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Laser clad coatings consisting of a Ni-based matrix and tungsten carbide (WC)
hard phases are used for heavy wear protection of components in many
industries. Matrix composition and WC type can be chosen to give these
composites resistance to erosive/abrasive wear, as well as to the impacts of
particles and corrosion. Maintaining ductility in the matrix is important, so
that it can absorb impact energy and minimize cracking, thus avoiding pen-
etration of corrosive media through cracks and subsequent corrosion in the
substrate-cladding interface. Claddings were tested for their impact resistance
by means of a single impact with a hard, spherical indenter. The depth of
impact craters was measured, and the cracking behavior was analyzed. Cor-
rosion resistance of Ni/WC composites, a HVOF WC/CoCr coating and a hard
chrome reference coating were tested by electrochemical corrosion in a
3.5 wt.% NaCl solution and by exposure for up to 1000 h in a salt spray test.

INTRODUCTION

Parts in high-wearing applications such as
pumps, pipes, and transport rolls for transporting
slurry in mining and marine applications, and
chisels, ploughs, and cutting blades in agriculture,
require claddings to withstand impact loads and
corrosion as well as typical abrasive or erosive
wear.'™® Currently, claddings are selected based on
their performance in erosion, abrasion, and corro-
sion wear tests which are thought to be indicative of
in-service performance. In these applications, how-
ever, claddings could be randomly impacted by
rocks or other hard objects. They should, therefore,
be designed to also protect against impact induced
wear. Wet soil and slurries can have ions such as
Cl™ dissolved in them, which induces an additional
corrosive effect on claddings in these applications.

Laser cladding is a build-up welding process
utilizing a high-powered laser to melt a powder
feedstock material directly onto a metal substrate.
The laser beam is focused on the work piece where,
due to absorption of the beam energy, the base
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material is locally heated up to its melting temper-
ature, creating a melt pool. The powder feedstock is
injected into the melt pool to form a metallurgical
bond with the substrate. Laser optics and powder
nozzle are moved over the work piece to deposit a
unifoAfm coating or an additively manufactured 3D
part.

Claddings for high wear resistance with good
corrosion resistance are often composed of a Ni-
based matrix with tungsten carbides as a hard
phase.” Such metal matrix composites (MMCs) can
be applied using gas tungsten arc welding (GTAW),
plasma transferred arc welding (PTAW) and laser
cladding. The quality of the weld build-up in terms
of dilution with the substrate and decarburization of
carbides increases from the former to the latter.®
Self-fluxing Ni-based alloys are typically used as
matrix feedstock as they combine good wear and
corrosion resistance properties.” WC is commonly
used as a hard phase due to its good wettability by
Ni-based alloys and outstanding hardness and wear
resistance.® Tungsten carbides can partly dissolve
in the matrix during cladding, forming brittle mixed
metal carbides, either as precipitates or in the form
of a corona around the carbide as a result of
reactions with the matrix. This effect produces a
transition zone between the carbide and matrix
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which gives superior metallurgical bonding of the
particles.? Cooling and solidification of the melt pool
forms a metallurgical bond between the substrate
and cladding, providing excellent adhesion.* The
resulting coating contains hard WC particles, pro-
viding wear resistance, cemented in a more ductile
binder, which provides toughness and corrosion
resistance.

By altering the composition of the pure matrices,
the matrix can be designed with hardness values
roughly in the range of 35-60 HRC (340-740 HV);
these also show different levels of ductility. Precip-
itated carbides harden and embrittle the
matrix.'®!! However, this increases the likelihood
of cracking, either during the cladding process (clad
cracking), or from impact suffered during service. It
has been shown,'®'® that clad cracks initiate from
residual tensile stresses and that at the cladding-
substrate interface they travel preferentially
through brittle phases around carbides formed from
decarburization of the carbide. These carbides are
referred to as y-carbides and are of the form MgC.°
Clad cracks provide easy crack pathways for brittle
fractures.™

Just et al.” used a single impact hammer drop
test at a 5 J load to compare impact resistance of Ni/
WC coatings deposited by PTAW. They reported
carbide decohesion and more ductility during
impact in the coating with a thin carbide-matrix
interphase (the corona), and a more brittle response
with particle cracking in the coating with a thicker
interphase, despite it having a lower matrix hard-
ness. From this they concluded that carbide-matrix
bonding plays a key role in mechanical properties of
Ni/WC.

