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Abstract 1In order to obtain a wear and oxidation resistant surface, hydraulic cylinders are commonly coated with
electrodeposited hard chromium. However, due to the wear, this type of coating exhibits a gradual increase of the bearing area
for the sealing elements, interfering in the lubrication of the hydraulic rod, causing damage to the sealing elements and,
consequently, oil leakage. Currently, the High Velocity Oxygen Fuel (HVOF) process appears as an alternative coating
technique to Hard Chrome Plating, using composites (metal-ceramic), which provide low wear rates and a low friction. This
work aims to compare the mechanical and tribological properties of hard chrome plated and WC-CoCr HVOF coated AISI
1045 steel for the use as hydraulic rods. The selected coatings thickness was in the order of 100-170 um aiming to meet best
wear test conditions, to facilitate the analysis of the microstructure, and to obtain better results regarding the hardness of each
coating. Roughness measurements, hardness, bending and wear tests, including the measurements of friction coefficients
were carried out for the coatings. Additionally, a microstructural analysis was performed by optical and Scanning Electron
Microscopy (SEM) supported by Energy Dispersive Spectroscopy (EDS). The results indicated superior properties of the
WC-CoCr HVOF coated steel in comparison to the chrome hard plated one, especially regarding roughness, friction and
wear.
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electrodeposited hard-chrome layer, as the wear progresses,

1. Introduction

As a power transmission element, the hydraulic cylinder
can continuously transmit a wide range of power, which can
be controlled easily and with accuracy. Its application
usually occurs under difficult working conditions, in mining,
offshore, aviation, agricultural equipment, and metallurgy.
Hydraulic rods are normally exposed to extreme and hostile
environments such as seawater or high temperature, and
environments with a high amount of solid particles, as is the
case of mineral extraction, that lead to rapid wear of the
cylinders [1]. Consequently, the rods of the hydraulic
cylinders are coated with a layer of protective material,
usually hard chrome. The purpose of this coating is to
improve surface characteristics and mechanical properties
such as surface hardness, corrosion resistance, wear
resistance, and even reduce friction. However, the

* Corresponding author:

richard.castro@satc.edu.br (Richard de Medeiros Castro)

Published online at http://journal.sapub.org/materials

Copyright © 2018 The Author(s). Published by Scientific & Academic Publishing
This work is licensed under the Creative Commons Attribution International
License (CC BY). http://creativecommons.org/licenses/by/4.0/

causes a gradual increase of the supporting area to the
sealing elements and guides. This interferes directly in the
lubrication of the rods, causing damage to the sealing
elements and promoting fluid leakages. This is because the
roughness peaks are broken during slippage and, thus, the
height of the valleys decrease dramatically, not holding the
lubrication oil anymore. Another problem in the use of Hard
Chrome Plating is the presence of Cr6+ hexavalent
chromium in high levels, leading to high carcinogenic and
environmental contamination [2, 3].

Nowadays, several processes are under consideration as
alternatives to replace Hard Chrome Plating. The main ones
are Chemical and Physical Vapor Deposition (CVD and
PVD) and Laser Cladding but the main disadvantages of
these processes are the difficulties in the retreatment of the
parts. Recent publications have shown that the High
Velocity Oxygen Fuel (HVOF) technique can be used both
for the manufacture of new coatings and for the recovery of
rods that have already been used [4, 5]. An advantage of the
HVOF process is that is produces a coating with high
density, low oxide content and good adhesion [1-6].

Driven by the need to improve the wear of the
components, some sealing industries are looking for new
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technologies to establish themselves in the market. They
also allocate all set of actions carried out by environmental
strategists on alternatives to hard chromium. A survey
published by the Aerospace Sealing Technology News
(ASTN) in 1999 presented results to the US Air Force over
alternatives to Hard Chromium Plating in fluid power
system components. In this study the WC-CoCr HVOF
coatings have been evaluated, demonstrating excellent
results [7, 8].

The characteristics most often used to describe the
topography of a surface are the roughness parameters Ra,
Rz and Rmax (um), defined in DIN/ISO 4287. However,
for hydraulic cylinders, it is necessary to know the
parameter Rmr (%), which determines the support area for
the seal. In several cases, different surfaces can have similar
Ra values but, for other roughness parameters, totally
different values can be found. According to Steep and
Wiistenhagen (2006), 80% for Rmr should be an optimal
value for hydraulic cylinders [9, 10].

