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Abstract: The main objective of this work was to characterize and compare the microstructural and
mechanical properties as well as erosion resistance of WC-12Co and WC-10Co-4Cr coatings. The
High Velocity Oxy Fuel (HVOF) process was applied to carbon manganese steel API 2H typically
used in oil and gas industries. Microstructural characterization of feedstock powder and coatings
was conducted using scanning electron microscope (SEM), energy dispersive X-ray spectroscopic
(EDS) analysis, X-ray diffraction (XRD) for phase determination, powder particle size distribution,
and surface roughness measurement. The average particle size of the former powder was 13.7 um
whereas it was 28.1 um for the latter. The results showed that the smaller particle size tends to melt
easier than the larger one, as deduced from SEM images and surface roughness measurements. EDS
and XRD results of both coatings indicated the occurrence of WC decomposition where the powder
particle size plays a significant role in these results. Mechanical characterization was discussed
through comparing hardness, erosion, and adhesion test results of both coatings. WC-10Co-4Cr
coating exhibited higher hardness than WC-12Co as well as higher erosion resistance, due to the
extent of decomposition of WC and also to carbide particle size within the coating layer; these are the
same reasons for the superior adhesion strength of the former coating compared to the latter one as
per ASTM Standard “C633- 13”.

Keywords: high-velocity oxy-fuel (HVOF); tungsten carbide coatings; API-2H steel; erosion resistance;
bond strength; EDS; XRD

1. Introduction

Offshore oil and gas production systems are permanently exposed to environments
that share the same aggressive conditions in terms of erosion and corrosion. These systems
include piping, pumps, valves, drilling and well service structures, and platform tubular
joints all of which are exposed to sand-laden moving fluids such as seawater. Coatings are
applied to surfaces in order to improve the surface characteristics over those of the bulk
properties [1], thus minimizing failures leading to loss of production due to shutdowns and
consequently economic losses because of the inflating maintenance costs. High Velocity
Oxy-Fuel (HVOF) thermal spray coating process appeared in numerous researches that
studied erosion and corrosion resistances as well as mechanical strength of coated layers.
Cermet coating materials specially WC-Co and CrC-NiCr systems are usually applied in
services involving high erosion and corrosion conditions, however, WC-Co is the most
successful metallurgical product due to its superior properties compared to the CrC-NiCr
system [2,3]. Richert et al. [4] compared several W and Cr carbides as well as composite
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NiCrSiB coatings where they reported that the hardness of the W coatings was higher
than those of the chromium ones. Furthermore, results showed that WC-Co-Cr is harder
than WC-Co coating due to the presence of Cr;C3, Cry3Cq carbides formed through the
decarburization of carbides [4]. Schwetzke and Kreye [5] characterized WC-12Co and WC-
10Co-4Cr coatings with different types of HVOF where they reported that the former coating
type is softer and less wear-resistant than the latter one. This was related to the oxidation
of WC followed by decarburization thus leading to the formation of W,C and W within the
coating, whereas the reaction of WC with the Co or Co-Cr matrix leads to the solution of W
and carbide in the matrix, hence to the formation of mixed carbides (n-phase). Furthermore,
Wang et al. [6] compared the same types of coatings for which results showed that the
formation of Cr;C3 and Cry3Cq carbide phases, as well as n-phase, promoted the hardness
of WC-10Co-4Cr hardness compared to WC-12Co. From the aforementioned literature,
it is noticed that there is a limited number of publications that focus on the comparison
between tungsten carbide cermet coatings with different compositions, hence the objective
of the present work is to characterize and compare two types of commercial powders from
the microstructural and mechanical point of view. In this work, the selected powders,
namely, WC-12Co and WC-10Co-4Cr, are extensively used in offshore applications that are
deposited in multi-layer coats on API 2H-steel substrate using high velocity oxygen fuel
(HVOF) thermal spraying.

2. Materials and Methods
2.1. Spray Powders
Two types of commercial tungsten carbide-based powders were selected; namely,

WC-12Co and WC-10Co-4Cr, which are usually applied in the HVOF coating process with
trade name Metco AE7923 and Amdry 5843, Sulzer Metco, Westbury, NY, USA respectively.

