separated and prepared using the following
steps: plane grinding, fine grinding, and
polishing. For the polishing, polishing cloths
with a diamond suspension of 9 um, 6 um, 3 um,
and 1 pm grain-sized particles were employed.
Cross-section images were taken by a field
emission  scanning electron  microscope
(FE-SEM) type JSM-71001F (Fa. Jeol, Germany).
The distribution of elements was analyzed by
using energy dispersive x-ray spectroscopy
(EDX) with the integrated software INCA (Fa.
Oxford Instruments, United Kingdom).

The phase evolution in the produced sample
types was analysed by means of x-ray diffraction
(XRD) using synchrotron radiation. Thus, the
experiments were conducted at beamline BL9 of
the synchrotron light source DELTA [25]
(Dortmund, Germany). The incident photon
energy was 27 keV (wavelength A = 0.4592 A).
The angle of incidence was set to 5 degrees and a
beam-size of 0.2 x 1.0 mm? (v x h) was utilized.
The scattered intensity was measured using a
MAR345 image plate detector. The diffraction
patterns were obtained from the MAR images by
using a FIT2D program package [26].
Subsequently, the 2 theta scale of the diffraction
patterns was converted to a wavelength of A =
1.5406 A, which corresponds to Cu-Ka radiation.
Prior tribological examination of the different
sample types, the surface of all coated specimens
was machined and polished, using a silicon
carbide grinding disk (4000 fine grit) and
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polishing cloths with a diamond suspension (3
and !/4 um). A ball-on-disk (BOD) tribometer
(Fa. CSM, Switzerland) was used to analyse the
friction and wear behavior against sliding. The
experiments were conducted with a load of 10 N
using an alumina ball (diameter of 6 mm) as a
counterbody. A constant track radius of 12 mm
and a velocity of 40 cm/s were selected. The
tests were carried out by utilizing 30,000
revolutions. Subsequently, the volume loss of the
stressed surfaces caused by dry sliding
experiments was analyzed by using 3D-
profilometry (Fa. Alicona, Austria). Four
different spots on three samples for each sample
type were surveyed. Based on the average
volume loss across the wear track, the normal
force applied in the test as well as the sliding
distance, the wear coefficient was determined
for both the coated specimen (kgop) and
counterbody (Kcounterbody), respectively.

In view of the abrasion tests, two standardized
tests with different characteristics and grain size
fractions of abrasive particles were utilized. On
the one hand, the dry sand rubber wheel
(DSRW) test was employed considering the
relevant ASTM standard [27]. A rubberized tire
(shore hardness A58-62) with an external
diameter of 227.6 mm, a breadth of 12.7 mm,
and a thickness of 10 mm was utilized. The
rotating speed was 195 min-l. Rounded silica
sand serves as abrasive particle (Fig. 2a).

Fig. 2. Optical micrographs showing the abrasive
particles used for the a) DSRW Test and b) Taber
Abraser test.

The particle aspect ratio (ARp) (ratio of the
maximum Feret diameter to the minimum Feret
diameter) was determined by image analysis
(software: Olympus stream motion, Fa. Olympus,
Germany) using light micrographs (optical
microscope: type Olympus BX51M and Olympus
DP25, Fa. Olympus, Germany) taken twenty
different spots of an embedded sampling into
account. The average value of ARp for the silica

sand particles was 1.47. Regarding the particle
size distribution, the 50t percentile of the
sampling is dpso = 252.70 pm (dp1o = 86.96 pm,
dpoo = 333.42 um). The Vickers hardness of the
silica particles was measured as 1392 + 46 HVO0.3.
The feed rate for the abrasives was kept on a
constant level of 340 g/min. The applied load
with which the specimens are pressed to the
rubberized tire was 130 N. Five specimens of
each sample type were employed. The mass loss
of each sample was measured before and after
testing using 1004 revolutions, which
corresponds to a distance of approx. 718 m.

