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Abstract — The fatigue behaviour of 7075-T651 Al alloy with ductile aluminum thermal sprayed

coatings deposited by four different commercial arc spray devices (guns) has been characterized. Coated

specimens as well as polished and shot peened specimens were evaluated under fully reversed uniaxial

loading at a constant amplitude of ±225 MPa. While the shot peening pretreatment was observed to

increase the fatigue resistance of polished specimens, application of the coatings subsequently reduced

fatigue life to below that of the original polished coupons. Changes in the residual stress state of the shot

peened surface were identified as the most likely source of these reductions, even though no

microstructural changes in the substrate were perceptible. Variations in fatigue life were also observed

between the coatings resulting from the four spray guns. The roles of surface roughness and coating

delamination in producing these decreases were investigated and stress concentrations resulting from

coating delamination were identified as the primary detrimental factor affecting fatigue resistance.

Résumé — On a caractérisé le comportement de fatigue de l’alliage d’Al 7075-T651 avec des

revêtements ductiles d’aluminium déposés par métallisation à chaud au moyen de quatre dispositifs

(fusils) commerciaux différents de fusion en arc électrique. On a évalué des échantillons revêtus ainsi

que des échantillons polis et traités par grenaillage sous une charge uniaxe entièrement alternée à une

amplitude constante de ± 225 MPa. Alors que l’on a observé que le prétraitement par grenaillage

augmentait la résistance à la fatigue des spécimens polis, l’application des revêtements réduisait

ultérieurement l’endurance au-dessous de celle des échantillons polis originaux. On a identifié des

changements dans l’état de contrainte résiduelle de la surface traitée par grenaillage comme étant la

source la plus probable de ces réductions, même si aucun changement de la microstructure dans le

substrat n’était perceptible. On a également observé des variations dans l’endurance entre les revêtements

résultant des quatre fusils de métallisation. On a investigué le rôle de la rugosité de surface et du

délaminage du revêtement sur la production de ces diminutions et l’on a identifié la concentration des

contraintes résultant du délaminage du revêtement comme facteur défavorable primaire affectant la

résistance à la fatigue.

INTRODUCTION

The effect of thermal spray coatings on the fatigue behaviour

of various substrate materials has attracted increased attention

in recent years. Coatings providing thermal barrier capacities

[1], corrosion and wear resistance [2] and other specialized

functions [3] are being applied with increasing frequency to

extend the service life of load bearing components. As these

technologies evolve, the accumulation of mechanical fatigue

damage will play an increasingly important role in

determining the ultimate mechanisms of component failure.

Application of coatings to metallic substrates has long

been recognized to have a marked effect on fatigue behaviour.

The magnitude of this effect can, however, vary drastically

depending on coating type [4], coating thickness [5], spray

parameters [4] and substrate pretreatment [6,7] with the

application of a coating leading to increased fatigue life in

some cases and reduced life in others.
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To elucidate the mechanisms underlying these
variations, efforts have been made to characterize changes in
the intrinsic material properties of the coating and substrate
(e.g. residual stress [5,8], resistance to plastic deformation
[5,9,10]) and the interface (e.g. interfacial shear strength
[11,12]). These properties are difficult to measure directly and
often they are evaluated through striations that show crack
initiation and propagation behaviour on the fracture surface.

A number of recent studies have addressed the fatigue
behaviour of ductile substrates with brittle thermal spray
ceramic or cermet coatings. These have included, among
others, tungsten carbide coated steel and aluminium [8,13],
titanium nitride coated steel [14,15] and hydroxyapatite
coated titanium [5,16]. In contrast, however, the literature
contains little documentation of fatigue behaviour for
substrates with ductile thermal spray coatings.

The present investigation characterizes changes in
fatigue behaviour induced by an aluminum coating deposited
on to 7075-T651 Al alloy substrates by four different
commercial arc spray guns. Particular focus was devoted to
establishing correlations between initiation/propagation
behaviour and changes in total component fatigue life with
the presence of the aluminum metallic coating. The
application of ductile coatings on aluminum alloy substrates
included galvanic corrosion protection of structural elements
in a manner similar to clad aluminum sheets. This paper
presents and discusses the initial results of fatigue and
corrosion behaviour of ductile thermal spray coatings applied
on aluminum substrates.

MATERIALS AND METHODS

Fabrication of Fatigue Specimens

Cylindrical fatigue specimens were machined from extruded
7075-T651 Al alloy with an initial diameter of 19.1 mm. An
average minimum gauge diameter of 8.89 mm was machined
using a CAD/CAM system over a gauge length of 10 mm.