2.2. Substrate and Preparation

The selected substrate in this work was carbon-manganese steel type API 2H Grade
50 steel, usually used in tubular joints in offshore structures. The steel sheets were cut
into strips of 500 mm-long x 300 mm-wide x 6 mm-thick. The chemical composition and
mechanical properties of this steel are presented in Table 1.

Table 1. Chemical composition and mechanical properties of API-2H-Grade 50.

Chemical composition; wt.%

C:0.12 Mn: 1.4 P:0.01 S:0.01 Si: 0.3 Cb: 0.02 Ti: 0.02

Mechanical properties

Yield strength: 375 MPa Tensile strength: 525 MPa Elongation: 18%

In order to improve the adhesion of the coating powder [7,8], the steel strips were
grit-blasted at a distance of about 100 mm, blasting angle of 90°, and at a pressure of
0.3 MPa for 5 min using 30 mesh size aluminum oxide (Al,O3) powder. The grit-blasted
strips were further cut into smaller rectangular samples [L:100 x W:50 x T:6 mm] for
easier manipulation during cleaning and coating processes. These samples were then
thoroughly rinsed in acetone for 3 min. resulting in the surface shown in Figure 1. The
surface roughness of these strips was measured 5 times using a Tesa-Rougossurf-90G (Tesa-
Bugnon-Renens, Switzerland) roughness tester which gave an average surface roughness
of Ra=51.46 4+ 0.7 um.
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Figure 1. Substrate surface after subjection to grit blasting. Arrows show dents occurring due to the
impact of Al,O3 powder.

2.3. Coating Procedure and Equipment

The coating process was conducted in M/S Metallizing Equipment Co. Pvt. Ltd.,
Jodhpur, India [9], by using a commercial HVOF thermal spray system MEC HIPOJET-
2700 M including spray gun as well as a control console; MP-2100 attached to it three
pressure gauges for oxygen, fuel gas (LPG) and air. A powder feeder; PF-700 as well
as an LPG vaporizer are attached to the system. The vaporizer is used to convert the
liquefied fuel into the vaporized state to obtain the combustion required. All of the process
parameters, presented in Table 2, were maintained constant throughout the coating runs.
After multi-layer spraying, the coated samples were left to cool in still air.

Table 2. HVOF spray coating parameters.

Coating Parameter Units
Fuel gas type LPG
Oxygen flow rate (pressure) 250 L/min (10 kg/cm?)
Fuel gas flow rate (pressure) 60 L/min (7 kg/cm?)
Airflow rate (pressure) 600 L/min (6 kg/ cm?)
Spray distance ~250 mm
Nitrogen (carrier gas) pressure 6 kg/cm?
Powder feed rate 90 g/min

The coated samples were further cut using a diamond saw cutter under cooling in
order to produce precise samples for erosion, hardness, microstructural, and adhesion tests.
These samples were further ground and polished at their thickness side according to the
standard microstructure sample preparation procedures.

2.4. Erosion Test

Slurry jet erosion tests were conducted using the test rig shown schematically in
Figure 2. The test variables were as follows: 100 g erosive silica (S5iO,) sand particles
(36 mesh size) per every liter of water at a discharge of 4.5 m®/h (~75 L/min) at room
temperature of 20 & 3 °C and impinging angle of 90° all of which were maintained constant
within the experiments. The tests were carried out at four different time durations; 0.5, 1, 2,
and 3 h.
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Figure 2. Schematic diagram of the erosion test set-up.

The nominal impact velocity of slurry was 11.6 m/s and the nozzle-specimen dis-
tance of 20 mm was maintained constant through the entire test. To eliminate the slurry
deterioration and to maintain a similar erosive effect fresh slurry was prepared for each
batch tested. Eroded samples were rinsed thoroughly with water then dried followed by
ultrasonic rinsing in acetone for cleaning then dried. The total material loss for each sample
was determined by weight loss measurements by weighing the samples before and after
testing 5 times using a balance with a sensitivity of 0.0001 g.