On the other hand, the Taber Abraser test (type
505 Dual Abrasion Tester, Fa. Taber Industries,
New York) was conducted. The Calibrade H10
(vitrified bonded) was installed as abrading
wheel. Figure 2b illustrates the morphology of
the abrasive particles with their surrounded
vitrified bond. The average value of ARp for the
abrasive particles was 2.62, whereas the
maximum and minimum values varied
significantly. As obtained from image analysis,
the 50t percentile of the particle size
distribution of the sampling is dpso = 16.24 pm
(dp1o = 2.83 um, dpoo = 39.47 pm). The Vickers
hardness of the abrasive particles was measured
as 2585 + 268 HV0.3. With respect to the test
parameter settings, a load of 9.81 N, and rotating
speed of 60 rpm was applied. The tests were
carried out on a constant track (track
diameter = 74 mm) with a total amount of
40,000 cycles. Regarding the examination
procedure, the abrasive wear test was
interrupted after each 1,000 cycles. Following an
interruption, the samples were taken out,
cleaned with compressed air and weighted. In
order to provide same stress state conditions,
the abrading wheels were dressed (reconstitute
sharpness) and also cleaned (remove debris)
with compressed air. The gravimetric abrasive
wear coefficient kgra for both sample types were
calculated considering the specific weight loss of
the worn surface, the applied load, and the
rolling wear distance. For all three tribological
tests, a lower calculated wear coefficient kgop
(related to the dry sliding experiments), kpsrw
(related to the DSRW test), and kgra (related to
the Taber Abraser test) is accompanied by a
higher resistance of the coating against wear.

In addition, the wear effects and wear
mechanisms, which occurred within dry sliding
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and abrasive wear tests, were scrutinized by
electron microscopy. Moreover, the coating
surface area was characterized by means of
nanoindentation determining the Young’s
modulus and hardness. With respect to the
mechanical properties, 49 indents were
conducted on the top surface under penetration-
control mode (maximum depth of 2,000 nm).
Load and displacement sensing indentation,
which is described in a work by Oliver and Pharr
[28], was carried out using the nanoindenter type
G200 (Fa.Agilent Technology, USA) with a
Berkovich indenter. As far as indentation size
effects can be an issue and in order to get more
reliable results, Brinell hardness was determined
according to DIN EN ISO 6506-1 with a universal
hardness tester DIA-TESTOR 7521 (Fa. Wolpert,
Germany) on the top surface. The measurements
were conducted using a carbide ball with a
diameter of 1mm at a load of 98.07 N. The
diameter of the remaining indentation was
measured with an optical microscope type
Axiophot (Fa. Zeiss, Germany) with integrated
image analysis software Axiovision Aut-mess. The
Brinell hardness of each sample was calculated
taken three indents into account.

3. RESULTS
3.1 MICROSTRUCTURAL CHARACTERISTICS

Figure 3 shows SEM images of cross-sections of
different sample types produced with the use of
the conventional carbide grain-sized filling
(sample 1,6), and fine carbide grain-sized filling
(sample 1,6 UF). For both samples, the variation
of the brightness suggests inhomogeneity in the
chemical composition.

Quantitative EDX analyses reveal that the layers
are formed from lamellar microstructure of Fe-
rich and W-rich phases. Accordingly, W-rich
hard particles (bright phases) scatter
throughout the coatings and are surrounded by
the iron-based matrix (dark grey phases). It is
obvious that the distribution of the hard
particles is very heterogeneous. Occasionally,
pores and some intergranular cracks occur
across the coatings. These cracks pass along
grain boundaries between different lamellar
splats. In a few cases, not fully fused W-rich hard
phases are observed. These particles consist of a
polygonal shape.
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Fig. 3. SEM images showing the cross-sections of a, b)
sample 1,6 and ¢, d) sample 1,6 UF.

The distribution of elements across the coating
was determined by means of EDX analyses. To
compare the different samples qualitatively,
light elements (in this case C and 0) were
omitted. Results taken from the EDX analyses at
different areas across the deposits were
considered to calculate the mean average of W.
For the sample 1,6, the mean average was
41.9+0.4 wt.% of W, whereas the sample 1,6 UF
consists of 38.4+0.8 wt.% of W. Based on these
results, it can be stated that the sample 1,6
obtain a higher content of W-rich hard phases.
However, when compared to the starting cored
wire materials some carbide loss was
ascertained as a reduced amount of W was
observed across deposits.