Smooth specimens were produced by mounting as-
machined coupons on a lathe and grinding them with
progressively finer grit SiC papers (ranging from 400 to 1200
grit) fitted to a rotary polishing tool. The ground specimens
were then polished by hand using a fine polishing compound
(jeweller’s rouge) until all visible surface flaws were removed.

Surface preparation was performed prior to the coating
process. Although solvent degreasing and mechanical sand
blasting of the surface is a well accepted process, this
approach was not selected for this work because grit/sand
blasting generates surface stress concentrations that are
undesirable for fatigue loaded components. Therefore, special
attention was given to an alternative surface preparation
consisting of shot peening and degreasing in order to generate
compressive stresses in the substrate while simultaneously
generating a surface roughness. The procedure provides a
suitable bond strength for the coating without inducing severe
stress concentration sites and thus maximizes the fatigue
properties of the coated substrate. 

During shot peening, the surface is cold worked by a
pattern of small indentations or dimples producing
hemispheres of material highly stressed in compression below
the dimples. The overlapping dimples create a uniform layer
of compressive stress in the metal surface. 

Shot Peening Procedure: The ceramic bead used for
shot peening in this study was Zirshot Z-850 manufactured by
SEPR in France. These beads are made of zirconium oxide
with particle sizes between 0.850 and 1.130 mm in diameter.
The peening intensity is monitored regularly by the use of
Almen test strips type A (1.3 mm thick) to induce 150 mm of
deflection measured with a test gauge conforming to ASE
J442. The peening intensity was achieved by 200% coverage.
Shot peening was then followed by degreasing with an
acetone wash prior to the coating application.

Coating Process: A thermal spray process, arc spraying,
for ductile metallic materials was selected to apply 200 mm
(nominal) thick aluminum coatings on to 7075-T651
aluminium alloy substrates. Arc spraying uses an electric arc
as a heat source to melt two consumable aluminum wires 1.6
mm in diameter. The melted droplets were propelled on to the
substrate surface by atomization as illustrated in Figure 1. In
this work, the selected atomizing gas was air. The aluminum
coating was produced from four different commercial arc
spray guns: Smart Arc from Sulzer Metco, BP 400 from
Praxair, JP 9000 from Praxair and Thermion Precision Arc
from Thermion Incorporated.  The different coatings were
evaluated in terms of their microstructure and fatigue
properties.

Fatigue Testing

Constant amplitude fatigue tests were carried out at a fully
reversed (R = -1) constant amplitude of ±225 MPa in
accordance with ASTM 466-82 [17]. A frequency of 20 Hz
was selected to avoid potential frequency induced heating
with a sinusoidal loading wave form applied via a computer
controlled MTS servo-hydraulic load frame. Testing was
performed on coupons with each of the four coating types as
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Fig. 1.   A typical arc spray process in operation - JP 9000 system shown.
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well as on coupons in the smooth and shot peened states prior
to coating. All tests were performed in duplicate and failure
was defined as the incidence of complete separation of the
respective coupon halves.

Post-failure fractographic analysis was performed under a
scanning electron microscope (SEM). Particular care was taken
to identify the location of crack initiation sites, the path of crack
propagation and any interfacial debonding phenomena.

RESULTS

The coating process parameters are described in Table I for
each processing gun. Figure 2 illustrates the cross-sectional

microstructures resulting from the successive accumulation of
coating splat particles that form the lamellae type
microstructure. The coating cross section was taken in the
short transverse direction perpendicular to the scanning
direction of the arc spray gun from the shoulder of the tested
fatigue coupons.

Each of the commercial arc spray guns used in this study
had a specific nozzle design and therefore different
atomization results and microstructure for the same energy
input. Among the four guns, the Thermion was the most
distinct with its large atomization nozzle. Consequently, as
this is an ongoing work, the focus is on results obtained using
common parameters with attention given to the resulting
specific lamellae in the microstructure, the coating/substrate

Table I -- Arc spray parameters

Arc spray Current Volt Atomizing Stand off Number of Coating
gun (A) (V) pressure distance passes thickness

(kPa) (mm) (mm)

Smart Arc 200 28 207 76 4 150
BP 400 100 30 207 76 16 200
JP 9000 200 31 207 76 16 200
Thermion 200 33 655 152 12 200

Fig. 2.   Cross-section microstructure resulting from four arc sprayed guns: a) Smart Arc, b) BP 400, c) JP 9000 and d) Thermion.

ba

c d
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interface and the coating roughness produced by each gun.
The effect of the porosity size, volume fraction and distri-
bution will be addressed in the future using one arc spray gun
with different process parameters, atomizing gases and
surface preparations.