3. Results and Discussion
3.1. Powders Characterization
3.1.1. WC-12Co Powder

Figure 3a,b show SEM images at two magnifications of agglomerated and sintered WC-
12Co particles which were seen to be porous [5,10], and had a spherical morphology with
an aspect ratio (d,,j;,/dmax) 0.79. The particle size was measured using (Malvern-Scirosse-
Mastersizer 2000) and gave an average size of 13.7 = 6 um as seen in Figure 3c. Such type
and morphology of this powder are typically found elsewhere [10,11].
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Figure 3. SEM Images of WC-12Co powder at two magnifications: (a) x500, (b) x1500, and
(c) particle size distribution.
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3.1.2. WC-10Co0-4Cr Powder

On the other hand, Figure 4a,b shows SEM images at two magnifications of agglomer-
ated and sintered WC-10Co-4Cr powder having also spherical morphology with an aspect
ratio of 0.87 and were noted to be slightly porous, which are identical features found in
earlier work using the same type of powder [12]. This powder had an average size of
28.1 £ 8 um, as seen in Figure 4c.
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Figure 4. SEM Images of WC-10Co-4Cr powder at two magnifications: (a) x500, (b) x1500 and
(c) particle size distribution.

3.2. Surface Characterization of As-Sprayed Coatings

The morphology of the as-sprayed surfaces of both powders WC-12Co and WC-
10Co-4Cr at different magnifications are shown in Figure 5 in the left and right columns
and respectively. They share common features such as homogeneous morphology as
well as occasional zones at which melting/partial melting of powders occurred. Free-
hand black lines were drawn to surround these zones as shown in Figure 5b,e and at
higher magnification designated by letter “M” and black arrow as in Figure 5¢,f. The
areas of the melted zone were measured 10 times at different locations and the same
magnification where the average percentage of these areas was calculated with respect to
the total area which gave 30.3 £ 0.6% and 14.5 &£ 0.4% for WC-12Co and WC-10Co-4Cr
coatings respectively. The reaforn to this difference is related to the smaller particle size
with the former powder compared to the latter one [13]. The smaller particle size is more
susceptible to overheating due to its lower mass which may dissolve more readily in
the molten binder due to its higher surface area-to-volume ratio compared to the coarse
one [14]. Furthermore, smaller particle size possesses larger amount of high-energy particle
boundary area than that with bigger particle, assuming other related factors such as
viscosity are constant. Hence, particles with a larger amount of high-energy particle
boundary area tend to melt easier [15].
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Figure 5. SEM images of as-sprayed surface morphology of WC-12Co powder (a—c) and WC-10Co-
4Cr powder (d—f) at different magnifications.

3.3. Surface Roughness

The surface roughness (expressed in Ra) of WC-12Co and WC-10Co-4Cr coatings as
well as the substrate (for comparison), were measured 10 times at different locations and
gave an average of 5.02 &= 0.41, 5.48 & 0.63, and 9.41 &£ 0.98 um respectively as presented in
Figure 6. This result can be related to the particle size, where smoother surface roughness
is obtained from smaller particles, as well as the higher percentage of melted zones playing
a role in smoother surfaces [13]. On the other hand, the high roughness of the substrate is
due to the shot blasting process using Al,O3 grit used as surface preparation for coating.
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Figure 6. The roughness of as-coated surface compared to that of the substrate.

3.4. Morphology of Coating Layer

SEM was used to visualize in detail the coating layer sections as well as to measure the
coating thickness for both coating types. The coating layer of WC-12Co and WC-10Co-4Cr
are shown in Figure 7 left and right columns and respectively, where they were built up
to a thickness of around 330 + 60 um [16]. Figure 7a,d show that both coating layers
were dense with no cracks and good contact with the substrate. This is due to the high
velocity and impact of the sprayed powder particles that have similar appearance in which
carbide grains were homogenously distributed and embedded in the binder matrix, as
shown in Figure 8b,e. However, some locations (indicated by a black arrow) in which the
WC particles were pulled out [10,17] from the binder due to the grinding and polishing
processes applied to reveal the coating layer, the substrate, and their interface. The carbide
grain size within the coating layer was measured 10 times using the linear intercept method
with each coating which gave an average value of 0.875 £ 0.061 um and 0.287 £ 0.014 um
corresponding to WC-12Co and WC-10Co-4Cr coatings respectively. Comparing these
values with that of the as-received powder shows that a significant reduction in particle size
has occurred due to the fragmentation resulting from the bombardment at high velocity
of the molten or partially molten powders on the rough substrate. However, it should
be noted that the smaller particle size of WC-12Co in the powder condition (13.7 um)
gave a larger carbide grain size (0.875 um) in the coating when compared to (28.1 pm) of
WC-10Co-4Cr which gave (0.287 um).