In terms of the phase composition, XRD analysis
reveals the evidence of phase transformation
processes such as dissolution of eutectic
carbides and the formation of ternary phases.
XRD analysis confirms that the velum is mainly
composed of Fe, while the filling consists of the
eutectic phases WC and W,C (data not shown).
Figure 4 shows the XRD patterns of the samples
1,6 and 1,6 UF. It is observed that both samples
1,6 and 1,6 UF are mainly composed of eutectic
carbides (WC and W:(C), eta carbides (Fe;W-C,
FesWsC, FesWsC, FeWsC), elementary tungsten,
and some carbide phases (Fe:C, FesC, FesC,
CoosFe192, CFeis1). However, the results reveal
that the presence of eta carbides such as FeW;C
and FesWsC is more pronounced in sample 1,6
UF with the use of the fine carbide grain size
fraction as filling.
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Fig. 4. XRD patterns of samples 1,6 and 1,6 UF. The 2
Theta axis is scaled to a photon energy of 8 keV.

The hardness and Young’'s modulus as well as
the ratio between them were analyzed due to
their relation to the mechanical properties of the
coating as shown in [29,30]. In Fig. 5, it is visible
that the carbide grain size fraction used for
coating deposition affects the mechanical

properties.
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Fig. 5. Hardness and Young’s modulus of different
samples.

As shown by nanoindentation, a finer carbide
grain size fraction causes a decrease in hardness
and Young’'s modulus. Hence, the value for
hardness decreases from 5.5%2.2 GPa (sample
1,6) to 4.4+1.5 GPa (sample 1,6 UF). Taken the
H3/EZ-ratio into account, the coating deposited
with a conventional carbide grain size fraction

features a slightly increased H3/E2-ratio as it
rises from 0.011 (sample 1,6 UF) to 0.019
(sample 1,6). According to the macrohardness,
the samples 1,6 and 1,6 UF possess a Brinell
hardness of 242 + 17 HBW 1/10, and
220 + 23 HBW 1/10 respectively.

3.1 DRY SLIDING EXPERIMENTS

In dry sliding operations such as the BOD tests,
the wear coefficient kpop was determined by the
volumetric wear loss of the stressed surfaces of
both sample types (1,6 and 1,6 UF). Taken from
the measurements by means of 3D profilometry,
it is observed that a fine carbide grain size
fraction leads to a significant decrease in kgop,
which in turn reveals an enhanced wear
resistance against sliding (Fig. 6a).

1,6 UF —
7
1,6 — /

00 05 10 15 20 25 30 35 40

Wear coefficient k,,, [10° mm’/Nm]
a)
1,6 UF /'
[
1,6 — / —
0.0 0.2 0.4 0.6
Wear coefficientk,,, ... [10° mm®/Nm]
b)

Fig. 6. a) Wear coefficient kzop of samples in dry
sliding experiments against alumina; b) wear
coefficient Kcounterroqy Of the alumina counterbody
sliding against sample 1,6 and 1,6 UF.

Accordingly, sample 1,6 UF exhibits a value for

kgop of 2.64 x 10-¢ mm3/Nm, whereas sample 1,6
possesses a kgop of 2.84 x 10-6 mm3/Nm.
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For analyzing the whole tribological system, the
volume loss of the counterbody in form of an
alumina ball is determined. Figure 6b shows the
wear coefficient Kcounterbody Of the alumina ball. In
view of the counterbody, the results obtained
from the 3D-profilometry show a different
extent of wear. Thus, the counterbody sliding
against sample 1,6 UF exhibits a kcounterboqy Of
0.37 x10-* mm3/Nm. As opposed to that, the
counterbody sliding against sample 1,6
possesses a Kcounterbody Of 0.27 x 106 mm3/Nm.