In'® a rotary impact tester was used that repeat-
edly impacted Ni/WC coatings, deposited by PTAW,
with an 8 J load to compare impact resistance. Their
report mostly showed only plastic deformation and
minimal mass loss, while a few results showed
chipping. They attributed good impact properties to
good carbide/matrix bonding from moderate carbide
dissolution, and soft matrices. To understand the
deformation mechanisms involved it is worthwhile
reviewing the mechanism of cracking as applied to
these claddings.

When coatings are impacted by a rigid counter-
body, there is localized elastic deformation around
the contact area, inducing tensile stresses concen-
trated on the edge of the contact. On further loading
a plastically deformed zone is created under the
indenter. If a critical load is reached, a crack
initiates at a surface defect and forms a so-called
ring crack. It propagates outwards and downwards,
forming a so-called cone crack. Radial cracks prop-
agate perpendicular to the surface, driven by tensile
stresses caused by subsurface deformation in the
coating and substrate. Their traces can be seen on
the surface, emanating radially outwards from the
edges of the impact craters. Lateral cracks can be
observed in cross sections, propagating parallel to
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the surface under the contact area. They initiate at
the deformation zone boundary, driven by residual
stresses between the deformed zone and surround-
ing elastic zone trying to recover.!” Lawn'® explains
how, with a brittle coating on a ductile substrate
model, cone cracks dominate at large thickness/
impact radius (d/a) values, as there is little defor-
mation in the substrate. At d/a values of one, radial
cracks dominate, initiating from the coating sub-
strate interphase in conjunction with surface ring
cracks. As d/a tends to zero, there is more effect
from substrate deformation and concentric through-
thickness, or ‘bend induced’ cracks are produced. It
can be said that substrate deformation effects cause
cracking at lower loads for thinner coatings with
larger Young’s modulus.

When the Ni/WC laser clad coatings experience
an impact load, the matrix deforms by macroscopic
flow, absorbing energy from the impact which can
prevent cracks from forming. During this deforma-
tion, the embedded WC experience compression,
which can cause their fracture before cracks appear
through the matrix. If the matrix is unable to absorb
sufficient impact energy, cracks initiate from stress
build-up at defects or around carbides, and propa-
gate through the coating.'®

Ni/WC composites have good corrosion resistance
in chloride containing solutions. However, they can
only serve as a protective coating against corrosion
of the substrate if they provide a dense barrier
between the substrate and environment. Cracks
provide a pathway for the electrolyte to penetrate to
the substrate-cladding interface, where a galvanic
element is formed. If the substrate material has a
lower corrosion potential, E.,., than the cladding
material, undercorrosion occurs which can lead to
catastrophic cladding failure due to delamination.

In this study several laser clad Ni/WC coatings, a
WCCoCr coating produced by high velocity oxy fuel
(HVOF) spraying, and a hard chrome coating were
tested for their impact and corrosion resistance.
Damage after a single impact from a spherical
indenter was studied. Deformation and cracking
behavior of Ni/WC laser clad coating with different
matrix alloys and carbide types was studied for the
first time. The microstructure under the impact
revealed cracking for some claddings, which can
have a significant influence on the corrosion resis-
tance of the coating.

MATERIALS AND METHODS

The laser clad NVWC coatings were produced
with two different matrix feedstock powders,
denoted as Ni40 and Ni60, where 40 and 60 give
the nominal hardnesses of the pure matrix material
in HRC. Two types of tungsten carbides as hard
phases were used; fused tungsten carbides (FTCs),
or monocrystalline tungsten carbides (MTCs), the
main difference between the two being phase com-
position. MTC consists solely of molecule WC,
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whereas FTC consists of the eutectic phase of WC
and WyC. MTCs are characterized by a lower
hardness and fracture toughness K;¢.2° MTCs have
a higher thermal stability, so undergo less dissolu-
tion during cladding. FTC feedstock powder can be
prepared in such a way that it is spherical: sFTC
denotes these types. Optical images of the laser clad
cross sections were analyzed to determine volume
percent of carbide and porosity. Every cladding had
a carbide volume percent between 44% and 48% and
porosity less than 1 vol.%. Further information on
these MMCs and their erosion resistance can be
found in.%!