From the four microstructures, it is evident that the
atomization made by these guns varied significantly. While
the Smart Arc produces the smallest lamellae, the JP 9000 and
Thermion guns produced coarser lamellae (Figure 2). It is
important to note that larger lamellae are associated with
more delamination, larger pores and coatings with less
uniformity in thickness as described in Figures 2c and 2d. 

Results from fatigue testing of all the coupons are
shown in Figure 3. It can be seen that the shot peening
pretreatment increased the fatigue resistance of polished
coupons. Application of the coatings, however, subsequently
led to a severe reduction in fatigue life whose magnitude
exceeded the initial increases observed following shot
peening. Fatigue lives for specimens with each of the four
coatings were thus shorter than for the original polished
specimens. Among the coated specimens, fatigue lives were
greatest for coupons coated using Smart Arc parameters with
cycles to failure diminishing from BP 400 to JP 9000 to
Thermion, in decreasing order.

Table II shows the surface roughness of each coupon
type measured using an interferometric profilometer (Wyko
RS-2 from Wyko Industrial Services, Halesowen, UK). An
adjustment for the cylindrical curvature of the specimens was
applied in all cases. The two values of surface roughness
given are Ra, the average roughness taken for 20 samples and
Rz, the average peak-to-valley height. 

Characteristic initiation sites for polished and shot
peened coupons, respectively are shown in Figures 4a and 4b.
Failure in the polished specimens was generally characterized
by a single initiation site located on the coupon surface. For
the shot peened coupons, however, failure was characterized
by initiation sites located away from the coupon surface,
often at multiple sites.

Typical crack initiation sites for the coated coupons are
shown in Figure 5. In all cases, initiation occurred near the
edge of the substrate at the interface with the coating. No sub-
surface initiations were observed in the coated coupons.
Multiple initiation sites were observed in some coupons;
however, no apparent trend for this occurrence was evident
(Table III).

Some delamination was observed at the interface
between the coating and substrate (Figure 6), for the coating
groups identified in Table III. The extent of damage at the
interface appeared to correspond to the experimental fatigue
lives (Figure 3). The most severe delamination was observed
in coatings with low fatigue lives and are shown with arrows
in Figures 6b to 6d; however, no evidence of delamination
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Table II -- Surface roughness of coupon types

Coupon type Ra (mm) Rz (mm)
Mean Std dev Mean Std dev

Polished 0.01 <0.01 0.11 0.02
Shot peened 1.80 0.35 19.2 4.10
Smart arc 19.8 3.55 194 55.9
BP 400 27.1 6.62 271 82.3
Thermion 29.2 13.2 241 97.0
JP 9000 29.7 11.4 266 101

Fig. 3.   Fatigue lives of polished, shot peened and coated specimens. Fully

reversed ±225 MPa constant amplitude loading; error bars represent one

standard deviation, n = 2 for all groups.

Fig. 4.   Crack initiation sites: a) on a polished specimen and b) on a shot peened specimen.

a b



was observed in the coupons exhibiting the greatest fatigue
resistance (e.g., Smart Arc coating shown in Figure 6a).

Evidence of crack propagation into both the substrate
and the coating was observed in some groups. Figure 7 shows

the crack propagation pattern from a Thermion coupon
indicating clear damage in both the substrate and coating that
appears to emanate from an initiation site at the interface and
propagated into both the coating and the substrate. Similar
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Fig. 5.   Crack initiation sites for coated coupons by a) Smart Arc, b) BP 400, c) Thermion and d) JP 9000. The circle areas indicate the estimated location of

initiation sites.

Table III -- Characterization of initiation sites

Coupon Initiation sites Delamination
Location Occurrence

Polished 1 Edge Single N/A
2 Edge Single N/A

Shot peened 1 Sub-surface Multiple N/A
2 Sub-surface Single N/A

Smart Arc 1 Edge Single None
2 Edge Single None

BP 400 1 Edge Multiple Slight
2 Edge Single Slight

Thermion 1 Edge/interface Multiple Severe
2 Edge/interface Multiple Severe

JP 9000 1 Edge/interface Single Severe
2 Edge/interface Multiple Severe

a b

c d
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evidence indicative of crack initiation at the interface exists in
all four groups. It should be noted that there was no evidence
of cracks having propagated from the coating into the substrate.

Figure 8 shows an optical micrograph of a sample taken
from the center of a 7075-T651 Al alloy fatigue specimen.

The sample was etched with a Keller solution for micro-
examination as shown in Figures 8 and 9. Figure 9 shows
optical micrographs of each coating/substrate interface for the
four arc spray guns. The optical micrographs of Figure 9
show no noticeable evolution in the grain structure of the
substrate at the boundary of the coating with respect to the
7075-T651 alloy shown in Figure 8.  

