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Abstract

The present investigation has been conducted in order to study the fatigue and corrosion fatigue behavior of an AA6063-T6 aluminum alloy
substrate coated with a WC—10Co—4Cr deposited by HVOF thermal spraying. It has been determined that the deposition of such a coating on the
aluminum substrate gives rise to significant gains in fatigue life in comparison with the uncoated substrate, when testing is carried out both in air
and in a 3 wt.% NaCl solution. It has been shown that during testing in air, the fatigue gain ranges between ~540 and 4300%, depending on the
maximum alternating stress applied to the material. Larger fatigue gains are associated with low alternating stresses. Also, when fatigue testing is
conducted in the NaCl solution, the gain in fatigue resistance varies between ~620 and 1460%. Fatigue cracks have been observed to initiate at the
coating surface and then grow towards the substrate after propagating through the entire coating thickness. Crack growth along the coating has
been observed to occur mainly along the regions formed by the agglomeration of W and W—Co—Cr-rich particles, flanking the tougher Co—Cr-rich
areas. Although in the present work residual stresses were not measured, it is believed that the gain in fatigue life of the coating—substrate system
is due to the presence of compressive residual stresses within the coating which hinder fatigue crack propagation. The deposition of the coating
does not give rise to significant changes in the static mechanical properties and hardness of the aluminum alloy substrate. It has been observed that

the WC—-10Co—4Cr coating displays a significant indentation size effect and has a mean hardness of ~9.4 GPa.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

6XXX aluminum alloys are very important engineering
materials employed in a variety of applications which include
automotive, construction, chemical, petrochemical, cryogenics,
transportation equipment, etc. These materials exhibit relatively
high strength to weight ratio, good corrosion resistance and high
thermal conductivity, among other attractive properties. How-
ever, due to their low hardness and wear and abrasion
resistance, the application of these materials to sliding parts is
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quite limited. Traditionally, the improvement of the surface
properties of the aluminum alloys, and particularly of those
involved in aircraft and aerospace applications, has been the use
of electrolytic hard chromium deposition (EHC). However, the
strong environmental regulations issued in the past few years to
decrease significantly the emissions of the highly toxic
hexavalent chromium, synthesized during the deposition of
EHC, have led to the development of different technologies also
able to improve the surface properties of such materials, but
more friendly from the environmental point of view [1-8].

In general, the mechanical and surface properties of parts and
components depend on the specific applications for which these
have been designed. Thus, while wear and corrosion properties
are improved through surface treatments such as EHC,
electroless Ni—P (EN) and thermal spraying, components
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subjected to cyclic loading are expected to have high strength
and fatigue resistance. Thus, the study of the fatigue and
corrosion fatigue behavior of coated materials is of utmost
importance, since an increase in surface properties could be
achieved at the expense of a decrease in fatigue strength. In the
past few years, a number of research studies have been
conducted in order to investigate the fatigue performance of
aluminum alloys coated by means of EN, thermal spraying and
PVD deposition [9—17].

One of the first reports on the effects of different spraying
parameters of high velocity oxygen fuel deposition (HVOF) on
the fatigue resistance of coated aluminum samples is that of
Brandt [9]. A thorough investigation of this subject was
subsequently reported by McGrann et al. [10] who studied the
effect of the HVOF deposition of a WC—17Co coating onto a
6061-T6511 aluminum substrate, with particular emphasis on
the analysis of the effect of the through-thickness residual
stresses. In this investigation the fatigue tests were conducted in
bending and the residual stresses measured by the modified
layer removal method. These authors showed that the fatigue
resistance of the uncoated substrate is higher than that of the
HVOF coated alloy and concluded that the increase in the
compressive residual stress in the coating increased the number
of cycles to failure of the substrate specimens.

More recently, Connoly et al. [11] have reported the results
of an investigation aimed at determining the effect of aluminum
coatings deposited by flame arc, atmospheric plasma and
HVOF on the three-point bend fatigue behavior of un-corroded
and pre-corroded AA2024-T3 substrate samples. The compar-
ison made by these authors of the microstructures, mechanical
properties and fatigue properties of the coated samples revealed
that HVOF is the most promising thermal spray process for the
deposition of aluminum coatings, and, in particular, HVOF
coatings greatly increase the fatigue and pre-corroded fatigue
lifetimes of the AA2024-T3 substrate.