As references, two coatings were selected which
are often used for their high wear resistance and
good corrosion resistance: a HVOF sprayed
WCCoCr and a hard chrome coating. HVOF is a
thermal spray process in which melted and semi-
melted powder particles are accelerated toward a
pre-treated surface. The coating bonding mecha-
nism is mechanical interlocking. WCCoCr is prob-
ably the most utilized wear resistant material
applied with this process; the material consists of
86 wt.% WC (MTC), 10 wt.% Co, and 4 wt.% Cr. A
typical coating is 100-500 ym thick and exhibits
compressive stresses.?? Hard chrome is an elec-
trodeposited layer of chrome. It is widely used in
applications that involve wear and corrosion. Typ-
ical coating thickness ranges from 10 ym to 500 yum,
and the residual stress regime is tensile.??

Hardness of the matrix was measured with a
micromechanical tester, Nanovea CB500, CA, USA,
using a Vickers type indenter. The laser clad Ni/WC
hardness values are for the matrix after cladding,
given in HVO0.1. A low load was used due to the
limited space between carbides in the matrix. This
ensured hardness was not influenced by the sur-
rounding area. The hardness of the two reference
coatings, HVOF WCCoCr and hard chrome, are
given in HVO0.3. For good comparability of results,
the laser claddings were ground to 940-1320 um in
thickness, and the HVOF sprayed WCCoCr and
hard chrome reference coatings to 220-350 yum.
G250 (AS3678) mild steel was used as the substrate
for all coatings.

Table I gives coating designation, coating process,
tungsten carbide type and matrix/coating hardness
for all investigated coatings. Matrix hardness
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ranges for claddings with Ni60 were between 750
and 860 HVO0.1 (60-65 HRC) and with Ni40 they
were between 470 and 480 HVO0.1 (47-48 HRC).
Matrix hardness is higher in a laser clad Ni/WC
coating than in Ni-alloy on its own due to carbide
decarburization and precipitate formation. For Ni60
it can be observed that the cladding Ni60 sFTC/
MTC has the lowest matrix hardness. This could be
explained by the addition of 50% MTC which does
not decarburize and form hard, brittle precipitates.
For the two reference coatings, the overall coating
hardness is given.

All samples were finely ground before testing.
Impact tests were carried out by dropping a 1.8 kg
weight at heights of 140 mm and 275 mm, generat-
ing impact energies of 2.5 J and 5 J, respectively.
The impacting counterbody was a spherical WC-Co
ball with 12.7 mm diameter. A minimum of three
repeat tests were carried out for each sample at
each energy. The depth of each impact crater was
measured by linear profilometry using a Bruker
Dektak XT, CA, USA: two profiles were measured,
perpendicular to each other. The average of these
values was assigned to that crater and used to
calculate the average and standard deviation. Opti-
cal images of the impacts from top view and cross
section were taken to determine the deformation
and cracking behavior of the coating during the
impact.

Electrochemical corrosion tests were conducted
using a typical three-electrode setup and a Wave-
driver potentiostat (Pine Research Instrumentation,
NC, USA) with a solution of 3. wt.% NaCl at pH 6.8.
The specimen acted as the working electrode, a
saturated Ag/AgCl electrode (with a shift of
+199 mV to standard hydrogen electrode) was used
as a reference electrode, and a platinum wire acted
as the counter electrode. Coatings were polished to
mirror finish prior to testing. Open circuit potential
(OCP) was measured for 45 min to allow stabiliza-
tion of the system. Measurements were carried out
in a naturally aerated, unstirred solution at room
temperature with a mid-range scan rate of 0.25 mV/
s. This scan rate allows for efficient electrochemical
testing while passivation effects are still identifi-
able. Per sample at least 2 tests were carried out; if
they were not in good agreement the test was
repeated. Selected coatings had their corrosion

Table I. Coating processes and properties

Coating Coating process
Ni60 FTC Laser cladding
Ni60 sFTC Laser cladding

Ni60 sFTC/MTC
Ni40 sFTC/MTC
Ni40 sFTC
WCCoCr

Hard chrome

Laser cladding

Laser cladding

Laser cladding
HVOF

Electrolytic

WC type Matrix/coating hardness

FTC 810 HVO.1

sFTC 860 HVO0.1
0.5sFTC + 0.5MTC 750 HVO0.1
0.5sFTC + 0.5MTC 480 HVO0.1
sFTC 470 HVO.1

MTC 1220 HVO0.3

n/a 998 HVO0.3
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resistance assessed in a neutral salt spray test
according to ISO 9227 for up to 1000 h. Samples
were assessed for red rust appearance which indi-
cated corrosion of the mild steel substrate and
therefore failure of the barrier effect provided by the
coating.