The findings encourage the assumption that the
sample 1,6 UF (produced with a finer carbide grain
size fraction) boasts an enhanced wear resistance
against sliding, which in turn leads to an increased
attrition of the alumina counterbody.

With respect to the friction behavior, the results
obtained in dry sliding experiments show a
reduced coefficient of friction (COF) for sample
1,6 UF, when compared to sample 1,6 (Fig. 7).
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g 1.0 R =
& 08 ﬁ
HE B a"
- 0.6 +
g A
s 4 — 16
= 7]
g 0-2 ----1,6 UF
U 0.0 T ‘ ‘
0 500 1000 1500

Sliding distance [m]

Fig. 7. Coefficient of friction of different samples
sliding against alumina.

In consideration of the run-in behavior, the
sample 1,6 UF exhibits a COF of 0.95 (mean
value of 0.91). In comparison, sample 1,6
possesses a COF of 1.02 (mean value of 0.99).
Thus, the results obtained from the dry sliding
tests reveal an improved friction behavior for
the sample deposited with the use of a fine
carbide grain size fraction as shown by a
reduced COF against alumina.

3.2. ABRASIVE WEAR EXPERIMENTS

For analyzing the abrasive wear behavior of the
coating systems, two commonly used abrasive
wear tests (Taber Abraser test, DSRW test) were
applied. Concerning the Taber Abraser test, it is
shown that a reduction in carbide grain size
fraction leads to a significant decrease of the
wear coefficient kr4 (Fig. 8).
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Fig. 8. Wear coefficient kra of different samples
obtained by the Taber Abraser test.

Thus, the sample 1,6 UF obtains a km of
12.17+#2.08 pyg/Nm. By  comparison, the
gravimetric measurement of the material loss of
the stressed surface of sample 1,6 reveals a kg
0f 22.41+1.56 pg/Nm.

Regarding the DSRW test, a different tendency
could be observed (Fig. 9). Accordingly, the
sample 1,6 UF exhibits a higher mass loss, when
compared to sample 1,6, resulting in an
increased wear coefficient kpsrw. Thus, sample
1,6 UF features a kpsrw of 2.61%£0.11 pg/Nm,
whereas the sample 1,6 reveals a kpsrw of
2.26x0.08 pg/Nm.

1,6 UF —

%H
16 /4

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Wear coefficient k., . [ug/Nm]

Fig. 9. Wear coefficient kpsrw of different samples
obtained by the dry rubber wheel test.

With respect to kpsgw of both sample types, the
deposit produced with a fine carbide grain size
fraction possesses a poorer resistance against
abrasive wear when compared to the deposit
manufactured with a conventional carbide grain
size fraction. Nevertheless, by comparison of
both wear coefficients, k4 and kpsrw, the findings
show that the samples 1,6 and 1,6 UF experience
a more severe wear in the Taber Abraser test by
contrast with the DSRW test.
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4. DISCUSSION
4.1 MICROSTRUCTURE

XRD analyses on stressed surfaces reveal the
formation of eta carbides as shown in Fig. 4.
When compared to the deposit sprayed with
the conventional grain-sized filling, the sample
produced with the use of the fine carbide
grain-sized filling is more prone to consist of
ternary carbides, which can be assigned to
FesWsC and FeW;C.

With respect to the eutectic carbides (eutectic
mixture of WC-W,C), which serve as filling, W,C
makes the largest share with 73-80 wt.%.
Stoichiometric WC has a carbon content of 6.13
wt.%, whereas W-C has a low carbon content of
3.61 wt.% [31]. Eta carbides (e.g. M3W3C,
MecWsC etc.) are mainly formed according to
Suetin et al. [32] with heterogeneous
microstructures, especially in the interface of
WC and the transitional metal. The
stoichiometries as well as the matrix material
influence the phase stability [33,34].