Camargo et al. [15] also conducted an investigation in order
to evaluate a WC—Co coating applied by HVOF, used for the
replacement of anodizing. To carry out the appropriate
comparison, the study involved the growth of anodic films on
a 7050-T7451 aluminum alloy substrate by sulfuric acid
anodizing, chromic acid anodizing and hard anodizing.
According to these authors, anodic films give rise to a decrease
in the axial fatigue strength of the substrate. Also, the
experimental results revealed an increase in the fatigue strength
of the substrate associated with the WC-17Co coating,
although a reduction in fatigue life occurred in the shot peened
and coated condition.

Puchi-Cabrera et al. [16] have recently conducted an
investigation aimed at studying the effect of a WC-12Co
alloy deposited by plasma spraying on the fatigue and corrosion
fatigue properties of a 7075-T6 aluminum alloy, as part of its
validation as a viable replacement of electrolytic hard chromium
plating for aircraft applications. These authors reported that
coating this substrate alloy with a deposit of ~50 um gives rise
to a significant decrease in the fatigue and corrosion fatigue
properties of the substrate coating system in comparison with
the uncoated substrate. Particularly, when the coated substrate

was tested in air at maximum alternating stress in the range
219-377 MPa, the fatigue life debit was found to vary between
86 and 73% in comparison with the uncoated substrate. Also, it
was determined that if the substrate coating system was tested in
a 3% NaCl solution in the same range of alternating stress, the
fatigue life debit varied between 23 and 73%. However, at
alternating stresses less than 200 MPa the coated system
behaved as the uncoated substrate.

Thus, the present investigation has been carried out in order
to analyze the fatigue and corrosion fatigue behavior of an
AA6063-T6 aluminum alloy coated with a WC—10%Co—4%Cr
coating of approximately 250 pm in thickness, deposited by
HVOF thermal spraying, and compare it with that of the
uncoated substrate tested under the same conditions. Tensile
and fatigue testing has been complemented with extensive SEM
analysis of the fractured surfaces in order to obtained some
information regarding the damage mechanisms associated with
crack nucleation and growth in the coating—substrate system.
No attempt has been made in order to study separately the
corrosion behavior of the coated substrate in the absence of
cyclic loading, which has been widely investigated by other
authors [4,18-21].

2. Experimental techniques

This study was carried out with samples of an AA6063-T6
aluminum alloy (Al-0.40Si—0.68Mg—0.35Fe—0.1Cu—0.1Mn—
0.1Cr—0.1Ti—0.1Zn (wt.%), as indicated by the supplier), which
were machined from bars of ~12.7 mm diameter. Tensile and
fatigue (“hourglass”) specimens were machined according to
the ASTM B 557 and E 206-72 standards, respectively [22,23].
The specimens were machined carefully in order to avoid the
introduction of residual stresses. To accomplish this objective,
during the turning operation the depth of cut of the material was
reduced continuously employing a turret lath at low speed. The
samples were subsequently ground with successive SiC papers
grit 600—1200 (average diameter of 14.5—6.5 um, respectively)
and final polishing with alumina of 0.3 mm. This procedure
allowed the achievement of a ‘mirror-like’ finish in the fatigue
specimens and ensured the removal of the remaining circumfer-
ential notches that could act as stress concentrators during the
fatigue tests.

Each Wohler curve presented in this work required testing
not less than 20 fatigue samples, whereas the static mechanical
properties determined in tension, not less than 3 samples.
Additionally, cylindrical specimens were machined in order to
the conduct composition analysis of the coating and micro-
indentation tests. The HVOF deposition of the WC—10Co—4Cr,
commercially known as AlloyH654 (Praxair), was carried out at
an industrial facility (Plasmatec Ingenieros, C. A., Guarenas,
Edo. Miranda, Venezuela). The deposition parameters are given
in Table 1.

