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Abstract The effects of coating thickness on the fatigue
lives of AISI 1045 steel shaft-bending specimens with WC-
10%Co0-4%Cr high-velocity oxygen fuel (HVOF) coatings
and hard chrome electroplated coatings under cyclic
loading conditions are investigated. Residual stress distri-
butions of the HVOF-coated layer and the hard chrome-
plated layer were measured. During cyclic fatigue testing,
cracks are initiated near the interface between the HVOF
coating and the steel substrate and propagate through the
substrate to cause final fracture based on experimental
results. For the specimens with hard chrome-plated coat-
ings, the fatigue crack is initiated near the top of the
coating, propagates through the coating, and then grows in
the thickness direction of the steel substrate to cause final
fracture. As the coating thickness of the HVOF-coated
specimens increases, the fatigue strength of the specimens
increases, which can be attributed to the fact that the
magnitude of the compressive residual stress near the
interface between the substrates and the HVOF coatings is
higher when the coating thickness gets higher. As for the
hard chrome-plated specimens, the fatigue strength is
deteriorated when the coating thickness is increased. The
microcrack density in the hard chrome coatings increases
with the coating thickness and, therefore, may result in the
decreased fatigue strength.
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Introduction

Hard chrome plating can be applied to improve corrosion
and abrasion resistance, and it can also be used to build up
undersized or worn parts. With the low friction coefficient
and high corrosion and wear resistance, chromium plating
has been extensively used to improve properties of parts
such as shafts, piston rings, engine valve stems, aircraft
landing gear, and engine parts. The use of hard chrome
plating, however, has been restricted due to negative
environmental effects and health hazards. On the other
hand, tensile residual stress and microcracks usually exist
in parts with hard chrome plating; thereby, the fatigue
strength and static load bearing capacity of the parts is
reduced. Gawne (Ref 1) described that high tensile residual
stress may be found in chromium coatings. They also
discussed that the high residual stress generated during
electroplating might be the source of the high dislocation
densities in the deposited chromium layer. Pina et al. (Ref
2) showed that cracks grew from the surface of the chro-
mium-plated layer to the interface between the plated layer
and the substrate by observing the cracks in the cross
sections and the surface after removal of successive layers.
They also found that the tensile residual stress has a
maximum value at the coating surface, then decreases with
increasing depth, and finally increases slightly near the
interface between the coatings and the substrate. Nasci-
mento et al. (Ref 3) reported that the microcrack density
arises as a relief of the tensile residual stress, and the
microcrack density increases as the chromium plating
thickness increases. Pfeiffer et al. (Ref 4) employed ball-
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indentation tests on the surfaces of steel discs with hard
chrome coatings to determine the static load bearing
capacity. They concluded that the load bearing capacity of
the specimens decreases with an increase in crack density
of the coatings.

With low oxide dense coatings, good adhesion to sub-
strates, and adjustable compressive stress in coatings,
HVOF thermal spraying is a promising replacement for
hard chrome plating. Tipton (Ref 5) reported that com-
pressive residual stresses were present on the surface and
slightly below the surface of their HVOF WC-17%Co
coatings on AISI 403 steel substrates. Nestler et al. (Ref 6)
indicated that HVOF spraying has the advantages of wide
range of coating materials, higher deposition rates, fewer
process steps, compressive residual stress in certain coat-
ings, and less ecological burden over hard chrome plating.
Wu et al. (Ref 7) reported that the coating of AISI 1045
steel by HVOF spraying of WC-10Co-4Cr has high hard-
ness, low porosity, homogeneous WC phase distribution,
and high bonding strength. HVOF thermal spraying is also
advantageous due to its very low temperature deformation
and excellent surface properties. Agiiero et al. (Ref 8)
demonstrated that their AISI 4340 steel specimens with
HVOF WCCoCr coating have higher fatigue strengths
compared to those with hard chrome plating. They rea-
soned that the hard chrome-plated coatings contain high
density of microcracks, which causes crack initiated near
the surface of the chrome coatings. Kutz (Ref 9) reported
that HVOF spray coating can result in high bond strength
with extremely dense microstructures. Villalobos-Gutiérrez
et al. (Ref 10) investigated fatigue behavior of aluminum
alloy specimens coated by HVOF spraying of WC-10CO-
4Cr. They found that the HVOF coating delivers a
tremendous gain in fatigue life compared with the uncoated
specimen. Puchi-Cabrera et al. (Ref 11) reported that
HVOF spray coatings with WC-10Co-4Cr, WC-17Co, and
Co-Mo-Cr alloys have been successfully used to replace
hard chrome plating. Azizpour and Nourouzi (Ref 12)
deposited WC-12Co coatings on AISI 1045 steel substrates
using HVOF thermal spraying. Puchi-Cabrera et al. (Ref
11) reported that HVOF spray coatings may be employed
to reach various coating thicknesses. Legg et al. (Ref 13)
described that HVOF coatings can be deposited on differ-
ent composites and alloys to thicknesses greater than
1 mm.