The microstructure formation of arc sprayed Fe-
based MMC composites using eutectic tungsten
carbides has not been extensively examined. In
contrast, a few studies investigated the
microstructure formation and phase
transformation of arc sprayed Ni-based WC-W,C
reinforced coating systems [12,17]. According to
these studies, tungsten carbide decarburized
during spraying and a large amount of W
dissolved into the Ni-rich matrix. Besides W
dissolving into Ni-matrix, Ni also dissolved into
WC-W,C and gathered around WC-W,C grains to
form fine WC-W,C-Ni composites. It was stated
that these metallurgical interactions are
attributed to the electrode phenomena during
atomization, when the WC-W;C grains are
wetted by the molten metal.

In terms of WC-Fe composites, research
activities linked to the development of WC-
reinforced Fe-based alloys by means of laser
melt interjection [35] showed that small WC and
W,C isles formed around the WC particles at low
processing temperatures. Higher processing
temperatures, however, lead to the formation of
further transition zones, with strongly varying
elementary W and C [36]. According to a study
by Zhou et al. [37], the solubility of W in Fe is

influenced by the WC particle size. Thus, the
solubility of W increases to the surrounding Fe-
matrix with a decreasing WC particle size. At this
point, it is not yet clear in how far these process
conditions can be adapted to arc spraying
processes.

However, the degree of dissolution of the
tungsten carbide also depends on the type,
shape and size of tungsten carbide. For instance,
irregular shaped particles are more prone to
dissolve due to the tendency to heat up to higher
temperatures through the exposure of a heat
source [22]. Small sized particles tend to
dissolve faster than coarser. Moreover, as
reported by other researchers [23,24] eutectic
tungsten carbides are more susceptible to react
with the liquid melt, when compared to more
thermally stable carbides such as mono
crystalline carbides consisting of hexagonal WC.

With respect to the findings gained by Brinell
hardness measurement and nanoindentation
(Fig. 5), it can be stated that sample 1,6 UF
provides a reduced hardness when compared to
sample 1,6. As far as XRD analysis reveals the
partially dissolution of eutectic tungsten
carbides and the formation of eta carbides, those
metallurgical interactions might affect the
mechanical response of the stressed surface.
Mechanical properties such as hardness and
Young’s modulus of different phases of the Fe-
W-C-system can be found in literature [32-34,
38-44]. Relevant carbides and others are listed
in the following Table 2.

Table 2. Hardness and Young’'s modulus of relevant
carbides and other phases.

Young’'s modulus  Hardness
[GPa] [GPa]
Eta carbides
Fe2W2C 34 274.5 7.63
FesW3(C [32-34] 446.1-469.7 15.6-16.8
FesWseC [32.34] 446.6 14.73-15.6
Fe21W2Ce [34] 437.6 14.99
Tungsten Carbides
h-WC [3439,42] 690.9-697 16-22
WC [40,44] 710 235
h-WC [42] 479.6
0-WC [42] 437.2
t-W2C [42] 4273
WaC [40, 43, 44] 420-444 29.4
Others
Fe [38,41] 141
W [41,43] 400-410
Fe3C [33,34,40] 306-311.04
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According to these findings obtained in
numerous studies, eta carbides such as M4C,
MeC, M12C and M;3Cs phases provide a reduced
hardness when compared to WC and WC.

4.3 SLIDING WEAR BEHAVIOR

It is found that the use of a fine carbide grain
size fraction as filling leads to an enhanced
sliding wear behavior as shown by a reduced
kpop (Fig. 6a). This phenomenon was also
demonstrated in a study by van Acker et al. [45].
Thus, the authors examined the effect of the
tungsten carbide particle size and distribution
on the wear resistance of laser clad WC-Ni
coatings. For alumina as a counterbody in dry
sliding experiments, it was shown that an
increased concentration of carbides as well as a
decrease in their size are both favorable for the
wear resistance.

Figure 10 shows the worn surfaces after dry
sliding experiments. Breakouts are clearly

visible and their extent differs in terms of their
dimensions when comparing sample 1,6 and
1,6 UF.

Fig. 10. Wear tracks after ball-on-disk test: a) sample
1,6, and b) sample 1,6 UF.