In the as-sprayed condition, the specimens presented an
average roughness of R,=5.5 pm, which was reduced by
polishing to R, =2 pm, previous to fatigue testing. Tensile tests
were conducted on a 8502 Instron machine (Canton, MA, USA)
at a cross head speed of 3 mm/s. Fatigue in air and in a 3 wt.%
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Table 1

Main parameters involved in HVOF deposition process

Coating WC-Co-Cr
Thermal spray gun TAFA HVOF JP-5000
Spraying distance (mm) 380+10
Powder feeding rate (g min~ ") 83

Particle size range (jum) 20-70
Kerosene flux (I min~ ") 0.32
Oxygen flux (I min~ ') 897

N, (carrier gas) flux (1 min ") ~11
Combustion pressure inside the chamber (MPa) 0.65
Fuel/Oxygen ratio 0.73

NaCl solution were carried out under rotating—bending condi-
tions, on a RBF-200 Fatigue Dynamics (Walled Lake, MI, USA)
equipment at maximum alternating stresses of 118, 144, 168 and
177 MPa and a frequency of 50 Hz. Five samples were tested at
each alternating stress. After fatigue testing, selected fracture
surfaces were analyzed by means of SEM techniques. Observa-
tions were conducted on the fracture plane of the specimens. The
hardness of the coating was evaluated by means of Vickers
indentation employing loads of 25, 50, 100, and 200 g. At least,
ten measurements were conducted at each load.

3. Results and discussion
3.1. Coating characterization

The mean thickness of the deposited coating was of
~250 um. Fig. 1 illustrates a representative cross section of a
coated sample where a lamellar structure with lamellas parallel
to the substrate surface and unmelted particles typical of this
type of coatings are clearly observed. The coating—substrate
interface is observed to be quite irregular, possibly due to the
impact of the high velocity particles that constitute the coating,
on the relatively soft aluminum substrate. Since the samples had
a “mirror-like” finish before deposition, it is evident that the
substrate had undergone a severe plastic deformation during
the coating process. However, such deformation enhances the
mechanical bonding and adhesion of the coating to the
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Fig. 1. Representative cross section of a coated sample showing the
microstructure and thickness (~250 pm) of the AlloyH654 deposit.
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Fig. 2. Detailed view of the coating microstructure. Four different regions with
distinct composition have been identified.

substrate. The EDS analysis of the deposit indicated that it is
mainly composed of WC (88%), as well as other phases rich in
Co (6%), Cr (4%) and Ni (2%), the latter considered in the
present case as an impurity element.

Fig. 2 illustrates a detailed view of the coating, where it can
be clearly observed that the different components of the coating
are distributed quite heterogeneously. Four different regions,
identified as A, B, C and D, have been identified on the
micrograph. Regions A and D are observed to be formed by an
agglomeration of white-grey particles of variable sizes between
~1 and 5 um. Some of them (Region D) presented a very high
content of W, whereas in region A the particles were observed to
be composed mainly of W, Co and Cr. The region identified as
C has a dark color and was observed to be rich in Cr, with less
Co and W. Within this zone and identified as region B, squared
particles of ~2—3 pm in size mainly composed of Ni, Cr, W and
Fe, can be clearly seen. According to Sobolev et al. [24], the
main phases that are present in this kind coating are WC, W,C
and Cr;Cs;. In general, it has been observed that the particles
present in the coating tend to be larger near the surface and
smaller as the coating—substrate interface is approach.

The evaluation of the substrate hardness in cross section after
deposition indicated that this property did not change
significantly in comparison with the uncoated substrate,

AABO63-T6 + WC-10 Co-4 Cr

-
n

-
(=]

H=1295° GPa
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2

0.001 0.01 0.1
R.LD

Fig. 3. Change in hardness with R.LD. () for the WC—10Co—4Cr coating.
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which points out that the deposition process, besides the plastic
deformation of the substrate surface layers, does not give rise to
profound changes in its microstructure and T6 condition. Fig. 3,
on the other hand, illustrates the change in hardness with the
relative indentation depth