With the objective of identifying the performance of the
WC-CoCr coating and establishing a comparison with the
traditional hard chromium coating, the metallurgical,
mechanical and tribological properties of an AISI 1045 steel
used in hydraulic cylinder rods were evaluated. The tests
were selected according to the conditions under which the
coatings would be subjected. The coating thickness selected
was of the order of 100-170 pm in order to meet the best
wear test conditions, to facilitate the analysis of the
microstructure and to obtain better results in relation to the
hardness of each coating. Roughness, hardness, bending and
wear measurements were performed, including the
coefficient of friction measurements for both coatings.
Additionally, the microstructural analysis was performed by
optical microscopy and scanning electron microscopy (SEM)
supported by energy dispersive spectroscopy (EDS). The
bending tests were done according to ASTM E290,
common in weld coatings, in order to identify the crack
density for each bend angle [12]. The tribological
evaluation was performed by the abrasive wear method, a
mechanism that normally occurs during sliding of the
hydraulic rods, so was selected the rubber and sand wheel
method [13]. However, to identify and provide results on
the coefficient of friction for both coatings, the pin on disk
method was chosen [14].

2. Experimental Procedure

2.1. Characteristics of the Material of Substrate

Specimens of AISI 1045 steel in the as delivered state (as
hot-rolled), used to obtain the chemical composition of the
material of substrate, were manufactured with 25 mm of
diameter and 30 mm of height. The chemical composition
presented in Table 1 was obtained using mass atomic
spectrometry. After preparation, the samples were coated
with two different types of coating: Hard Chrome, which is

an electroplating process, and WC-CoCr - HVOF which is a
thermal spraying process.

Table 1. Chemical composition of the AISI 1045 used as substrate
Chemical Element | AISI 1045 standard (% wt.) | Analyzed (% wt.)
C 0.42 - 0.50 0.45
Cr - 0.11
Ni - 0.09
P 0.04 Max. 0.013
Fe Balance 98.2
Si 0.15-0.30 0.16
Mn 0.50 - 1.00 0.70
S 0.05 Max. -
Others - 0.28

2.2. Electroplating Process - Hard Chrome

Before hard chromium deposition, specimens were
sandblasted to obtain an Ra roughness of 0.28 um and then
cleaned for improved adhesion. Basically, the process of
cleaning the surface of the base material was carried out by
chemical means, using a solvent, by cold degreasing and an
aqueous solution to remove oxide layers. The roughness of
the substrate in AISI 1045 in hard chromium deposition is
lower than those used by HVOF. This average roughness
value is necessary so that after the hard chromium deposition
does not appear the scratches of the machining.

The chrome plating procedure occurred as follows: the
specimens were immersed in a reservoir containing the
Cr,O3 compound, dissolved in water. H,SO, acid was added
to this solution to act as a catalyst. The specimens (cathode)
were connected at the negative pole and the positive pole
(anode) was a sheet metal made of inert metal (93Pb7Sn).
The final chrome layer thickness was of approximately 101 £
3 um with a deposition time of 2 hours. After of hard chrome
deposition a fine machining process, with sandpaper and
polishing was done to remove the more peaks, leaving with
the surface finish used on hydraulic rods.

2.3. Thermal Spray Process (HVOF) - WC-CoCr

Before thermal spraying deposition, surfaces were
grit-blasted with aluminium oxide (Al,O3) and cleaned with
isopropyl alcohol in order to remove the impurities and
obtain adequate roughness for the adhesion of the coatings,
remaining with a roughness Ra of 6.4 pm. This roughness
Ra difference, 0.28 to 6.4 um, is justified by the need for
mechanical anchoring of the coating to the substrate by
HVOF, requiring greater surface irregularity to fix the
thermal spray coating.

The spraying equipment was an HP-HVOF and
commercial powder of WC-CoCr with a density between 4.8
to 5.0 x 104 kg/m’® was used for deposition. Fig. 1 (a) shows
the morphology of the as-received powder under a scanning
electron microscope (SEM) with particle sizes in the range
of 45 to +15 um. The chemical composition of the powder
was confirmed by electron dispersive spectrometer (EDS)
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analysis (Fig. 1 b). In the present study, WOKA 3653
powder was commercially provided by the company
Oecrlikon Metco and the chemical composition of this
product is compared by measuring EDS (Table 2).