RESULTS AND DISCUSSION
Impact Test

Figure 1 shows the impact crater depths after
2.5 J and 5 J impacts. All samples displayed shal-
lower craters at 2.5 J compared with 5dJ. The
reference coatings WCCoCr and hard chrome
showed the deepest impact craters. This is mainly
a result of their lower thicknesses, causing the
impact to induce greater stresses and deformation
in the substrate. All claddings with the harder Ni60
matrix showed shallower craters than those with
the softer Ni40 matrix at both energies. This is
because of the greater ductility and lower hardness
of the Ni40 matrix, allowing more elastic and plastic
deformation and less cracking. Impact energy is
consumed when cracks form and new surfaces are
created, reducing the amount of deformation of the
coating-substrate system, hence lowering impact
depth.

In Fig. 2 the top view and cross section micro-
graphs after impact are displayed. The claddings
containing the softer Ni40 matrix both showed only
‘sink-in’ damage, caused by plastic deformation of
the matrix and substrate, with no cracks in their
cross sections. A single crack can be seen on the
surface of Ni40 sFTC; however, this is thought to

initiate from a pre-existing clad crack. In addition to
sink-in damage, cross sections of claddings contain-
ing the harder Ni60 matrix also showed cone, radial,
and bend induced cracks. Some traverse the thick-
ness of the coating and were only arrested by the
substrate. Lateral cracks were observed intersect-
ing radial ones just below the plastic deformation
zone in the coating. As mentioned previously, the
difference in behavior is a result of the ability of the
Ni40 matrix to absorb greater amounts of energy
from the impact, by macroscopic flow, resulting in
lower stress accumulation at weak points, prevent-
ing cracks from initiating. Both reference coatings
exhibited greater damage than the laser clad coat-
ings. Their lower thicknesses created larger impact
depths which induced larger bending stresses on the
surfaces of these coatings. They also have larger
Young’s moduli than that of the Ni/WC composites,
resulting in through-thickness radial, bend, and
cone cracks at lower stresses. Because hard chrome
is 100 ym thinner than WCCoCr, it displayed
different damage, showing a large number of
through-thickness radial cracks. One reason for
the different cracking behavior could be because the
HVOF process induces residual compressive stres-
ses in the coating and substrate, which serve to
inhibit crack initiation. In hard chrome, however,
the residual stresses are tensile, which cause tensile
driven cracks to initiate and grow more easily.?*
Figure 3 shows cross sections of Ni40 sFTC/MTC
and Ni60 sFTC/MTC after 5dJ impact. In both
claddings, MTCs have fractured from the compres-
sion of the surrounding matrix. sFTCs remain
intact if they are not fractured by a crack traveling
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Fig. 1. Impact depth after 2.5 J and 5 J impacts.
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Coating Top view

Ni60 FTC
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Ni60
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Ni40 sFTC
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Hard
chrome

Fig. 2. Top view and cross section of coatings after impact with 5 J.
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through the entire cladding. In the Ni60 clads,
substituting FTC for MTC causes a reduction in
impact depths at both impact energies. This effect
could be explained by the MTCs absorbing some
impact energy when they fracture, reducing defor-
mation in the matrix and substrate. In the Ni40

clads, substituting FTCs for MTCs does not show a
significant difference in impact depths at 5 J.

The preferential cracking of MTCs over sFTCs
can be attributed to their lower fracture toughness,
angular shape, and absence of a precipitated carbide
phase surrounding them. Stresses become concen-
trated on sharp edges of the angular MTC.?® The
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Fig. 4. Potentiodynamic corrosion in 3.5 wt.% NaCl solution.

dissolving of the carbide in the melt pool and
subsequent precipitation causes a gradient to form
between the carbide and matrix. This acts as a
buffer by reducing the sharp change in toughness.
Therefore, as the (s)FTCs have better metallurgical
embedding, they show superior fracture toughness
over MTCs. Complementary observations were
reported by Katsich and Badisch, who concluded
that a smooth carbide/matrix transition zone
improves the wear behavior against volume loss
due to fracture.!!