Figure 7. Cont.
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Figure 7. Coating layer at different magnifications of WC-12Co (a-c) and WC-10Co-4Cr (d—f) Note:
black arrows point at the pullout zones.

W Spectrum 3
100 4
w
Co Co \l W
w
C Co W Wy
T T T T T
n 2 4 B g 10

=
=
k=)
QO
w 2
w
12
§ Full Scale 24484 cts Cursor: 0.000 keV|
Bl B C: 5.92; Co: 13.19; W: 80.89
= aopm l!dlon Image 1

’ (wt.%) e
(i) (i) (iii)
(a)

Figure 8. Cont.
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Figure 8. EDS characterization of: (a) WC-12Co and (b) WC-10Co-4Cr powder. (i,iv) Powder
morphology; (ii,v) Element histogram; (iii,vi) Quantitative EDS results.

3.5. EDS Analysis of Feed Stock Powders and Coating Layers
3.5.1. EDS Analysis of Feed Stock Powders

The quantitative elemental composition of both types of feed stock powders in the
as-received condition was determined using Energy Dispersive Spectroscopy (EDS) which
was conducted 5 times per sample in order to ascertain the consistency of the chemical
analysis results. Figure 8 shows the EDS analysis of the as-received powder WC-12Co
and WC-10Co-4Cr respectively. It can be noted that the elemental analysis obtained from
the elemental histogram and quantitative results of both types of powder closely match
that of the manufacturer, which is: C: 5.25 max; Co: 11.0-13.0; W: 81 min; Fe: 1.5 max;
others: 1.0 max. (wt.%) for the former powder, whereas: W: Bal.; Co: 9.0-11.0; C: 5.00-5.5;
Cr: 3.5-4.5; Others: 1.0 max (wt.%) for the later one.

3.5.2. EDS Analysis of the Coating
EDS of WC-12Co Coating

In order to ensure the results consistency and repeatability, five random locations were
taken for EDS measurements. Figure 9 shows the EDS results of the WC-12Co coating
which indicates that there is some increase in the C, reduction in W and Co contents, and
presence of oxygen when compared to powder composition.
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Full Scale 49763 cts Cursor: -0.157 (0 cts) kev|
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- c 0 Co w
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Figure 9. EDS characterization of WC-12Co coating; (i): microstructure; (ii): Element histogram;
(iii): Quantitative EDS results.

The reason for these changes can be related to the decomposition mechanism of WC
that was suggested in several works [14,18,19]. This mechanism is divided into four stages
namely; (a) binder melting, (b) dissolution of WC in the binder phase, (c) decarburization
and (d) solidification of the molten binder upon bombarding the substrate. When the
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Carbon diffuse in Co

W-C

WC-12 Co powder particles are sprayed, they are exposed during their flight to high-
temperature flame leading to melting the Co metallic binder phase due to its lower melting
temperature of 1350 °C [16,18,20]. As a consequence, the WC particles dissolve/dissolute
in the liquid Co-binder phase causing it to increase in volume whereas the solid WC phases
decrease as well as an enrichment in C and W contents in the metallic matrix all of which
are promoted with increasing temperature [18]. This is shown schematically in Figure 10.

Partially melted WC and

dissolved in into liquid Co
WC- core

Co- coating

Molten Co
(a) (b)
Increased Co-rich liquid n-phase
became supersaturated
resulting into W»C-
phase

precipitation in Co-
rich solid

Decreased WC particle

() (d)

Figure 10. Schematic presentation of decarburization. (a) Initial powder structure composed of WC
particle covered with Co-binder. (b) Powder during flight where the binder melts and WC dissolute.
(c) Phase of cooling down and decarburization. (d) Solidification of molten binder upon reaching
the substrate.

The following reactions explain the decarburization mechanism [13,19,21,22]:
2WC — 2W,C + C W,C - 2W +C

Because O, is involved in this process it diffuses within the liquid phase and reacts
with the dissolved C forming CO,. Finally, decarburization ends with rapid solidification
probably when particles bombard the relatively cold substrate. This rapid cooling causes
the molten phase to be supersaturated, hence releasing W,C and simultaneously forming
an amorphous supersaturated solid Co and W,C which will be shown later in the XRD test
results [14].