10 pm
—

WD=17.0mm EHT=20kV SpotSize=500

Figure 1. SEM micrographs of WC-CoCr powder

Table 2. Comparison of the Chemical Composition of WC-10Co4Cr

Content of elements in weight - %
Material
w Co Cr C (total) | Fe (max.)
WC-CoCr
(Oerlikon) Balance | 8.5-11.5|34-46|48-5.6 0.2
WC-CoCr | pance | 103 43 47 02
(measure)

The parameters for HVOF spraying are presented in Table
3. The distance between the torch and the specimens was set
at 305 mm with a gun size of 152.4 mm and the powder feed
rate was set at 15 x 10 kg/s. At the end of the coating
deposition process, the specimens were submitted to the
grinding and polishing process, resulting in an average
roughness Ra of 0.12 pm, used for hydraulic cylinder rods.

Table 3. Thermal spray deposition parameters to WC-CoCr

Parameters
Elements
Pressure [Pa] Flow [m%/s]
Nitrogen 150+ 1.0x10° | 8652.2+83x 10®
Oxygen 9.7+0.3 x10° 2016.7 2.1 x 10
Kerosene 9.1+0.3 x10° 644.4+0.8 x 10°®
Combustion 70+£03%10° | e

The HVOF coatings had a final thickness of about 167 =7
um with a deposition time of 5 minutes in total. The coating
thickness was controlled by a defined number of passes by
the substrate and according to the parameters of Table 3.

2.4. Microstructural Characterization and Hardness
Test

For the microstructural characterization of the coatings
and hardness tests (hardness profiles), specimens were
cut in the cross section, then sanding and polishing. Vickers
HVy; microhardness profiles with automatic loading and
unloading rate and dwell time of 15 seconds were obtained

by using a HMV-02 TADW-SHIMADZU microhardness
tester, and tests were based on ASTM E 384-89 [11]. For
each microhardness profile, four indentations were created in
the substrate and twelve in the coating. This was repeated for
three different regions of each specimen. An average
microhardness profile was calculated from the 3 obtained
profiles. Optical microscopy analysis was carried out in an
OLYMPUS microscope model BX 51M with non-etched
samples.

2.5. Guided Bending Test

Guided bending tests were carried out according to the
procedures of ASTM E-290, using a Shimadzu® universal
test machine, model AG-X plus 100 kN [14]. A sketch of the
test apparatus is shown in Fig. 2. Specimens were bent to 24,
90 and 180° bending angles around a mandrel with a
diameter of 15 mm and an approximate feed speed of 10
mm/min was used. At each test, the load was released, and
the bended sample retracts, so that the final permanent angle
of the tested specimens is smaller than the angles tested. In
this test condition, the coating receives efforts of tension and
compression. The specimens evaluated were strips with 50
mm of width and 100 mm of length, all with a thickness of 3
mm. The bending resistance and adhesion of WC-CoCr and
hard chrome coatings were evaluated by analyzing the
formed cracks on the specimens after the bend.
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Figure 2. Principle of the bend test
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After the bending test was performed for each angle,
measurements and identification of cracks were carried out
using a digital microscope with a magnification of 500 x. For
each test specimen, the lengths of 20 cracks were measured
to obtain a mean and a standard deviation at each angle, as
shown in Fig. 6.

2.6. Wear and Friction Tests

In order to characterize the wear and friction properties of
the coatings, two different methods were employed: rubber
and sand wheel wear test and pin-on-disc wear test [13, 14].
For the rubber and sand wheel wear test, the procedure A of
the ASTM G65 standard was used. This test was used
because it would simulate the worst abrasive wear condition
a hydraulic rod would have. The test conditions are
summarized in Table 4. This is a relatively severe test which
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will rank materials abrasion resistance. The wear response
(loss of volume) was obtained according to Equation 1. The
weight loss was measured using an electronic balance with
0.1 mg in accuracy. The wear tests were performed using the
parameters of Table 4.

weigth loss (g)