Due to the shot pinning, grit blasting, heating, and
quenching process and the mismatch in thermal expansion
between the coating and substrate, various residual stress
profiles in the HVOF coating and substrate may be
developed. Bonding strength at the interface between the
coating layer and the substrate and residual stress distri-
bution in the coating and the substrate play important roles
in the determination of the durability and fatigue strength

of the HVOF-coated parts. Ibrahim and Berndt (Ref 14)
described that the residual stress in the HVOF coatings
depends on the thermal condition which is a combination
of heating, quenching, and cooling of the coating/substrate
system. Silva-Junior et al. (Ref 15) reported that com-
pressive residual stress due to shot peening process before
coating was the cause of the increase in fatigue strength of
WC-13Co-4Cr HVOF-coated 15-5PH stainless steel. Parts
coated by HVOF thermal spraying usually have high
cohesion strength and compressive residual stress in the
coatings. Compressive residual stress in the coatings is
beneficial to the bonding and fatigue behavior of the
coating/substrate system. X-ray diffraction (XRD) and hole
drilling strain gauge methods have been used to measure
the residual stress profiles in the HVOF spray coatings.
Azizpour and Nourouzi (Ref 12) developed electro-dis-
charge hole drilling method to measure residual stress at
the surface of the WC-12Co coating. The results they
obtained are in good agreement with that measured by
XRD method. In a previous publication of Nguyen et al.
(Ref 16), they examined the effects of coating thicknesses
of 30 and 60 pm of hard chrome plating and HVOF
spraying on the fatigue strength of AISI 1045 steel.
Detailed investigation of residual stress profiles in HVOF
coatings and hard chrome coating on the AISI 1045 steel
was not conducted. The effects of the coating thickness on
the residual stress profile in the coatings and fatigue
strength of the specimens are investigated in a deeper way
in this paper.

Fatigue cracks may be initiated at the components or
geometry inhomogeneity in the coatings near the interface
between the coating and the substrate of HVOF-coated
specimen and propagated into the substrate. Puchi-Cabrera
et al. (Ref 11) reported that the inhomogeneity can be
pores, alumina particles embedded in the substrate or
notches produced during grit blasting process before
HVOF spraying. Silva-Junior et al. (Ref 15) concluded that
pores and oxide inclusions at the interface between coat-
ings and substrates were the crack initiation sites in the
fatigue testing of their HVOF-coated specimens. In hard
chrome-plated specimens, cracks may originate at the
specimen periphery of the plated layer, then grew through
the plated layer, and finally extended into the substrate as
shown in Fig. 1b. Ibrahim and Berndt (Ref 14) reported
that the fatigue strength of an AISI 4340 substrate with
HVOF WC-17Co coating was higher than that of speci-
mens with hard chrome plating and the uncoated speci-
mens. They attributed the fatigue strength improvement to
the compressive residual stress in the coatings imparted by
the HVOF spray process. Voorwald et al. (Ref 17) reported
that deposition of hard chrome plating may cause a
decrease in the fatigue strength of the substrate. They also
indicated that the high tensile residual stresses in the
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Fig. 1 Dimensions of a rotating
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chromium coatings may be relieved by local microcracking
in the plating process.

The influence of coating thickness on the residual stress
distribution and the fatigue behavior of AISI 1045 steel
substrates coated with a WC-10Co-4Cr cermet by HVOF
thermal spraying is studied in this investigation. Fatigue
behavior of the AISI 1045 steel substrates coated by a hard
chrome plating is also studied. Microstructures, failure
mechanisms, and fatigue lives of the coated systems under
rotating bending conditions are investigated based on
experimental observations. Scanning electron microscopy
(SEM) was used to observe crack initiation sites and crack
growth in the specimens. The residual stress of the coated
system with various coating thicknesses is measured by an
X-ray diffraction method. WC-10Co-4Cr cermet deposited
by HVOF thermal spray on various substrates has been
extensively studied. The effects of coating thickness on the
residual stress distribution and fatigue life of the cermet-
coated system are discussed in this investigation.