EDS of WC-10Co-4Cr Coating

The EDS elemental analysis of WC-10Co-4Cr coating is shown in Figure 11, where it
can be noted that C content was reduced, W, Co, and Cr were marginally increased and the
presence of oxygen in comparison to the feed stock powder. The reason for these variations
may be similarly referred to as the stages of the WC decomposition mechanism leading to
decarburization as mentioned earlier.
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Figure 11. EDS characterization of WC-10Co-4Cr coating. (i): microstructure; (ii): Element histogram;
(iii): Quantitative EDS results.

3.6. XRD of WC-12Co in Powder and Coating Conditions

The phase composition of the coatings was measured using X-ray Diffractometer
(Shimadzu-XRD 7000-X Ray Diffractometer Maxima) was employed to detect the phases of
the samples at a scanning rate of 0.1° s~! between 30~90° using monochromatic Cu-Ka
radiation operated at 40 kV. Figure 12 shows the XRD diffraction patterns of WC-12Co in
its powder and coated conditions. It can be noted that all WC-phase peaks which were
detected at specific Bragg (i.e., 260) angles in the powder condition were identical to that
occurring in the coating due to the presence of carbide particles in both conditions even
with smaller size in the coating [13]. On the other hand, the WC peaks in the coated
condition had less intensity compared to that of powder due to the decarburization of WC
into tungsten semi-carbide W,C [16], which appeared as well as new peaks in the coating
diffraction pattern. In addition, new peaks of CosW3C and CosW¢C (m-phase) [6] were
indexed in the coating as in Figure 13. Worth noting that the Co minute peak was detected
in the powder condition [16] at 44°; Figure 13, whereas it was absent in the coated one. This
is due to the fast cooling taking place when the molten/partially molten sprayed particles
bombard the relatively cold substrate [12] which upon solidification can partly transform
into amorphous supersaturated solid Co (tungsten, carbide) solution or an n-phase upon
solidification as reported earlier [5,12] and/or evaporation during spraying, both of which
can lead to the absence of Co peaks.

. . —— W(C-12Co-Coating
------ WC-12Co- Powder
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Figure 12. XRD-patterns of WC-12Co in powder and coating conditions.
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Figure 13. XRD-patterns of WC-10Co-4Cr in powder and coating conditions.

3.7. XRD of WC-10Co-4Cr in Powder and Coating Conditions

The XRD diffraction pattern of WC-10Co-4Cr in its powder and coating conditions is
shown in Figure 14. WC peaks were detected in both the powder and coated conditions
and also two weak peaks (traces) of metastable Co3W3C were noticed in the initial powder
condition [12]. The presence of CosW;3C is attributed to the insufficient carbon element
balance in certain areas, where Cr (having a high affinity to C) reacts with C hence forming
chromium carbide during the powder sintering process [6,12,23]. Furthermore, the diffrac-
tion pattern of the coated condition exhibited other phases such as W,C, 11 (CozsW3C) as well
as the hard chromium carbides Cry3Cq and Cry;C3 which resulted from the decarburization
of WC leading to free Cr and C hence promoting the formation of these carbides [6]. Worth
noting that a minute Co peak was identified in the powder condition whereas it was absent
in the coated one and appeared instead a broad peak of Co3W3C within a diffraction angle
of 37~45° [20,24], which is similar to that reported earlier in several works [12,24,25]. The
reason for this broadening is the amorphous phase that resulted from the rapid cooling of
the molten Co-Cr binder upon impacting the cold substrate [6,12].

* * W(C-12Co-Coating
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*
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= | * . @ 1 4
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- : }‘\\. '\‘ I s / ‘,I sl\ ! }\‘
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20, degrees
+:WC *: W2C o:Co A: CosWsC m: CosWeC  : CrsCs O: Cr-Cs

Figure 14. XRD-patterns comparing WC-12Co and WC-10Co-4Cr in coating condition.

Figure 14 shows the XRD patterns of WC-12Co and WC-10Co-4Cr coatings sprayed
by HVOF. The peak numbers of WC with both coatings were almost the same whereas,
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the peak intensities of the later coating were slightly higher, whereas W,C was lower,
which proves; as stated in the EDS section, that WC decarburization extent into W,C was
higher with the former coating than that with the later one [6]. It should be also noted that
WC-10Co-4Cr coating exhibits some new chromium carbide phases such as Cry3C¢, Cr;Cs,
whereas n-carbide phase (CozW3C, CogW4C) detected with both coatings was almost
similar. The formation of the hard phases Cr;3Cq, Cr7Cs were generated due to the free Cr
and C resulting from the decarburization of the WC.