1000 }
density (g/cm3)x [mm ] (1

Volume loss =

Table 4. Parameters of wear tests: ASTM G65

Parameters Value Unit
Disc diameter 228.6 mm
Test duration 1800 s

Rotating speed 200 rpm

Abrasive - SiO, 212 a300 pm
Normal load 130 N

Feed rate of abrasive 533 x 107 kg/s

The friction measurement was performed using the
procedures of ASTM G99 through the pin on disk test. The
friction tests were performed using the same parameters of
Table 5 for hard chromium and WC-CoCr coatings. For the
friction test, a tungsten carbide sphere was used as the pin,
with an average hardness of 1376 HV 1,5, and a disc with
50 mm diameter. The experimental results of this wear test
were determined by means of a profilometer model XP-2
from AMBIUS Technology, evaluating the average removed
volume after five measurements by specimens. Additionally,
the friction coefficients were monitored during the tests.

To characterize the WC-CoCr coatings and to identify the
wear micro mechanisms after rubber and wheel testing,
Scaning Electron Microscopy equipped with Energy
Dispersive X-ray (SEM-EDS) was used. The scanning
electron microscope was an EVO MA 10 - ZEISS equipped
with u QUANTAX.

Table 5. Parameters of wear tests: ASTM G99

Parameters Value Unit
Normal load 30 N
Linear speed 0.47 m/s

Sliding distance 1000 m
Track Radius 15 mm
Pin diameter 6 mm

Rotating speed 300 rpm

The surface roughness evaluation was performed before
and after the rubber and sand wheel wear tests, using an
SJ-210 roughness meter of Mitutoyo, with the Ra, Rz and
Rmax recorded in pm and Rmr recorded in percentage,
obtaining contact area of support the seal.

3. Results and Discussion

3.1. Microstructure and Hardness of the Coatings

The microstructures of the WC-CoCr coatings are shown

in Fig. 3 and Fig. 4. A lamellar structure, typical of HVOF
coatings was observed, containing a discrete oxide film in
the lamella boundaries and a low number of pores [15].

Coating

Substrate

(b)

Oxidation

film
/ N\

Figure 3.
etched

Micrographs of the WC-CoCr: (a) 200x and (b) 500x. Not

The level of porosity indicated in Fig. 3 (b) was evaluated
by image analysis (software Image-Tool). The tungsten
carbide-based coatings had a mean porosity of 1.0% with a
standard deviation of 0.26%, which is in accordance with the
criteria specified by the powder manufactures for this kind of
coating (Oerlikon Metco) that establishes a mean porosity of
less than 1.0%.

In Fig. 4 (b), microcracks can be observed in the hard
chrome coating. According to the literature, electrodeposited
hard chromium coatings exhibit this micro-cracked
morphology as a consequence of residual stress relief [16].
These aligned cracks facilitate the entry of oxygen to the
substrate, easily causing oxidation which leads to a very
rapid deterioration of the hydraulic component [17].
However, the cracks can be positive when controlled the
quantity, as it would aid in the lubrication of the rods.

The WC-CoCr coating had an average thickness of 167
um, with a standard deviation of 7 pm. On the other hand, the
hard chrome coating had an average thickness of 101 pm
with a standard deviation of 3 pm. The lower standard
deviation in the thickness indicates that there is a greater
regularity in the hard chromium electrodeposition process
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compared to the HVOF process. In Fig. 5 Vickers
microhardness profiles for the two different coatings are
presented.

A larger hardness dispersion for the WC-CoCr is seen
due to its heterogeneous microstructure (see Fig. 3) in
comparison to hard chrome coating. Some studies show that
the coatings sprayed with WC-based materials are described
as metal-ceramic composites, and the microhardness values
found are influenced by each microconstituent [18]. The
average value for the coating deposited by HVOF was in the
order of 1256 HV o1, while the value for the electrodeposited
chromium was of 952 HV ;.

Substrate

Microcracks

Figure 4. Micrographs of the Hard Chrome: (a) 200x and (b) 500x. Not
etched
2000
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Figure 5. Microhardness profiles of the coatings

3.2. Bend Test - Analysis of Cracks and Delamination

The three-point bending test performed according to
ASTM E-290 is an usual test to evaluate the adhesion of the
coating to the substrate, i.e., to check if cracks and/or peeling
of the coating will occur [12]. In this work, the specimens
made of AISI 1045 steel are bended and the coatings on the
surface are subjected to tensile and compression stress
according to the specimen’s side (upper or lower). After the
bending tests were performed in 24, 90 and 180 degrees, the
cracks and delamination of the coatings were analyzed
quantitatively and visually, according to Fig. 6.