Corrosion Resistance

Figure 4 shows the potentiodynamic polarization
curves of the investigated -claddings, HVOF
WCCoCr, and hard chrome references, and a wear

plate steel, Bisalloy® Wear 500. All coatings have a
more noble corrosion potential E.,.. than the wear
plate steel. Corrosion current density icq.r, is in the
same range for all materials besides hard chrome.
The HVOF WCCoCr coating is the least corrosion
resistant cladding of the investigated materials. It
has the lowest corrosion potential E.,,, and one of
the highest corrosion current densities i.,,. The
claddings with a Ni40 matrix seem to be more
resistant in the 3.5 wt.% NaCl electrolyte than the
claddings with the Ni60 matrix. This is evident from
the higher corrosion potentials, E.,.. Corrosion
resistance of the hard chrome coating was found to
be superior in this experiment, showing the lowest
corrosion current density i..., roughly one order of
magnitude lower than that for the other coating
materials. Moreover, the hard chrome coating
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Fig. 5. (a) Ni40 sFTC after 1000 h; (b) Ni6OFTC after 156 h salt spray test.

builds a stable passivation layer, so that the current
increases only slightly in the anodic part of the
curve. Potential was not increased to pitting
potential.

Two coatings, Ni40 sFTC and Ni60 FTC, were
tested for up to 1000 h in the neutral salt spray test,
following ISO 9227. In this test, samples were
exposed to a 5 wt.% NaCl fog at 100% humidity
and 35°C. Samples were removed from the salt
spray when excessive red rust formation was
observed. Ni40 sFTC lasted the full 1000 h without
red rust formation. Ni60 FTC, on the other hand,
was removed after 156 h as heavy red rust was
observed. Figure 5 shows the cross sections of Ni40
sFTC and Ni60 FTC after removal from the test
after 1000 h and 156 h, respectively. The difference
was attributed to the presence of through-coating
clad cracks in Ni60 FTC. The electrolyte penetrated
through the cracks and reached the mild steel
substrate. The iron oxides formed were transported
to the surface and red rust was observed on top of
the coating. At the cladding-substrate interface a
galvanic element formed, accelerating the degrada-
tion of the steel, ultimately leading to catastrophic
coating delamination.

Therefore, cracks must be avoided to guarantee a
dense barrier between coating and substrate. This
includes cracks caused by impact. In applications
where the surfaces can be randomly impacted by
large solid objects, such as slurry pumps in mining,
the cladding can crack due to these impacts
(compare Fig. 2). Consequently, the barrier effect
of the cladding is breached, and corrosive media
can then penetrate to the substrate material and
cause undercorrosion there, as in Fig. 5b, which
can lead to catastrophic failure of the coating, and
ultimately the entire component. The cladding
material itself is fairly corrosion resistant as is
evident from the potentiodynamic polarization test
and no observable degradation of the cladding
during the salt spray test. If cracks are avoided,

good in-service impact/corrosion resistance can be
expected.

CONCLUSION

Impact resistance, in terms of cracking for laser
clad Ni/YWC coatings, depends greatly on hardness of
the matrix material. The harder the matrix is after
application of the coating, the more likely the
claddings are to crack. Claddings with hard matri-
ces always display some cracks after the cladding
process due to residual stresses. Ni-based matrices
are moderately corrosion resistant in 3.5 wt.% NaCl
solution. However, cracks, generated during coating
application or after experiencing an impact load,
breach the dense barrier which would otherwise
isolate the substrate from the corrosive environ-
ment. The reference coatings, hard chrome and
HVOF WCCoCr, are less impact resistant than laser
clad Ni/WC coatings. The corrosion resistance of the
HVOF coating is slightly worse than that of the
investigated claddings, while hard chrome shows
somewhat better corrosion resistance. If a part
experiences erosion or abrasion, as well as the
likelihood of impact and moderate corrosion, a Ni/
WC cladding with a soft, ductile matrix is
recommended.
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