Those wear effects result from fatigue and
extensive load caused by Hertzian stress and are
also promoted by cyclical movement of the
alumina ball over the coating surface. If the
carbides (eutectic carbides or eta carbides) are
of larger size, the whole Hertzian stress in the
contact zone has to be withstand by only one or
a few carbides. At the same time, the inherent
process characteristics of arc spraying lead to
the formation of a brittle metallic binder phase
surrounding those carbides. Due to the
embrittlement, those embedded carbides
consequently suffer from the mechanical cycling
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loads, which results in crack initiation. If the
load is particularly severe, the cracks further
propagate and lead to a carbide breakage. The
fragmentation of those carbides can easily
promote the development of breakouts, even
where the carbides are partial metallurgically
bonded.

Moreover, both samples (1,6 and 1,6 UF) show
mechanical abrasion such as grooves. It can be
stated that third-body wear originated by small
fragments, which are detached from the stressed
surface (e.g. fractured carbides) or the
counterbody. The extent of grooves was more
pronounced for sample 1,6 UF as an increased
amount of small abrasive particles pass through
the contact zone.

In terms of Ni-based WC-W;C reinforced arc
sprayed coatings, similar wear effects and
mechanisms have been observed. Accordingly,
Sheppard and Koiprasert [12] found that craters
on the stressed surface are the result of WC-W,C
detachments during sliding wear tests. It is
reported that stress induced by the sliding
operation promotes intergranular cracks to
propagate, and thus, WC-W-C to be pulled-out. It
is also mentioned that the amount and extent of
craters depend on the intersplat bonding.

Consequently, arc sprayed deposits produced
with the use of a fine carbide grain size fraction
as filling lead to an enhanced wear resistance
against sliding, since the load within the test is
distributed to a larger amount of carbides. The
findings also encourage the assumption that a
carbide breakage due to the pitting formation is
more likely for larger carbides, thus, the
probability of extrusion is higher. Same
interrelationship was also found in [2, 3] for
HVOF sprayed WC reinforced coatings.

4.4 FRICTION BEHAVIOR

The sample 1,6 UF, produced with the fine
carbide grain size fraction, features an enhanced
friction behavior as it can be seen by a reduced
COF (Fig.7). Metallographic investigations
reveal that the sample 1,6 UF consists of a finer
lamellar  microstructure. Accordingly, the
microstructure is characterized by slightly
shortened narrow flakes and lamellas. However,
W-rich hard phases are heterogeneously
scattered across the coating. Nevertheless, those
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fine lamellas and fine-structured W-rich hard
phases possess an enhanced support for the
alumina counterbody at the contact area, which
in turn leads to a reduced friction. Similar
findings have already been observed for HVOF
sprayed WC reinforced cermet coatings using
different WC grain-sized feedstocks [46].

4.5 ABRASIVE WEAR BEHAVIOR

The two abrasion tests selected appear to stress
the surface of the coatings in a different way
indicating that different wear mechanisms
occur. For both sample types (sample 1,6 and 1,6
UF), the Taber Abraser test produces a grid of
intersecting lines (Fig.11) due to the circular
movement, whereas the DSRW test generates a
pattern of parallel scratch lines (Fig. 12).

All sample types suffer abrasion concerned by a
combination of microcutting and micro-
ploughing. As observed in this study, the Taber
Abraser test causes for both samples an
apparently more severe abrasion when
compared to the DSRW test (Fig. 11 and Fig. 12).

In terms of the Taber Abraser test, the operating
mechanism (particle impact) changed from
microcutting to delamination wear. Breakouts
were observed for both stressed surfaces across
the wear track by electron microscopy (Fig. 11a
and b).

Element concentration in wt.%

C Fe 0 w
Spectrum1 0.35 80.70 5.07 13.88
Spectrum2 0.14 5091 4.02 4493
Spectrum3  0.97 1046 5.38 83.19
Spectrum4 0.81 5117 7.46 40.56

i

Element concentration in wt.%
(& Fe 0 w
Spectrum1  0.69 3472 3.28 61.32
Spectrum2 0.71 4283 4.71 51.75
Spectrum3  0.77 60.41 299 35.82
Spectrum4  0.23 56.48 3.13 40.16
b)

Fig. 11. SEM images and EDX spot analyses showing
the worn surface and its element concentration after
Taber Abraser test: a) sample 1,6, and b) sample
1,6 UF.