Experiments
Specimens

Material of the specimens adopted in this investigation is
an AISI 1045 steel. Table 1 lists the chemical compositions
(wt.%) of the AISI 1045 steel. The hot-rolled steel shows
anisotropy in microstructure, texture, and mechanical
behavior. For the purpose of removal of the texture and
attainment of homogeneous grain distribution, the hot-
rolled steel was annealed at 950 °C for 15 min to remove
the strong texture and subsequently annealed twice at
840 °C and 760 °C, to attain grain homogeneousness. It
was recognized that the selected temperatures were higher
than the typical Al and A3 temperatures of medium-carbon
steels. Experiments were carried out to examine the tem-
peratures to remove texture thoroughly. The size of the
specimens might demand higher baking temperatures in
order to decrease the annealing time. The strong textures of
the AISI 1045 rolled steel were removed using the
annealing process. The results also showed that the process
achieved grain homogeneousness.

@ Springer

Table 1 Chemical compositions (wt.%) of AISI 1045 steel

C Si Mn P S Ni Cr Cu

0.46 0.21 0.64 0.021 0.007 0.04 0.09 0.16

Table 2 Parameters of the grit blasting process

Blast pressure 4 bar
Working distance 150 mm
Angle between nozzle and blasted surface 75°

Size of blast media Al,O3 0.443-0.686 mm

Mechanical properties of the AISI 1045 material were
obtained in accordance with the tensile testing standard
ISO 6892—-1: 2009. The tensile and yield strength of the
AISI material are 1083 and 1143 MPa, respectively. The
averaged values of the tensile and yield strength are 1143
and 1083 MPa, respectively. The tensile strength of the
AIST 1045 steel subjected to quenching and tempering can
be higher than the typical tensile strength of AISI 1045
steels of 570-700 MPa after hot rolling. The tensile
strength of AISI 1045 after quenching and tempering can
be higher than 1000 MPa. Specimens for rotating bending
fatigue tests were machined from the material by a CNC
lathe, according to ISO 1143: 2010. Dimensions of the
machined specimens are schematically shown in Fig. 1.
Growth of martensite microstructure and residual stress
relief of the specimens were achieved by quenching at
840°C in water and tempering at 600°C for 30 min,
respectively. Grit blasting was adopted to acquire desired
surface roughness of the specimens. Greater adhesion
between the coating layer and the substrate can be attained
by appropriate surface roughness through better mechani-
cal interlocking at their interface. The values of the
parameters for the grit blasting process are listed in
Table 2. The surface roughness of the specimen after the
grit blasting is nearly ~ 4.3 pm Ra.

HVOF spray coating was carried out using a Jet Kote
HVOF spray system (Stellite Coatings, Inc., USA). Table 3
lists the values of HVOF spray parameters. The liquefied
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Table 3 Parameters for HVOF spray coating

Oxygen pressure 150 Ib/in*
Oxygen flow rate 200 L/minute
Liquefied petroleum gas pressure 50 1b/in®
Fuel flow rate 40 L/minute
Air pressure for powder feeder 90 1b/in®
Carrier gas flow rate 10 L/minute
Spray distance 210 mm
Rotary speed 240 rpm
Impingement angle 85°

Traverse speed 600 mm/minute

petroleum gas includes 50% propane (C3;Hg) and 50%
butane (C4H;(). The processing parameters were provided
by the manufacturer for producing a dense coating. The
WC-10Co-4Cr powder (WOKA 3652, Oerlikon Metco Co.
Ltd., Switzerland) has a particle size ranging from 15 to
45 pm. The thickness of the coated layer was measured
using a thin film thickness gauge (MiniTest 600B, Elek-
trophysik, Germany). Hard chrome electroplating on the
same substrates was carried out in order to compare the
effects of thickness on fatigue strength and residual stress
with the HVOF spray coating. A plating solution with a
chromic acid solution containing chromic acid in a con-
centration of 250 g/L. was used in the hard chrome elec-
troplating. Sulfuric acid in a concentration of about 2.5 g/L
of solution was added as a catalyst. A current density of 40
A/dm? was applied. The deposition rate was in the range of
30 pm/h at 55°C. The averaged value of the surface
roughness of the hard chrome electroplated layer of ran-
domly selected three specimens was 0.77 pum Ra.

Determination of Residual Stress in the Surface
Layer of Coating

Residual stress at various depths of the coated layers on the
substrate of the specimens was measured by an XRD
technique following the procedures reported by Le (Ref
18). The lattice strain was evaluated from the comparison
of the lattice spacing of an (hkl) diffraction peak with that
of a stress-free specimen. The elastic lattice strain was then
used to calculate the stresses through the Hooke’s law. Cu-
Ko radiation with a wavelength A of 1.54056 A was used
for the diffraction measurements through an X-ray
diffractometer (X’Pert Pro, Malvern Panalytical Ltd., UK).
The residual stress at various depths of the coatings of the
specimens was measured following the removal of coating
layers by grinding and etching for HVOF-coated layers and
hard chrome electroplated layers, respectively. The HVOF-
coated layers were ground with a diamond wheel; then, a