DISCUSSION

The improved fatigue performance observed following shot
peening pretreatment was consistent with the widely accepted
phenomenon of shot peening increasing the fatigue resistance of
components. Such increases result from residual compressive
stresses inhibiting the motion of dislocations, retarding or even
preventing the initiation and growth of cracks [7,18,19]. The
location of the initiation sites observed in the data presented in
Table III also indicates the presence of residual compressive
stresses near the surface with initiation occurring away from the
surface regions affected by shot peening.

The change in initiation site from sub-surface to near
surface of the substrate following application of the coatings
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Fig. 6.   Coating delamination in: a) Smart Arc, b) BP 400, c) Thermion and d) JP 9000 coupons.

Fig. 7.   Crack propagation pattern in a Thermion coupon.

a b

c d



indicates a shift in the residual stress state within the coupons.
While the sub-surface initiations observed in the shot peened
coupons are indicative of residual compressive stresses, the
near surface initiation sites indicate that these pre-existing
stresses were relieved during the coating process. Previous
reports have proposed that heat flux resulting from the
coating process may have a significant effect on the fatigue
resistance of forged or heat treated substrates, particularly in
cases where shot peening treatments have been applied prior
to coating [5,20,21]. In the present study, the micrographs in
Figure 9 show no noticeable evolution in the grain size or
structure. The precipitates in the grains remain randomly
dispersed and are not likely affected by the thermal spray
process on to the coated fatigue samples with respect to the
untreated 7075 Al alloy shown in Figure 8. It is important to
note that arc spraying propelled liquid metal to the surface
without the use of a flame that would add further heat into the
substrate. Consequently, after arc spraying, the bulk
temperature of the fatigue sample reached a temperature of
about 65 ∞C which is far below the 150 to 300 ∞C reached
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Fig. 8.   Micrograph of 7075-T651 short transverse for the as-received

extruded rod.

Fig. 9.   Optical micrograph of the coating/substrate interface for the four arc sprayed guns: a) Smart Arc b) BP 400 c) JP 9000 and d) Thermion.

a b

c d
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after high velocity oxy-fuel (HVOF) deposition. Hence, the
drastic decrease in the fatigue life of the coated 7075 Al alloy
cannot be justified by heat affected substrates. Considering
the atomized Al particle temperature during arc spraying
reaches a temperature above the Al melting point, the heat
transported by the sprayed particle could possibly perform a
localized micro-annealing on the surface boundary during
spraying. Gougeon et al. [22] observed that thermal sprayed
particles flatten and solidify on a substrate in less than 20 ms.
Such a short dwell time provides an extremely brief heat flux
to the substrate surface and therefore a limited exposure in
time to elevated temperatures during spraying. Therefore, this
could explain the absence of noticeable microstructure
evolution in Figure 9.

Although the localized surface temperature
measurement during spraying is beyond the scope of this
paper, further work is in progress to define the local
temperature reached on the coating surface behind the arc jet
and under the interface. Moreover, this localized temperature
evaluation will be performed for different process parameters
during spraying with the corresponding near surface
microstructure of the substrate combined to the fatigue
response.  

While changes in substrate residual stress induced by
the heat flux during coating may account for general
reductions in fatigue life between shot peened and coated
coupons, the largely identical nature of the coatings – and the
techniques used to apply them – suggest that an alternative
mechanism is responsible for the differences between the
respective coating groups. Residual stresses induced by the
presence of the coating itself (note that this is separate from
the heat generated during coating) are often cited as a
potential cause of altered substrate fatigue behaviour [5,12].
However in cases where coating thickness and composition
are largely identical, the magnitude of induced residual
stresses does not vary significantly, particularly in the
substrate; analysis using the model of Tsui and Clyne [23,24]
confirms this assertion for the present case.

Comparison of the results presented in Tables II and III
with the fatigue lives of each coating group (Figure 3)
revealed that coatings producing the lowest fatigue lives are
characterized by both greater surface roughness and a higher
incidence of delamination. To evaluate the contribution of
each of these two phenomena to the observed reduction in
fatigue life, it is necessary to consider the mechanisms
underlying each.

Surface roughness in a coating produces local areas of
stress concentration along the surface of a coupon as
illustrated schematically in Figure 10. These local stress
concentrations can, in some cases, induce the formation of
fatigue cracks within the coating which then propagate
toward the interface. 