Debris mainly consists of W-rich hard phases. A
fractured surface with a honeycomb structure
indicates the fragmentation of W-rich hard
phases. Results taken by EDX analysis (Fig. 11a,
spectrum 3) reveal the presence of an increased
amount of W, which encourages the assumption
that subsurface fatigue of W-rich hard phases
occurs. Subsequently, micro fractures and cracks
emerged, leading to the fragmentation and
disruption of carbides. As a consequence,
fragmented W-rich hard phases were torn out.
For sample 1,6, those breakouts and pits were
larger, leading to an increased gravimetric
material loss as shown by an increased kmu
(Fig. 8). Thus, a fine carbide grain size fraction as
filling leads to an enhanced wear resistance of
sample 1,6 UF as depicted by a decreased kra.

As opposed to that, a reduced wear resistance
was revealed in DSRW test for sample 1,6 UF
when compared to sample 1,6. Thus, sample 1,6
exhibits a lower kpsrw as demonstrated in Fig. 9.
SEM images of the worn surface of sample 1,6
and 1,6 UF show that the stressed surface is
characterized by some cavities and pits which
differ in their size and extent for sample 1,6 and
1,6 UF (Fig.12). Accordingly, larger pits are
observed for sample 1,6 (Fig.12a), whereas
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heterogeneously  distributed smaller pits

occurred for sample 1,6 UF (Fig. 12b).

LY

)

Spectrum 3

Element concentration in wt.%

C Fe 0 w
Spectrum1 8.11 0.60 11.85 79.44
Spectrum2  5.83 16.05 5.67 72.45
Spectrum 3 3137 3927 29.36
Spectrum 4 48.20 1533 3647

D

Spectrum 5

7

% spectrum 185

Spectrum 4 )
o

Element concentration in wt.%

C Fe 0 Si W
Spectrum1  3.77 1.02 3256 2.86 59.79
Spectrum 2 4.49 0.86 9.12 85.53
Spectrum3  8.13 39.19 1041 42.26
Spectrum 4 5835 7.00 34.65
Spectrum 5 6293 9.36 27.70
b)

Fig. 12. SEM images and EDX spot analyses showing
the worn surface and its element concentration after
DSRW test: a) sample 1,6, and b) sample 1,6 UF.

Due to the presence of those pits, it is assumed
that W-rich hard phases have been torn out. SEM
images across the worn contact area indicate a
partially fractured surface for those cavities (see
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Fig. 12a: spots next to spectruml and 2, or
Fig. 12b: spots next to spectrum 1, 2 and 3). EDX
analysis evaluates an increased content of
tungsten across the fractured surface area, inter
alia, some honeycomb structures are visible.
Grooves or scratch marks have only been
discovered occasionally. Furthermore, it is found
that asperities across the worn surfaces for both
sample types were smoothed.

A distinction must be made between those
tribological tests where the abrasive is loose as
it passes over the surface and those where the
abrasive is fixed in orientation as it passes over
the surface [47]. In terms of the DSRW test, the
abrasive traverses through the contact area
either by rolling or by becoming embedded into
the rubber wheel and being dragged through
surface material and form a groove. However,
the abrasive particles pass through the contact
area between the wheel and the sample surface
only once. Nevertheless, the operating
mechanism, and consequently the resulting
stress state at the surface mainly depends on
the particle motion. Accordingly, different
operation mechanisms appear in Taber Abraser
and DSRW tests. Abrasion due to grooving
takes place where the orientation of the
particles is fixed (more likely for the Taber
Abraser test). It is reported by Hutchings [48]
that these conditions typically generate wear
rates a factor of ten greater than comparable
tests with loose abrasives. In the event that
abrasive particles are embedded, the attack
angle of particles is high, which in turn
promotes microcutting as main mechanism for
the material removal [49, 50]. Regarding a low
attack angle, the abrasive particles tend to
deform the surface by ploughing with much
lower rates of material removal [50]. It is
reported that during DSRW test, particle rolling
is more pronounced by applied low loads. In
contrast, at high loads grooving due to particle
sliding is favored. However, it is assumed that
the coarse grain-sized silica particles, which
serve as abrasive for the DSRW test, are able to
orient themselves which again results in a
reduced attack angle, and promote ploughing
(or microploughing) as predominant operating
mechanism.