5-7 micron diamond paste was adopted to reach the
required depth, following the low stress grinding process
described in Azizpour and Nourouzi (Ref 12). Azizpour
and Majd (Ref 19) evaluated the residual stress profile of
HVOF WC-Co coatings on AISI 1045 steel by means of
XRD after removing surface layers by mechanical grind-
ing. The XRD using the Cu-Ka radiation has a penetration
depth of about 2-5 pum. Therefore, the background scatter
of the substrates should have a minimal effect on the
diffraction lines of the coated layers. In this investigation,
the focus is on the effects of the coating thickness on the
fatigue strength of AISI 1045 steel with HVOF spray
coating. The residual stress in the HVOF-coated layers is
considered to be an important factor to influence the fatigue
strength of the tested specimens. The general trend of the
residual stress distribution in the coating layers with vari-
ous thicknesses is more concerned than the residual stress
values. The chrome electroplated coatings were removed
by etching in a hydrochloric acid solution. The etching
process of the chrome-plated surface layers is similar to
that reported by Eigenmann et al. (Ref 20).

The stresses were evaluated by the sin®y method as
reported in Le (Ref 18). Due to the fact that WC-10Co-4Cr
is a multiphase cementite, where tungsten carbide (WC) is
the domain phase of the HVOF coatings, the values of the
residual stress of the coatings were calculated from the WC
diffraction with the measuring 26 ranging from 82° to 86°
for {201} plane diffraction. The residual stresses of hard
chrome-plated layers were computed by these 260 angles for
{211} plane diffraction of chromium. The values of the
Young’s modulus and Poisson ratio of the WC-10Co-4Cr
coatings were taken as 316 GPa and 0.22, respectively.
Masoumi et al. (Ref 21) calculated the value of the
Young’s modulus for their WC-10Co-4Cr coating samples.
The Poisson ratio and Young’s modulus of the hard chrome
electroplated layer on the AISI steel were taken as 0.23 and
271 GPa, respectively. Eigenmann et al. (Ref 20) adopted
these Young’s modulus and Poisson ratio values for their
hard chrome coatings on AISI 1045 steel specimens for
determination of residual stress in the coatings. Effects of
the texture on the elastic and plastic anisotropy of the
coatings were not considered in the calculation of the
residual stress in the coatings.

Fatigue Test

A four-point bending fatigue testing machine was devel-
oped and fabricated for investigation of the fatigue
behaviors of the specimens. Figure 2 shows a photograph
of the machine. Rotating bending specimens were fixed
between four clamps. Two outer clamps constrain the
vertical movement of the specimen. The vertical sinusoidal
force applied by the two inner clamps facilitates the desired
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Fig. 2 Photograph of a four-
point bending fatigue testing
machine

Load cell

Monitor display

bending of the specimen. Fatigue tests were performed in a
controlled force mode. The applied force was measured by
a load cell. The number of cycles to failure was recorded
by an encoder near the motor spindle. Fatigue tests were
carried out under rotating bending conditions with a stress
ratio R of -1 and a loading frequency of 50 Hz. The fatigue
strength is determined when specimen fracture occurs or
the number of cycles reaches 10”. Fracture of specimens is
defined as the increase in vibration amplitude above a
preset level.

Results and Discussion

Figure 3(a) shows the microstructure of the hot-rolled AISI
1045 steel with texture and anisotropy. Elongation of the
grains along the rolling direction of the steel is observed.
Figure 3(b) shows that the texture was removed to attain
grain homogeneity after annealing. The grain size of the
material ranges from 10 to 20 pm. Figure 3(c) and (d)
shows the fine grain microstructures after quenching and
tempering, respectively. Platelike or lath-like grains of the
as-quenched martensite are shown in Fig. 3(c). The plate
microstructure is coarsened after tempering as shown in
Fig. 3(d). Some spherodized cementite particles may
appear, and the ferrite may have recrystallized into
equiaxed grains after tempering. Specimens for fatigue
tests were machined from the material from the tempered
steel. These specimens were finally ground and polished.
Figure 4(a) shows a photograph of a specimen. The spec-
imen was ground and polished, but not grit-blasted. The
averaged hardness and roughness of three as-polished
specimens are 57.6+ 1.4 HRC and 0.85+0.02 pum,
respectively. The averaged hardness of three specimens
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after heat treatment is 30.9 &= 0.8 HRC. The hardness value
after heat treatment is significantly lower than that of the
as-polished specimens. Figure 4(b) and (c) shows a hard
chrome-plated specimen and a HVOF WC-10Co-4Cr-
coated specimen, respectively. The surface of the hard
chrome-plated specimens has a hardness of nearly 64.0 +
1.2 HRC and a roughness of nearly 0.78 £+ 0.04 um based
on measurements of three specimens. The hardness and
roughness at the surface of the HVOF-coated specimens
are nearly 71.0 £7.8 HRC and 6.43 +0.09 pum, respec-
tively. The hardness and roughness values were measured
at one point on each specimen.