Evaluated area

Direction of
Cracks (X - axis)

Figure 6. Results of the bend test: (a, b, ¢) 24°, (d, e, f) 90° and (g, h, i)
180°

After the bending test, almost all the coatings remained
adhered to the substrate with no spallation or peeling
phenomena. However, all coatings presented cracks. In the
case of the hard chrome coating, the microcracks were in
higher quantities than for WC-CoCr, and they very
heterogeneous in size. Previous research has pointed out that
higher bending angle values increase the damage level with
an increase in cracking density [19]. Also, with hard chrome
coating, spalling was observed at a 90° bend angle,
influenced by the partial breakage of the substrate (see Fig.
8). However, for HVOF coating, the distance between the
cracks is greater due to the lower adhesion force between the
coating and the substrate. The adhesion process of the
tungsten carbide to the substrate results from the impact
shrinkage process, being related to a mechanical process of
anchoring whereas in hard chrome it occur a electrolytic
adhesion.

The results of the bending tests are summarized in Table 6.
In Fig. 7, the density of the radial cracks is presented as a
function of the bending angle, proving that there is a linear
relationship between bend angle and radial cracks size. For
smaller bend angles, the distances between the cracks are
larger, than with a larger angle. Cracks occur in proportion to
the bend angle. In general, the failure mechanisms were
similar for both coatings, but with longer cracks in the case
of hard chrome and also a faster increase in crack size with
decreasing bending angle (higher inclination of the curve in
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Fig. 7). It should be noted that these tests are intended to
characterize coatings under extreme conditions that would
hardly be required for hydraulic cylinder applications. Fig. 8
(a) and (b) show the failures in the edge of the specimens.

Table 6. Influence of bending angle on the frequency of cracks

Coati Angle - a Crack Average Size Crack density
atin
oatmes [°] [mm] [cracks / mm]
24 0.402 £ 0.021 2.49+0.12
Hard Chrome 90 0.269 + 0.041 3.71+£0.59
180 0.238 +0.030 4.21+0.55
24 0.823 £0.102 1.22+0.16
WC-CoCr 90 0.584 +0.086 1.71 +£0.25
180 0.483 £0.057 2.07+0.24
5.0 -
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Figure 7. Influence of bending angle on the frequency of radial cracks
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Figure 8. Macrographic images of specimens for identification of failures
on the edge for each bend angle: (a, b, ¢) Hard Chrome and (d, e, f)
WC-CoCr

Fig. 8 shows the behavior of the coatings in regions
considered to be critical, i.e., at the edge of the specimen,
where the coating is not supported on the side. Failure
mechanisms, such as cracking, delamination and spalling
have occurred in this area. A crack initiation was also
observed on the substrates at 90 and 180° bending angles,
both for hard chromium and WC-CoCr. For a 24° angle with
the WC-CoCr coating, no critical failure mechanisms were
found, only microcracks that had been observed before, in
Fig. 6.

3.3. Friction and Wear Performance

Evolution of the friction coefficient and wear rate for the
coatings were evaluated by carrying out tests according to
ASTM G99 and ASTM G65. During the polishing of the
specimens, the initial roughness was controlled to avoid
exceeding the Ra value of 0.8 um so that the roughness does
not influence the surface cracks and the wear rate. Table 7
presents the initial roughness values for the established
parameters of these surfaces.

Table 7. Measurement of initial roughness of specimens

) Average — before test
Coatings
Ra[pum] | Rz [pm] | Rmax [pm] Rmr [%]
Hard Chrome 0.26 1.79 2.49 61.68
WC-CoCr 0.12 1.08 1.68 90.57
0.80
2 o070
=
@ 0.60
S
% 0.50 : — B
8 o040 Hard Chrome
c —_— &
S 030 - ‘ WC CF)CI’
- ; i i
0 i
& 0.20 A1 Wi
0.10 i . : . .
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Figure 9. Results of pin-on-disc test for the coatings: evolution of the
friction coefficient