Regarding size effects such as the carbide
particle size across the deposits in relation to
the size of the abrasives embedded in the
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abrading wheel (Taber Abraser test: dpso =
16.24 pm) and using for the DSRW test (dpso =
252.70 pm), the operating mechanism (particle
impact) is getting more complex. Gong et al.
[51] examined the relationship among WC
particle size, the deposit microstructure, and
the three-body abrasive wear rates by rounded
quartz grains using the DSRW test. After
testing, pits have been observed and many fine
carbide particles were lost in the coating
containing a reduced carbide grain size, which
resulted in the highest wear rate for the fine
carbide grain size reinforced coating. The
authors mentioned that the operating
mechanisms of the abrasive particles are
attributed to micro-cutting and delamination.
As the abrasives rolled on the sample surface,
dislocation accumulate to a certain depth below
the surface, and micro-cracks may have been
initiated at defects in the region of the
maximum cyclic shear stress. The propagation
of micro-cracks had led to material loss. The
authors also emphasize the relevance of
decarburization and dissolution processes and
its effect on the plasticity of the coating, in
particular of the metallic binder. Since the
sample 1,6 UF is more prone to from eta
carbides and to obtain a larger amount of W
and C dissolved into the Fe-rich matrix, it can
be stated that plasticity of the metallic binder
phase of sample 1,6 UF is more reduced.

In another study, Vencl et al. [52] investigated
the wear behavior of four different types of
hardfaced and thermal sprayed coatings, which
featured different carbides. The findings
observed in abrasive wear test encouraged the
assumption that the wear performance is
attributed, inter alia, to the different type and
morphological characteristics of the reinforcing
particles. Accordingly, the authors showed that
the interaction between the size of reinforcing
WC particles, average size of abrasive particles,
and consequently the abrasive groove depth
significantly affect the abrasive wear. In fact, the
lowest wear rate was found for a WC reinforced
NiFeBSi coating, which exhibited the lowest
macrohardness. However, the size of the
reinforcing WC particles was greater than the
average size of the abrasive particles, which
influence the formation of grooves, when the
abrasive particles were dragged through surface
of the test specimens.

5. CONCLUSION

Within the scope of this research, the influence
of the carbide grain size fraction on the
tribological behavior of arc-sprayed iron-based
WC-W-C reinforced coatings was analyzed. The
dry sliding experiments and the two abrasion
tests selected appear to stress the surface of the
coatings in a different manner.

With respect to the dry sliding behavior, it is found
that the increased amount of a fine proportion of
W-rich hard phases, which was provided by the
use of a fine carbide grain size fraction as filling,
leads to an enhanced wear resistance against
sliding. The reason stated is that the cycle loads
within the ball-on-disk test are spread to a larger
amount of fine distributed W-rich hard phases.
Furthermore, samples produced with a fine
carbide grain size fraction exhibit a reduced
friction, which was revealed by a lower COF.

In terms of the Taber Abraser test, it is
demonstrated that a fine carbide grain size
fraction used for coating deposition, causes an
improved wear resistant against abrasion. As
opposed to that, the DSRW test reveals a poorer
resistance against abrasive wear. The findings
show that the operating mechanisms (abrasive
particle impact) affect the stressed surface in a
different way, leading either to microcutting or
microploughing. Accordingly, the observation of
wear marks indicates that the stressed surfaces
experience material removal duo to cutting or
breakouts of fragmented W-rich hard phase.
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