XRD image analyses were examined to reveal crys-
talline structure phases of the coatings. Figure 5(a) and
(b) shows the XRD patterns of the hard chrome coating and
the WC-10Co-4Cr coating, respectively. Figure 5(a) shows
that the XRD pattern of the electroplated hard chrome
coating corresponds to the presence of chrome. As shown
in Fig. 5(b), WC constitutes the main phases of the WC-
10Co0-4Cr coating. Azizpour et al. (Ref 22) described that
other phases of W-Co-Cr may exist in the WC-10Co-4Cr
coatings. Due to the low content or high dispersion of the
phases in the coating, they may not be detected by the XRD
analyses.

Residual Stress Measurements

The WC particles in the WC-10Co-4Cr powder used for
HVOF coatings were very hard and did not melt under the
HVOF spray coating temperature. Compressive stress and
plastic deformation in the coatings can be caused by
impingement of the hard particles on the steel substrate and
previous coating layers at high speed. The cooling process
may also induce compressive stress in the coating layer due



J Therm Spray Tech (2020) 29:1968-1981 1973

(c) (d)

Fig. 3 Microstructures of AISI 1045 steel after (a) hot rolling, (b) annealing, (c) quenching, and (d) tempering

Fig. 4 Photographs of (a) an
uncoated specimen, (b) a hard
chrome-plated specimen, and
(c) a HVOF WC-10Co-4Cr-
coated specimen
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Fig. 5 XRD patterns of (a) hard chrome coating, (b) WC-10Co-4Cr
coating

to the fact that the coefficient of thermal expansion of the
coating layer is smaller than that of the substrate. The
typical values of the coefficient of thermal expansion of
AISI 1045 steel and WC-10Co-4Cr coating are
12 x 10°K™" and 55 x 10°°K™', respectively.
Masoumi et al. (Ref 21) reported these values for WC-
10Co0-4Cr coatings on low-carbon steel samples. Fig-
ure 6(a), (b) and (c) shows the SEM photographs of the
surfaces of the WC-10Co-4Cr layer with a coating thick-
ness of 31 um, 63 pm, and 92 pm, respectively. No cracks
were observed on the surfaces of those coating layers with
various coating thicknesses. Compressive stress may exist
in the WC-10Co-4Cr layer.

Figure 6(d), (e) and (f) shows the SEM photographs of
the surfaces of the chrome plating layer with a coating
thickness of 30 um, 61 pm, and 93 um, respectively. A
large number of surface cracks were found on those sur-
faces. The SEM images of the surfaces suggested that these
cracks appeared to have been produced by splitting of the
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surface layers in tension. Tensile residual stress appeared to
exist in chrome plating layers. Hydrogen atoms may exist
in chrome crystalline lattice in the plating process. Tensile
residual stress could be resulted due to the exhaustion of
the hydrogen atoms when the plating process was ended.
When the tensile residual stress exceeded the cohesive
strength of chrome, cracks were induced. Voorwald et al.
(Ref 23) reported that tensile residual stress in hard chrome
plating is caused by chromium hydrides decomposition
during plating. Ibrahim and Berndt (Ref 14) found that the
decomposition is accompanied by volume shrinkage and
crack formation.