Fig. 3 illustrates the change in hardness with the Relative
Indentation Depth (R.I.D.), 3, for the WC—10Co—4Cr coating.
As can be seen from the figure, the coating experiences a
significant decrease in hardness as j increases. However, since
all the hardness values have been determined in the range of
B<0.1, the substrate influence in the hardness value is
negligible. Therefore, the change in hardness with S represents
and indentation size effect (ISE) that can be described by means
of Meyer’s law [25] as:

H = Hyf"> (1)

From the experimental data it has been determined that
Hy=1.29 GPa and n=1.56. It can be seen from the above figure
that the mean hardness of the coating, derived from the
experimental data, is in the range of ~9.4 GPa. La Barbera-Sosa
et al. [26] have also reported the occurrence of a significant ISE
in other HVOF thermally sprayed coatings such as Colmonoy
88 and AlloyH275, which have been explained in terms of the
heterogeneity of the local microstructure involved in the
indentation volume of the coating and the occurrence of
microcracking during loading.

3.2. Tensile and fatigue tests

Tensile tests conducted on the AA6063-T6 aluminum alloy
samples indicated that this material has a yield stress of
~190 MPa and an ultimate tensile stress of ~228 MPa. On the
other hand, the tests carried out on the coated specimens
indicated that such properties apparently decreased to ~ 166 and
~194 MPa, respectively. Also, the hardness tests conducted on
the aluminum alloy substrate before and after deposition
allowed the determination of values of 0.75 and 0.73 GPa,
respectively, indicating that such a property remains almost
unchanged after deposition of the coating. The fact that the
hardness of the substrate before and after deposition is almost
the same suggests that the decrease in tensile properties after
deposition is simply an artifact of the way in which such stresses
are computed for the coated substrate, which is carried out by
including the coating thickness in the calculation of the cross
sectional area of the specimen. The inclusion of the coating
thickness in the computation of such an area assumes that the
coating acts as a load-carrying element of the composite
material, which is not the case. Given the limited ductility of the
coating, it would be expected that at strains above those
associated with the elastic limit, the HVOF deposit fractured
and delaminated from the substrate, leaving the uncoated
substrate as the only load-carrying element of the coating—
substrate system.

Fig. 4 illustrates the change in the number of cycles to
fracture (Ny), as a function of the maximum alternating stress
applied to the material (S), presented in the form of a typical
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Fig. 4. Wohler curves corresponding to the uncoated and coated substrate tested
in air and NaCl solution.

Wohler plot and includes the data corresponding to the tests
conducted in air and in a 3 wt.% NaCl solution for both the
uncoated and coated substrate. The S versus N¢ data have been
described by means of a simple parametric relationship of the
form:

S=AN;™, MPa (2)

In the above equation, A represents the fatigue resistance
and m the fatigue exponent. The above figure clearly shows
that coating the aluminum substrate with this WC—10Co—4Cr
alloy deposited by HVOF, gives rise to a significant increase
in its fatigue and corrosion fatigue resistance, as compared
with the uncoated substrate, in agreement with the results of
Camargo et al. [15]. When fatigue tests are carried out in air,
the increase in fatigue resistance is much more significant at
low maximum alternating stresses, of ~4300%. At elevated
maximum alternating stresses, the fatigue gain is of 540%.
Also, when tests are conducted in the NaCl solution at low
maximum alternating stresses, the gain in fatigue resistance is
of ~1460%, whereas at elevated alternating stress it is of
~620%.

This behavior could be attributed to the presence of
compressive residual stresses in the coating which arise during
its deposition. As reported by McGrann et al. [9], WC-17Co
coatings deposited by HVOF onto aluminum samples were
observed to be under different compressive residual stresses,
depending on the deposition parameters, whose average
magnitude varied from ~80 to 760 MPa. As can be clearly
observed in Fig. 4, the standard deviation of the number of
cycles to fracture increases moderately as the maximum
alternating stress applied to the material decreases.