First, the results of the pin on disc are presented for three
specimens of each coatings. During the tests, the evolution of
the friction coefficients for the two coatings was evaluated
(Fig. 9). The hard chrome coating showed an unstable
friction coefficient from the beginning of the test. This
instability is explained by plastic deformation contribution in
the wear mechanism for this coating, observed in Fig. 10.
Cancundo (2009) further justifies that, in the beginning of
friction tests, a zone of instability occurs, i.e., the friction
mechanisms are basically originated by the adhesion
phenomenon [20]. The frictional force of the relative
movement between the pin and the disk should be sufficient
to overcome the inertial force and then the opposition to the
motion generated by the initial peaks of roughness. These
mechanisms were more evident in the hard chromium
coating, identified up to the first 100 m of sliding, according
to Fig. 9 (a). Blau (2005) states that this temporary
fluctuation is a phenomenon called running-in, historically
presented by Abbott Firestone in 1933. The author explains
that this initial instability of the coefficient of friction in time
not only has relation to aspects of asperities but also occurs
in the materials adjacent to the surfaces, such as elastic and
plastic irreversible deformation. During that deformation
process, changes in crystallographic orientation and the state
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of work hardening (especially in metals) can occur [21].
Debris can accumulate, and interfacial transfer can occur.
Therefore, not only do the shape, texture, and roughness of
the surface features change but their substructure and
micro-mechanical properties do as well, and this can best
justify the region of initial instability.

However, in the WC-CoCr coating, these phenomena
were practically not observed. Almost throughout the whole
test time, material removal from the coating surface in the
form of chips was observed. In the WC-CoCr coating,
there was a stabile behavior of the coefficient of friction,
characteristic of a lubricated sliding, which was justified by
the detachment of fine reddish-brown particles. According to
Fang (2009), the low friction of WC-CoCr is due to the
formation of oxides particles (WO;) that have lubricating
properties, resulting in lower friction coefficients [22, 23].
Fig. 10 shows the wear tracks formed from the friction tests.

The first observation is that for the same pin diameter used
in tests, the tracks showed different widths. This fact is
associated with the high hardness of the spray coating in
comparison to the chrome coating, which inhibited plastic
deformation and surface material pull-out. In the WC-CoCr
coating, only a mild wear path was observed. However,
for hard chrome, the wear mechanisms such as plastic
deformation and micro-cutting are confirmed by Fig. 10 (a)
and 10 (b), respectively.

Figure 10. Wear tracks for coatings: (a) Hard chrome and (b) WC-CoCr

Also, Fig. 11 shows the significant difference of wear
depth relative to the surface. For the carbide-based coating,
the value was of 0.28 pum and, for hard chrome, this value
exceeded 10 um. According to Table 8§, it is observed that the

WC-CoCr test samples showed greater regularity in their
values in relation to the volume of removed material.
Considering the methodology used to quantify the volume
withdrawn from the material, the hard chromium presented
an approximate amount of removed material 212 times
higher than that of the WC-CoCr coating, for a selected line
width and its mean radius.

(a) __ i

0,00

-350,00

Figure 11. 3D topography of surface (True Map software): (a) Hard
chrome and (b) WC-CoCr

With the top images of the surfaces, created with 2D/3D
profilometry, it was possible to estimate the wear volume by
the average profile of each coating, as presented in Table 8.

Table 8. Removed material volume of coatings quantified by profilometry

Coatings Mean volume removed [mm®]
WC-CoCr 0.0045 £+ 0.0011
Hard Chrome 0.977 +£0.333

For hard chrome, the mean width of the track was
approximately 1.8 mm, while for WC-CoCr it was 0.25 mm.
According to Bailey (2011), the high wear on
electrodeposited hard chrome coating is justified by the
density of microcracks presented by the hard chromium
coating [17]. This method of measurement did not consider
plastic deformation occurring during sliding in the hard
chromium coating. However, this result was important to
show only one qualitative on the WC-CoCr coating,
confirmed also later by the results ASTM G65 test, Fig. 16.