The ultrasonic velocities of particles in HVOF thermal
spraying process can produce compressive residual stresses
in the coating layers. Figure 7 shows the through-thickness
residual stress distributions of HVOF WC-10Co-4Cr
coatings with coating layer thicknesses of 31, 46, 63, 77,
and 92pum. The penetration depth of the Cu-Ko radiation of
the XRD is about 2—5um. The residual stress was actually
measured at a distance 2—5um smaller than the marked
distance in the figure. Each coating exhibits a compressive
stress, and the stress remains compressive at the interface
between the coating and the substrate. Magnitudes of the
compressive residual stress increase as the distance from
the substrate decreases for the five cases. The residual
stress at the interface is also shown in an inlet of Fig. 7.
The compressive stress magnitude at the interface increases
from 609 to 735 MPa as the coating thickness increases
from 31 to 92 pum. Lyphout et al. (Ref 24) reported that
quenching and peening stresses are the major stress com-
ponents in HVOF coatings, and the high-speed, semi-
molten particles can cause large peening stress. The high
particle speed may cause a local compressive stress in the
substrate and the deposited coating layer. Valarezo et al.
(Ref 25) described that tensile residual stress in the coat-
ings of HVOF spraying due to solidification and contrac-
tion during cooling can be relieved via inelastic
mechanisms such as yielding, microcracking, or creep, and
the stress state of the coatings changes as a result of plastic
deformation and peening effect from the incoming parti-
cles, which imposed compressive stress in the already
deposited layers. Kuroda et al. (Ref 26) reported that the
kinetic energy of sprayed particles of the HVOF spraying
plastically deforms the surface layer of the target and
induces a significant level of compressive stress. Sampath
et al. (Ref 27) presented that high velocity impact of HVOF
spraying caused plastic deformation of the surface layer
and generated compressive stress (peening stress). Bansal
et al. (Ref 28) reported that significant peening stresses
were generated during impact of molten and semi-molten
particles on the substrate during an HVOF spraying pro-
cess. Gui et al. (Ref 29) described that the impingement of
HVOF spraying will cause plastic deformation on the
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Fig. 6 SEM photographs of coating surfaces. WC-10Co-4Cr layer with a coating thickness of 30 um (a), 60 um (b), and 90 um (c). Hard
chrome layer with a coating thickness of 30 um (d), 60 um (e), and 90 pum (f)

preexisting material surface, and a compressive residual
stress will be induced in the coating.

Residual stress at the bottom of coating layers is actually
the residual stress at the surface of the substrates after
coating layer was fully removed. The grit-blasting created
high compressive stress at the surface of the substrates. As

the coating thickness increases, the distance between the
nozzle outlet and the surface of the specimens is decreased.
Therefore, the kinetic energy of particles of the spray
increases the compressive stress in the coated layers and
contributes to the slight increase in the compressive stress
at the surface of the substrates.
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Fig. 7 Residual stress distribution along the thickness direction of
HVOF coatings with various coating layer thicknesses

500

400

300

200

Residual stress, MPa

100

|
0 20 40 60 80 100
Distance from the substrate,um

Fig. 8 Residual stress distribution along the thickness direction of
hard chrome coatings with various coating layer thicknesses

Figure 8 shows the through-thickness residual stress
distributions of hard chrome coatings with coating layer
thicknesses of 30 um, 61 um, and 93 um. The residual
stress values at the top surface of the electroplated coat-
ings, from 423 to 228 MPa, decrease with increasing
thickness of the layers, from 30 to 93 um. Ohtsuka et al.
(Ref 30) observed a similar trend. The residual stress
profiles show a decreasing trend toward the interface
between the coatings and the substrate. The residual stress
is tensile throughout the depth of the coatings except near
the interface. Nascimento et al. (Ref 3) described that
tensile residual stress in electroplated chromium coatings
decreases with the depth of coating. Pina et al. (Ref 2)
reported that tensile residual stresses in hard chrome
coatings is due to the inclusion of oxygen and hydrogen co-
deposited with chromium. The tensile residual stress was
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generated by the inclusion of those elements in the crys-
tallographic lattice and in solid solution. The compressive
residual stresses at the interfaces for the three cases fall in
the 76 = 10 MPa interval, and may be taken as unaffected
by the coating thickness. Pina et al. (Ref 2) discussed that
the compressive stress at the interface can be related to the
grit-blasting for the substrates. Pina et al. (Ref 2) also
showed that as the coating thickness is increased, the
averaged values of the tensile residual stress is decreased,
and the residual stresses in the coatings tended to stabilize
at a certain value near the interface.

Fatigue Testing

Figure 9(a) and (b) shows the photographs of a failed
HVOF spray-coated specimen and a failed hard chrome-
plated specimen during the rotating bending fatigue tests
with stress amplitudes of 475 MPa and 420 MPa, respec-
tively. Close-up views near the fractured portion of the
specimens are shown in the inlets. The fractured position
are close to the middle of the reduced section of the
specimens. Figure 10(a) shows a SEM photograph of the
fracture surface of a HVOF spray-coated specimen. Several
cracks leading to fracture of the specimen are shown in the
figure. Figure 10(b) shows a close-up view near the crack.
A main crack and a kinked crack are indicated in the figure.
The main crack appears to emanate from the interface
between the coating and the substrate, and propagates
along the interface. The kinked crack is then initiated from
the main crack tip at the interface and grows through the
substrate. It is perceived that the compressive residual
stress in the HVOF coatings retards the nucleation of
fatigue cracks in the coating layer. Puchi-Cabrera et al.
(Ref 11) reported that fatigue cracks of HVOF coatings can
form at the interface between a substrate and its coating
near a sharp notch, which can be due to the previous grit
blasting process.