Effect of Particle Size on Decarburization

The effect of the particle size of the feed stock powder on the resulting phases after
decarburization which occurred during and after deposition can be summarized as fol-
lows: the smaller particle size of powder WC-12Co (13.7 um) compared to WC-10Co-4Cr
(28.1 um) is possesses higher surface area-to-volume ratio which when exposed to heating
becomes more prone for dissolving in the molten binder [14,15] thus leading to an increased
likelihood of decarburization compared to the larger particle size [13,20,25]. This is noticed
from the W, C peak intensities detected in XRD patterns of both types of coating, which are
summarized in Table 3 where it can be seen that W,C peak intensities are slightly higher
with WC-12Co than with WC-10Co-4Cr at all diffraction angles giving evidence that the
former powder is more decarburized than the later one [14].

Table 3. Comparison between W,C peak parameters of WC-12Co and WC-10Co-4Cr coating.

WC-12Co WC-10Co-4Cr
20 Intensity 20 Intensity
34.93 315 35.09 216
38.47 323 38.58 311
52.8 179 529 170
62.7 742 62.7 735
70.4 171 70.7 126

3.8. Microhardness Testing

Microhardness measurements were conducted five times at a load of 300 g, 15 s dwell
time, and 0.15 mm pitch between two consecutive indentations. Hardness variation along
the coating thickness and the substrate is shown in Figure 15. The substrate average
hardness was found to be within the range of 180 to 290 + 6 HV0.3; values corresponding
to the unaffected base metal to immediately just below the coating layer respectively. This
is due to the fast cooling effects occurring after spraying in which the substrate material
hardness is higher close to the substrate/coating interface than that in further locations [26].
The hardness variation of both coating layers gave the same behavior where the coating
becomes softer towards the coating/substrate interface as seen in Figure 15, a similar result
which was reported in earlier work [27] due to the difference in the cooling rates and the
decarburization extent at the top and bottom of the coating layers. With both types of
coatings, the coating process was performed several times [between 3—4 times] resulting
in multi-layer coating. It is proposed [27] that decarburization is less at the top layer
which accounts for higher hardness. This is due to the fact that lower layers close to the
substrate are subjected to multiple heating effects due to the deposition of multiple layers
leading to more decarburization than that with top layers. Furthermore, within the entire
coating layer the WC-10Co-4Cr coating was harder (1396 HV0.3 £ 31) than the WC-12Co
(1112 HV0.3 £ 19) especially at the top surface. This superiority in hardness can be mainly
related to the lower extent of decarburization; proven above, exhibited with WC-10Co-4Cr
than with WC-12Co due to the smaller particle size of the starting powder of the latter
than the former one. The smaller particle size is more susceptible to heating than the larger
one leading to the WC phase melting and dissolving easier in the molten binder [14], thus
reaching higher dissolution rates and consequently more decarburization. This facilitates
the decomposition of higher amounts of WC particles into W,C [13] causing the WC-12Co
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coating to be softer than WC-10Co-4Cr one. Another possible reason is the size of the
carbide grain embedded in the binder after coating and the corresponding binder matrix-
free path as shown earlier in Figure 7c f, in which a smaller free path present with the latter
coating gives higher hardness than that present with the former coating. [25] Decreasing
the carbide grain size and binder mean free path hinders slipping hence suppression of
dislocation propagation and consequently increasing the hardness [14]. Furthermore, the
presence of Cry3Cg, CryCs uniquely in WC-10Co-4Cr is a significant reason for the higher
hardness than that in WC-12Co coating [6].

1600
1400 4o _ Coating Substrate
‘\ —e— coated sample: WC-12Co
\
2005 \\ - &= coated sample: WC-10Co-4Cr
1000

800 -

Hardness Vickers, HV0.3

600 -

400

200

0

0 0.5 1 1.5 2 25
Distance from surface, mm

Figure 15. Microhardness distribution along the coated samples thickness.