After the friction tests, the coatings were subjected to
the abrasive wear test using dry sand and rubber wheel. To
understand the wear behaviour, the worn coatings were
examined using SEM. Fig. 12 and 13 shows the worn
surface of each coating wiped by rounded silica sand (SiO,)
of 250-300 um after 30 minutes, shown in two levels of
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magnification.
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Figure 12. Surface of hard chrome coated surfaces after wear test. No
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Figure 13. Microstructural analy51s of the WC-CoCr surface at different
magnifications: a) not worn surface and b) worn surface
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Figure 14. SEM micrographs after abrasive wear test in WC-CoCr
specimens. a) worn surface after test, b) splitting of the WC matrix, c) crack
and d) grain of sand

In Fig. 12 (b), scratches with a width of approximately 2
um in the sliding direction are seen. This characterizes the
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action of a micro-cutting mechanism in the surface of the
hard chrome. It is also important to note the concentration of
sand particles (SiO,) embedded in the tested surface. Fig. 13
shows the surface of the WC-CoCr before the abrasion test
and after the abrasion test for the worn and not worn regions.

After the abrasion test, the WC-CoCr micrograph reveals
carbide removal (marked by arrows in Fig. 13 b). However,
with a reduction of ploughing mechanisms, compared to the
hard chromium coating. The evidence, even when punctual,
of the WC matrix pull-out is visible, and occurs due to the
low hardness of the binder (Co). Removal of cobalt leads to a
lack of bonding material, eventually resulting in carbides
being plucked from the surface [24-26]. Carbide removal is
evidenced by the increase of the roughness Ra (Table 9) and
by the images produced with SEM-EDS analysis.
Additionally, Fig. 13 (b) showed some micro-scratches from
the test process but with extremely small track width
dimensions (approximately 0.033 um) compared to hard
chrome. Figures 14 and 15 show the SEM-EDS analysis. Fig.
14 (a) shows the coating’s topography; Fig. 14 (b) shows the
splitting of the WC matrix; Fig. 14 (c) shows microcracks;
and in Fig. 14 (d) shows a remaining grain of sand resulting
from the sandblasting process.

The first observations obtained by SEM of the specimens
sprayed with WC-CoCr (Fig. 14 a) showed a high-density
coating characteristic of the HVOF process, although
porosity is present, as a characteristic of the HVOF process.
Fig. 14 (b) shows a structure with a pull-out characteristic of
the WC matrix (hard phase), which was then confirmed by
EDS analysis at this point (point 2). Cracks were detected in
the longitudinal direction of the sprayed layer (Fig. 14 (c)).
Usually, this defect is related to incorrect procedures in the
preparation of the surface for the wear test, as high speed and

force used in the sanding and polishing of the specimens. Fig.

14 (d) shows an SiO, particle, which was the abrasive
material used in the wear tests. The same image shows, even
after the cleaning performed to obtain the images, that a
small particle of silica of approximately 10 to 15 pum
remained embedded in the surface of the coating.

Fig. 15 shows the composition of the elements identified
by SEM at the points indicated in Fig. 14.

In order to identify the defects produced in the WC-CoCr
tests, images were captured at the points 1, 2, 3 and 4 of the
microstructure. For the point 1 in Fig. 15 (a), the EDS spectra
identified particles containing carbide and chromium, which
are main elements of the sprayed coating, confirming it was a
pore. At point 2, a large concentration of chromium was
found and a smaller amount of cobalt. It is estimated that,
with the sliding of the SiO, grain particles, pull-out of hard
WC particles occurred, with only residues of the CoCr binder
matrix remaining. At point 3, a coating region containing the
WC-CoCr alloy was also identified in higher concentration.
Point 4 revealed the presence of the silicon element present
in the abrasive material (SiO,), which means that, at some
points, the abrasive material remained in the coating.
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Figure 15. EDS patterns of the four points analyzed for WC-CoCr

coatings: (a) point 1, (b) point 2, (c) point 3 and (d) point 4

The tracks characteristic of the abrasive test made by
rubber wheel and sand, as well as the wear volumes of the
tested coatings, are shown and quantified in Fig. 16.