Figure 11(a) shows the fracture surface of a chrome-
plated specimen. Multiple fatigue cracks were found to
propagate toward the center of the specimen. Fig-
ure 11(b) shows a close-up view near a crack. The fatigue
crack is initiated near the surface of the coating layer, then
propagates through the coating, and finally grows in the
substrate to cause final fracture. Due to the fact that hard
chrome-plated coatings exhibit tensile residual stresses,
fatigue crack can nucleate and grow wherein, then through
the substrate, and lead to fracture of the specimen. Fig-
ure 12(a) shows a zoom in the photograph of the cross
section of the coating layer in a failed HVOF-coated
specimen. No microcracks were found in the photograph. A
zoom in SEM photograph of the cross section of the
coating layer in a failed hard chrome-plated specimen is
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Fig. 9 (a) A failed HVOF
spray-coated specimen, and

(b) a failed hard chrome-plated
specimen

- ke B

S-4800 10.0kV 7.7mm x30 SE(M)

(a)

shown in Fig. 12(b), in which a crack has a zigzag path and
gradually grows in the coating.

Paths of fatigue crack growth of a HVOF spray-coated
specimen and a hard chrome-plated specimen are
schematically represented in Fig. 13(a and (b), respec-
tively. As evidenced in Fig. 12, the delamination of the
coating from the substrate can be taken as the main crack
which propagates along the interface between the coating
and the substrate. The fatigue crack propagated at the
interface at an early stage. The specimen exhibited good

S-4800 10.0kV 7 7rﬁm ><1k00 SE(M
(b)

Fig. 10 Micrograph of the fractured surface of a failed HVOF-coated specimen (a), and a close-up view near the fatigue crack (b)

cohesion in the coatings, but poor adhesion at the interface
between the coating and the substrate. After the main crack
traversed a certain distance, a kinked crack may develop at
certain point and lead to fracture of the coated specimen.
Costa et al. (Ref 31) observed a fatigue fracture surface of a
WC-10%Co0-4%Cr thermal spray-coated specimen and
reported that cracks grow at the coating/substrate interface
under the influence of compressive residual stresses. When
the coating layer is relatively harder than the substrate,
fatigue crack may propagate into the substrate (Ref 32).
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Fig. 12 SEM photographs of cross sections of the coating layers in a failed HVOF-coated specimen (a), and a failed hard chrome-plated

specimen (b)

Fig. 13 Schematic of crack
growth of specimens coated by

Kinked crack Main crack

(a) HVOF spraying and (b) hard
chrome electroplating
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/
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The results shown in Fig. 11 for a failed chrome-plated
specimen suggest a failure mode of through-thickness
crack growth in the coating and crack penetration into the
substrate as indicated in Fig. 13(b). A close examination of
Fig. 11(b) reveals that the fatigue cracks may originate at
the surface of the coated layer. When the tensile residual
stress exceeded the cohesive strength of chrome, microc-
racks were induced. Under the repetitive tension loads, the

@ Springer

(b)

microcracks may grow and join together to form a main
crack and propagate through the thickness of the coatings.
It should be noted that the two failure modes, as indicated
in Fig. 13(a) and (b), may not be process dependent but be
determined by the relationship between the mechanical
properties of the coating layer and the adhesion strength.
Figure 14 shows the stress amplitude as a function of the
number of cycles to failure of HVOF spray-coated
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Fig. 14 The stress amplitude as a function of the life of HVOF spray-
coated specimens

specimens with coating layer thicknesses of 31pum, 46um,
63um, 77pm, and 92pum in the rotating bending fatigue
tests. The values were averaged from three tests. The stress
amplitudes were calculated using the substrate diameter of
the specimens. A power law relationship based on the
Basquin’s equation is used to fit the fatigue curves in the
figure. The Basquin’s equation can be expressed as (Ref
33)

Ac = a(Ny)” (Eq 1)

where Ao is the stress amplitude, o and f are the fitting
parameters, and Ny is the number of cycles at failure. An
inlet zooming the portion of the figure near the fatigue
strength of Ny = 107 cycles is also shown in the figure. It
appears that the fatigue strength increases as the coating
thickness increases. As seen in the figure, the fatigue
strength of HVOF coatings is generally higher than that of
the substrate. The fatigue strength for the specimens
coating layer thicknesses of 31, 46, 63, 77, and 92um is
450, 455, 460, 470, and 475 MPa, respectively. As shown
in Fig. 8, the magnitude of the induced compressive
residual stress at the interface increases when the coating
thickness is increased. The improvement in the fatigue
strength of HVOF-coated specimens can be attributed to
the fact that the compressive residual stress amplitude is
higher when the coating thickness is increased. A clear
trend of increasing magnitude of the compressive stress at
the interface between the coating and the substrate as the
coating thickness increases (see the inlet of Fig. 8) indi-
cates the beneficial effect of increased coating thickness on
the fatigue strength of HVOF-coated specimens.