3.9. Erosion Test

Plots of average weight loss versus testing period are shown in Figure 16 where
it can be seen that all samples have similar behavior. Increasing the testing duration
is accompanied by an increase in the average weight loss due to erosion. The blank
uncoated substrate (bare) obviously suffered the highest weight loss (i.e., has the lowest
erosion resistance) due to the absence of coating. On the other hand, comparing both
types of coatings show that WC-10Co-4Cr coating possessed higher erosion resistance
(i.e., lower weight loss) than WC-12Co one. This is due to the higher average hardness
value possessed by the former than the latter as shown earlier in the hardness testing results.
It was concluded [23] that hardness is utilized as the primary parameter for correlating
wear /erosion resistance. Another reason for the higher erosion resistance may be due to the
smaller carbide particle size of 0.287 pm measured in coating WC-10Co-4Cr compared to
the larger one of 0.875 um with WC-12Co. This leads to a smaller mean free path of binder
matrix thus possessing higher erosion resistance [11], based on the fact that the abrasive
erodes preferentially larger volume fraction of binder than carbide particles [25]. Therefore,
it can be stated that this effect is aggravated when the smaller particle size is embedded in a
harder binding matrix compared to the larger particle size in the softer WC-Co matrix [11].
Therefore, it can be stated that the effect of smaller particle size which is embedded in the
harder binding matrix is aggravated compared to larger particle size in the softer WC-Co
matrix [11].

Low-magnification SEM images were taken for the eroded surfaces resulting from
slurry exposure times of 2 and 3 h testing in which considerable weight loss occurred as
shown in Figure 17. The images of the surfaces in the shot blasted, WC-12Co and WC-
10C0-4Cr coated samples in their as-sprayed condition are shown in Figure 17, which is
divided horizontally according to to sample type and vertically according to erosion test
exposure duration. The first left column shows the samples before erosion test whereas the
second and third columns show the same sample types after exposure to erosion test for
2 and 3 h respectively. Generally, the common feature of these samples is that rough surface
topographies shown in the first column of Figure 17a,d,g have changed into a relatively
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smoother surface (dark-grey) through partially removing the surface peaks as shown in
Figure 17b,e,h. Worth noting that the light-grey zones in the coated samples are valleys in
which the erosive slurry did not effectively erode them during this specific time (i.e., 2 h).
On the other hand, with longer exposure times (i.e., 3 h) as in Figure 17c¢ i, the effect of
slurry was more erosive where more material at peaks was removed and more valleys were
revealed (light-grey zones).

0.18 — r n s
o6 | —wae
X 0.14 —e—WC/12Co ! : /
w It = —— f
2012 = wc/nmCo/4q,
0.1
5 e/ -0
2 0.08  ——— — T
g’n — I '/:/. e —
©006 ————— i =
2 ——— // — A
Z 0.04 4 -
—— :/ e —
e — ==
002 =
0

0 1 2 3 4
Erosion test duration, hr

Figure 16. Erosion test results for both types of coating along with the bare substrate.

Figure 17. Low magnification SEM images showing surface morphologies of; substrate (a—c); WC-
12Co coating; (d—f) and WC-10Co-4Cr coating; (g-i). Note: (a) after shot blasting (blank), after erosion
test for: (b) 2 h and (c) 3 h; (d) As-sprayed, after erosion test for: (e) 2 h and (f) 3 h; (g) As-sprayed,
after erosion test for: (h) 2 h and (i) 3 h.
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For a closer view, higher magnification was used as in Figure 18a—c which shows the
dark and light-grey zones for the 2 and 3 h testing times respectively. Similarly, it can
be noted that with both types of coating the dark-grey zones increased with increasing
the testing time from 2 to 3 h indicating that more coating is removed leaving behind the
valleys (light-grey zones) as shown in Figure 18. These results confirm that one’s obtained
from the weight loss results shown in Figure 16.

.
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x200

(vi)

100pm
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Figure 18. Comparison between eroded surfaces (a) Substrate, (b) WC-12Co and (c) WC-10Co-4Cr.
at 2 h: (i,iii,v) and 3 h: (ii,iv,vi).