3.3. Fractographic analysis

Selected samples tested in fatigue both in air and in the
NaCl solution were analyzed after fracture by SEM, both on
the main fracture plane and in cross section. Fig. 5a and b
illustrates the fracture surface of a fatigue coated sample tested
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Fig. 5. (a) Fracture surface of fatigue coated sample tested at 118 MPa, which failed at ~19.5 x 10° cycles. The presence of a number of cleavage steps and extensive
delamination of the coating are clearly visible. (b) Detailed view of the area indicated in (a), showing a crack nucleation site. Cleavage steps (CS) are also identified.

in air at a maximum alternating stress of 118 MPa. Fig. 5a
shows a general view of the fracture surface on which a
number of cleavage steps (CS) can be observed, indicating that
the fracture of the specimen occurred by the nucleation and
propagation of a number of cracks. Such a behavior was also
observed in the samples tested at other different maximum
alternating stresses and it was found that the number of fatigue
cracks nucleated at the specimens periphery increase as the
maximum alternating stress also increases. Fig. 5b illustrates a
detailed view of the area depicted in (a), where the cleavage
steps can be seen more clearly. This region was identified as a
fatigue crack nucleation site and the coating is observed to
have remained adhered to the substrate.

Fig. 6, on the other hand, illustrates a cross section view of a
sample tested in air at 118 MPa, which failed at 19.5 x 10° cycles.
This figure clearly shows that fatigue cracks are nucleated at the
surface of the coating and subsequently propagate towards the
substrate. Particularly, in the present case, the crack has hardly
reached the coating—substrate interface and crack propagation
has taken place mainly through the regions formed by the
agglomeration of white-grey W and W—Co—Cr-rich particles,
identified as A and D in Fig. 3. The crack is also observed to
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Fig. 6. Cross section view of a sample tested in air at an alternating stress of
118 MPa, which failed at ~19.5x 10° cycles. Crack propagation is observed to
occur from the coating surface towards the aluminum substrate.

flank the presumably tougher Co—Cr regions identified as B and
C on the same micrograph.

Fig. 7a illustrates the fracture surface of a coated sample
tested in the NaCl solution at a maximum alternating stress of
178 MPa, which failed at 128,100 cycles. Here, it is clearly
observed that the ductile fracture zone (DFZ) is located at the
center of the fracture surface, which indicates that a large
number of fatigue cracks were nucleated at the periphery of the
sample and propagated towards its center. Also, extensive
delamination of the coating can be seen. Fig. 7b shows a
detailed view of the area depicted in (a), at one of the crack
nucleation sites. Here, the coating is observed to have
delaminated from the substrate and propagation of the fatigue
cracks along the latter gives rise to a highly faceted surface near
the interface, which indicates an intergranular crack growth
mode.

4. Conclusions

Coating the AA6063-T6 aluminum alloy with the WC—
10Co—4Cr deposit studied in this investigation leads to
significant gains in fatigue life in comparison with the uncoated
substrate, when testing is carried out both in air and in a 3 wt.%
NaCl solution. During testing in air, the fatigue gain has been
found to range between ~540 and 4300%, depending on the
maximum alternating stress applied to the material. Larger
fatigue gains are associated with low alternating stresses. Also,
when fatigue testing is conducted in the NaCl solution, the gain
in fatigue resistance varies between ~620 and 1460%. Fatigue
cracks were observed to nucleate at the coating surface and then
propagate towards the substrate after consuming the entire
coating thickness. Crack growth along the coating was observed
to occur mainly along the regions formed by the agglomeration
of white-grey W and W—-Co—Cr-rich particles, flanking the
tougher Co—Cr-rich areas. Although in the present work
residual stresses were not measured, it is believed that the
gain in fatigue life of the coating—substrate system is due to the
presence of compressive residual stresses within the coating
which hinder fatigue crack propagation. The deposition of the
coating does not give rise to significant changes in the static
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Fig. 7. Fracture surface of a sample tested in NaCl at an alternating stress of 178 MPa, which failed at 128,100 cycles. (a) General view of the surface indicating the
position of the ductile fracture zone (DFZ). (b) Detailed view of the area depicted in (a). The arrow indicates the delamination of the coating from the substrate.

mechanical properties and hardness of the aluminum alloy
substrate. It has been observed that the WC—10Co—4Cr coating
displays a significant indentation size effect and has a mean
hardness of ~9.4 GPa.
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