Figure 15 shows the stress amplitude as a function of the
number of cycles to failure of hard chrome-plated speci-
mens with coating layer thicknesses of 30, 61, and 93 um
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Fig. 15 The stress amplitude as a function of the life of hard chrome-
plated specimens

in the rotating bending fatigue tests. The values were
averaged from three tests. The fatigue curves were fitted by
the Basquin’s equation. The fatigue strength of specimens
with hard chrome coatings is lower than that of the sub-
strate. A zoom in portion near the number of cycles of 107
is shown in the inlet of Fig. 15. The fatigue strength for the
specimens plated with layer thicknesses of 30, 6, and
93 pum is 400, 390, and 370 MPa, respectively. Examina-
tion of the residual stress data shown in Fig. 9 revealed that
the reduction in the fatigue strength of specimens with hard
chrome coatings may be associated with the induced tensile
residual stress in the plated layer. The hard chrome coat-
ings exhibit tensile stress and microcracks. As the coating
gets thicker, the microcrack density is greater and therefore
the larger reduction in the fatigue strength. Dennis and
Such (Ref 34) explained that the crack occurs in chromium
coatings of steel substrates when the accumulated stress
exceeds the tensile strength of chromium as the coating
thickness increases. Almotairi et al. (Ref 35) plated chro-
mium on steel substrates and found that residual stress and
crack density in the chrome coatings increase with coating
thickness. As shown in Fig. 7(d), (e) and (f), the microc-
rack density increases with coating thickness for the hard
chrome-plated specimens. The microcracks density quan-
titative analysis indicated averaged values of 40 microc-
racks/mm, 57 microcracks/mm, and 67 microcracks/mm at
the surface of the coated specimens with plating thick-
nesses of 30, 61, and 93 pm, respectively. It appeared that
the density of microcracks, which increases with the plat-
ing thickness, might be a significant factor to influence the
fatigue limit. Watanabe et al. (Ref 36) reported that the
effect of coating thickness on the number of fatigue cracks
appeared to be a sensitive parameter. It could be considered
that the adhesion strength for the chrome-plated specimens
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Fig. 16 The fatigue strength as a function of the coating thickness

decreased with increasing coating thickness. Nascimento
et al. (Ref 37) also reported that microcracks form when
the high tensile residual stresses exceed the cohesive
strength of the chromium deposits and affect the fatigue
behavior of a plated part. They also described that micro-
crack density arises as a relief of the tensile residual
internal stresses, and the density increases when the chro-
mium thickness increases.

Figure 16 shows a plot of the fatigue strength as a
function of the coating thickness for the HVOF-coated
specimens and the hard chrome-plated specimens. The
fatigue strengths of HVOF-coated specimens are higher
than those of the hard chrome-plated specimens at nearly
the same coating thicknesses examined in this investiga-
tion. The specimens with HVOF WC-10Co-4Cr coatings
have higher fatigue strengths than those without coatings.
Rodriguez et al. (Ref 38) reported that proper surface finish
and large compressive residual stress of the surface layer
can increase the fatigue life of their AISI 1045 steel
components. The HVOF WC-10Co-4Cr-coated specimens
have higher fatigue strength than the hard chrome-plated
specimens regardless of the higher surface roughness of the
WC-10Co-4Cr coatings.

Conclusions

Effects of coating thickness on fatigue lives of HVOF WC-
10Co0-4Cr-coated and hard chrome-plated AISI 1045 steel
shafts were investigated. Residual stresses of the coating
layers were measured for the specimens with various
thicknesses by an XRD technique. Magnitudes of the
compressive residual stress increase as the distance from
the substrate decreases for the HVOF-coated specimens
with coating thicknesses of 31, 46, 63, 77, and 92 um. The
residual stresses in the hard chrome-plated coatings with

@ Springer

thicknesses of 30, 61, and 93 pum are mostly tensile except
the region near the interface between the coatings and the
substrate. The fatigue strength of the HVOF-coated speci-
mens tends to increase with the coating thickness. The
increase in the fatigue strength can be attributed to the fact
that the compressive residual stress at the interface between
the coatings and the substrate increases as the coating
thickness increases. In contrast, the fatigue strength of the
hard chrome-plated specimens decreases when the coating
thickness increases. Tensile residual stress and microcracks
exist in the hard chrome coatings. As the coating thickness
of chrome-plated specimens increases, the microcrack
density gets higher and therefore the lower fatigue strength.
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