The behaviour of cracks propagating toward bimaterial
interfaces has been characterized in a series of experiments by
Suresh and Sugimura [9,25-27]. The results of these studies
show that the ability of a given crack to penetrate a bimaterial
interface is dependent on the strength of the material in which

it is propagating where the term ‘strength’ is defined by the
strain hardening response and ultimate tensile strength
[10,25]. In cases where a crack propagating in a lower
strength material approaches an interface with a higher
strength material, the plastic slip mechanisms acting ahead of
the crack tip are restricted by the presence of the stronger
material, subsequently leading to crack arrest (Figure 11a). In
the inverse case (Figure 11b), a crack propagating from the
stronger material towards the weaker one, the crack proceeds
unimpeded across the interface and continues to propagate in
the weaker material [25]. For the coatings observed in the
present study, high strength Al 7075-T651 substrate and the
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Fig. 11.   Behaviour of cracks propagating towards a bimaterial interface a)

from a weaker material towards a stronger material and b) from a stronger

material towards a weaker material.

Fig. 10.   Zones of local stress concentration along the surface of a rough

coating.



comparatively weak coatings form an analogous case to that
shown in Figure 11a. 

The absence of cracks having initiated in the coating and
subsequently propagated into the substrate is consistent with
this model and furthermore corresponds to the observations
that the initiation sites for the critical fatigue cracks were
located in the substrate in all cases. Therefore, any cracks
originating from the near surface zones of stress concen-
tration within the coating were unlikely to have penetrated the
substrate and thus had little effect on the fatigue life of the
coupon.

Interfacial debonding (delamination) is thought to have
an effect on substrate fatigue resistance [12], but this
phenomenon has been reported predominantly in systems
with brittle coatings [5,10,28]. Debonding in such systems
has been reported to accompany the propagation of cracks
from coating to substrate and has been reported to lead to the
initiation of fatigue cracks into the substrate [28,29]. While a
more detailed analytical treatment of the mechanisms leading
to delamination induced crack initiation is clearly warranted,
Figure 12 shows a simple model based on stress concen-
trations surrounding a zone of delamination. Treating the
debonded area as an intrinsic flaw, stress concentrations on
both the coating and substrate sides act as potential sites of
fatigue crack initiation. This mechanism presents a plausible
explanation for initiation sites such as that shown in Figure 6
and the other observed instances of propagation both into the
substrate and into the coating. Increased severity (and
number) of these delamination induced stress concentrations
would account for the observed differences in fatigue life with
the greatest fatigue resistance exhibited by the coupons
showing no debonding (Smart Arc) and the poorest fatigue
resistance exhibited by coupons that undergo the most severe
debonding (Thermion). With the absence of microgaps at the
coating/substrate interface even after the fatigue testing and
the lowest coating roughness, the Smart Arc equipment
provided the best fatigue behaviour among the aluminum
coated 7075-T651 Al alloy specimens.

However, a major improvement in fatigue performance
is needed for these arc sprayed coatings to be viable in fatigue
sensitive applications. Indeed, the fatigue life should

preferably increase by at least an order of magnitude for the
Smart Arc coating and by even more for the other guns. On
the basis of the observations made in this study, the following
issues need to be addressed for the required improvement:
1. minimization of the heat flux into the substrate during
the coating process and
2. optimization of the bond strength between coating and
substrate (to avoid debonding) to reduce interface stress
concentrations. 

Controlling spray parameters to reduce the heat input
may allow for the preservation of some of the residual
compressive stresses induced by shot peening, while concur-
rently avoiding any changes in substrate microstructure at the
surface boundary or residual stresses induced by tempering.
Moreover, optimization of the bond strength between coating
and substrate may reduce or eliminate the detrimental effects
of coating surface roughness, as even cracks originating at
roughness induced stress concentrations would fail to
penetrate the substrate as a result of the mechanisms
described above. Furthermore, avoiding debonding would
avoid stress concentrations forming at the interface, thereby
maximizing the resistance of the substrate to fatigue damage. 

Process techniques which optimize bond strength,
reduce interface microgaps and improve fatigue performance
are currently under investigation by the authors; the
preliminary results are encouraging.

CONCLUSIONS

The fatigue behaviour of Al 7075-T651 with ductile thermal
spray coatings has been characterized. Thermally induced
changes in the residual stress state and delamination induced
stress concentrations in the substrate have been identified as
the most likely sources of reduction in fatigue life observed
for the coated specimen since no microstructural change with
respect to the substrate was perceptible. With the absence of
microgaps at the coating/substrate interface, even after the
fatigue tests and with the lowest coating roughness, the Smart
Arc equipment provided the best fatigue behaviour for the Al
coated 7075-T651 Al alloy in this study.
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