3.10. Tensile Adhesion/Bond Strength

In order to measure the adhesion/bonding strength between the coating layer and
the substrate, ASTM “C633- 13" [28] was applied in which the bonded samples that were
attached to a self-aligning loading device and subjected to tensile loading using a universal
tensile testing machine; INSTRON 8835 at a constant speed of 1.00 mm /min according to
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standard. Araldite-2015 adhesive having 67 MPa tensile strength was used to bond both
coating sides in the adhesion test. Here it should be noted that ASTM-C633-13 defined
the adhesion strength of the coating given if failure is entirely at the coating-substrate
interface, whereas, the cohesion strength of the coating is given if rupture is only within the
coating. Figure 19 shows the adhesion bond strength of the two coatings investigated along
with the tensile strength of the adhesive material. The adhesion strength and extension
values of both types of coatings were close to each other but still slightly weaker than
the adhesive material. The coating WC-10Co-4Cr, however, possessed higher adhesion
bond strength and less extension (58.61 MPa, 0.34 mm) compared to the WC-12Co one
(52.14 MPa, 0.47 mm). The adhesive bond strength/cohesion strength was calculated [28]
as follows:

Adhesion or cohesion strength = maximum load/cross — sectional area. €))
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Figure 19. Adhesion bond strength vs. extension plots for adhesive and both types of coatings.

The reason for this higher strength may be related to the smaller carbide particle
size resulting from fragmentation due to their bombardment with the substrate giving
the values of 0.875 and 0.287 um for coatings WC-12Co and WC-10Co-4Cr respectively
thus increasing the true surface area between carbide particles/binder with the rough
substrate. The smaller particles are more able to lodge themselves with the molten binder
into the substrate valleys compared to larger ones [29] hence creating a stronger bond. SEM
images were taken at low magnifications for coated samples WC-12Co and WC-10Co-4Cr
as shown in Figure 20a,d respectively. These figures show the surfaces at which failure
occurred and whether the failure was at the coating/substrate interface or within the
adhesive or coating material as stated in ASTM “C633- 13”. Generally, it can be noted from
Figure 20a that the WC-12Co coated sample failed partially in the adhesive material and
at the coating /substrate interface, whereas the WC-10Co-4Cr sample mainly failed at the
coating/substrate interface as in Figure 20d. Furthermore, Figure 20b,c,e,f show images
taken from the same samples (within circle) but at higher magnification. The failure location
of WC-12Co coating occurred partially within the adhesive material as seen in Figure 20b,c
constituting about 31% of the entire cross-section area. Sample WC-10Co-4Cr failed within
the coating/substrate interface where one side still maintained the carbide particles in the
binder matrix, whereas the other was the substrate as seen in Figure 20e,f, which may be the
reason for having the higher adhesion strength with this coating type. Hence, based on the
failure location it can be stated that the adhesion strength of WC-12Co coating is a result of
a combined failure within the adhesive material and at the coating substrate via the coating
layer itself, whereas WC-10Co-4Cr failed almost entirely at the coating/substrate interface
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giving the actual adhesion strength which indicates the superior cohesion between the
Co-Cr matrix with WC particles compared to Co matrix with WC ones.

|

WD50mm  SS50

-
SEI  20kV WD50mm  SS50 8 1mm — SEI  20kV
JEOL JEOL

SEl  20kV D50mm  SS50 2mm

3 Su - A
20kV WD25mm  SS50 3 500pm  —

(e) ()

Figure 20. SEM images of coating/substrate interface after tensile test of two coatings; WC-12Co:
(a—c); WC-10Co-4Cr: (d-f).
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4. Conclusions
The following conclusions can be drawn based on the experimental results:

(1) Microstructural testing showed that powder with smaller particles size was more
prone to melting than the larger one leading to a smoother coating surface.

(2) Some compositional variations were noticed from EDS test results between powder
and coating due to decomposition, whereas, XRD indicated the occurrence of decar-
burization and showed that the extent of decarburization was more pronounced with
the smaller particle size powder WC-12Co than with larger one WC-10C0-4Cr.

(8) XRD tests of WC-12Co coating identified the presence of W,C and Co3W3C and
CogW4C (n-phase), whereas the same phases were present with WC-10C0-4Cr coating
with the addition of Crp3Cg and Cr;Cj causing the former powder to be softer than
the later one.

(4) WC-10C0-4Cr coating is more erosion resistant than WC-12Co one due to its su-
perior hardness as well as possessing less matrix free-path that erodes faster than
carbide particles.

(5) Adhesion strength between WC-10C0-4Cr coating layer and substrate was higher
than that of WC-12Co due to the smaller carbide size in conjunction with the molten
metallic binder being able to lodge itself within the substrate’s rough surface.
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