The hard chrome specimen (Fig. 16 a) shows a more
visually pronounced wear than the WC-CoCr specimen.
In Fig. 16 (b) the HVOF coating presented a higher
performance than that of the hard chrome, with volume
removed of 2.2E-10 m® and 14.8E-10 m’, respectively. The
wear rate occurs due to the higher difference in hardness
between the abrasive material (SiO,, HV(¢; = 1100) and hard
chromium (HV,; = 952). According to the literature, this
would lead to higher plastic deformation increasing the
removed material rate [27]. For the WC-CoCr coating, a
higher hardness (1256 HV ;) was identified than that of the
abrasive material, resulting in a low volume of removed
material.
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Figure 16. Results of wear test - ASTM G65-00: (a) Tracks characteristic
of the test and (b) mean of the removed volume according to equation 1

To evaluate the surface finishing of the coatings after
testing, roughness was measured. The comparative values of
the measurements are shown in Table 9. Based on the
presented results, it is possible to state that the WC-CoCr
coating presented better performance in relation to the main
parameters, Ra and Rmr, because was found the best indexes
applied to the sealing surfaces in application of hydraulic
cylinders [2].

Table 9. Measurement of roughness before and after the wear test

Average — before test Average — after test

Parameters Cllj::r(liqe WC-CoCr CI};I:;rie WC-CoCr
Ra [pum] 0.26 0.12 0.11 0.17
Rz [pm] 1.79 1.08 0.83 1.25
Rmaéx [um] 2.49 1.68 1.07 1.42
Rmr [%] 61.68 90.57 93.01 80.29

It was observed that an increase in roughness values (Ra)
occurred for WC-CoCr coatings. This increase occurs due to
the pull-out of carbides (appearance of pores) seen in the
SEM images, Fig. 14 (a) and (b). Koutsomichalis et al.,
(2017) describe the phenomenon of pull-out of carbides in
wear tests [28]. However, for the hard chrome coating, the
Rmr values would be not promising for hydraulic sealing
applications due to its polishing, observed by the Ra drop
and the Rmr increase in relation to the values recommended
in the literature [9-10], which should be around 80% while
the observed values after the wear tests are of 93%. The

polishing effect would cause the deformation of the sealing
member due to the difficulty of lubrication by the low levels
of valleys on the surface. However, for the Ra parameter, the
chrome coating still appears within the limit range for
sealing surfaces.

It is important to point out that these results alone do not
define an ideal condition for surfaces applied to hydraulic
seals. Other factors in actual working conditions for the
hydraulic rods will also be important in determining a new
coating, and it is important to obtain data from dynamic tests
of rods and hydraulic sealing behavior measuring the leakage
rates.

4. Conclusions

The microstructure of the WC-CoCr coating showed a
discrete oxide film between the layers with low porosity
(<1.0%). Moreover, the sprayed coating presented high
hardness, of the order of 1250 HV, /5, but with a higher
standard deviation when compared to hard chromium
coating, which presented microcracks in the analyzed layer.
This shows that the electrodeposited process contributes and
anticipates the abrasive wear and the oxidation of the base
material. However, microcracks, when in controlled amounts,
can become positive, in the lubricated contact, which is the
case of hydraulic rods.

In bending tests, cracking and peeling of the coating
depends on the bending angle. Low crack density was
observed in the WC-CoCr coating compared to hard
chromium. Additionally, no scattering was found at the 24°
bend angle. In the tests, there was radial cracking and
delamination of the coatings at the specimen edges. The
number of cracks was smaller for thicker coatings.

In the pin on disc tests, the WC-CoCr coating presented a
lower friction coefficient, resulting in a wear track of
significantly smaller width than for hard chrome.
Furthermore, the WC-CoCr coating presented a lower
friction coefficient, resulting in a significantly smaller wear
track than for hard chrome. In these tests, the hard chromium
presented greater deformation and greater removed volume
than the WC-CoCr coating. Also, the low values of the
coefficients of friction of the WC-CoCr coating are due to
the formation of oxides WO3, previously described.

The abrasion wear resistance of the WC-CoCr coating is
much higher than that of the hard chromium coating due to
surface hardness. In the tests of hard chrome, the abrasive
mechanisms of micro cuts and micro-scratches were present.
However, in the WC-CoCr coating, only the spalling of
carbide micro particles, which was caused by the removal of
the cobalt matrix, was observed.

Roughness measurement of the parameter Rmr for the
WC-CoCr coating results, for seal support area, in a value of
80%, showing that the coating produced by HVOF benefits
the hydraulic sealing systems of the rod. This result is mainly
related to the topographic characteristics of the WC CoCr
coating produced by HVOF.
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