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X-ray based residual stress measurements were made on type 316 stainless steel and Fe3Al coatings that
were high-velocity oxy-fuel (HVOF) sprayed onto low-carbon and stainless steel substrates. Nominal
coating thicknesses varied from 250 to 1500 �m. The effect of HVOF spray particle velocity on residual
stress and deposition efficiency was assessed by preparing coatings at three different torch chamber
pressures. The effect of substrate thickness on residual stress was determined by spraying coatings onto
thick (6.4 mm) and thin (1.4 mm) substrates. Residual stresses were compressive for both coating
materials and increased in magnitude with spray velocity. For coatings applied to thick substrates, near-
surface residual stresses were essentially constant with increasing coating thickness. Differences in ther-
mal expansion coefficient between low-carbon and stainless steels led to a 180 MPa difference in
residual stress for Fe3Al coatings. Deposition efficiency for both materials is maximized at an intermediate
(�600 m/s) velocity. Considerations for X-ray measurement of residual stresses in HVOF coatings are
also presented.

I. INTRODUCTION

THERMAL spray coatings are increasingly used for
surface protection, primarily against high-temperature corrosion
and wear. Coatings are commonly applied to hot section gas
turbine components,[1] to midspan dampers on fan and com-
pressor blades in aero turbines engines,[2] and are being inves-
tigated for use in advanced fossil energy plants.[3,4,5] In all
cases, the longevity and durability of the coating are of para-
mount importance to its primary function of protecting the
substrate component. Cracking or spallation of the coating
compromises its essential function, and may lead to shortened
component life compared to an uncoated condition.[2,6] It is
therefore critical to understand factors that may lead to prema-
ture coating failure, in addition to simply measuring its resis-
tance to a particular aggressive environment.

Residual stresses have been shown to play an important role
in the cracking, adhesion, and spallation behavior of coat-
ings.[2,7–10] In addition, residual stresses induced in the substrate
by the coating process can also play a role in determining the
overall component life.[2] Residual stresses in thermally sprayed
coatings can be considered as the sum of three components:
a tensile quench stress arising from the solidification and rapid
cooling of individual spray particles upon impact with the
much cooler substrate, a compressive peening stress imparted
by impact of high-velocity spray particles, and a thermal mis-
match stress incurred during cooling of the coating-substrate
couple from the deposition temperature. The sign of the thermal
mismatch stress will depend on the relative thermal expansion
coefficients (CTEs) of the coating and substrate.

Residual stresses in thermal spray coatings have received
considerable attention in the literature. Several different tech-
niques have been used for measurement, all with intrinsic
advantages and disadvantages; comprehensive reviews are
given in References 11 and 12. To summarize, residual stress

measurement techniques can be divided into three categories:
measurement of crystallographic lattice parameters using
X-ray diffraction (XRD) or neutron diffraction,[13–17] methods
that relate the curvature of as-sprayed coating-substrate
couples to stress in the coating and substrate,[3,5,18–21] and
techniques that monitor changes in substrate strain upon
layer-by-layer removal of the coating.[22] Lattice parameter
methods directly measure coating strain (which can be related
to stress), but require knowledge of coating physical constants
and expensive instrumentation. Curvature-based methods are
simple, but rely on analytical or numerical models (with nec-
essary assumptions) to calculate coating and substrate
stresses. Material removal methods permit determination
of the residual stress variation through the thickness of the
coating and substrate, but involve relatively time-consuming
sample preparation and again rely on models to relate meas-
ured substrate strains to coating stresses.

Residual stress measurement has primarily been performed
on plasma-sprayed ceramic coatings, since these find exten-
sive industrial application as thermal barriers on gas turbine
blades. For these coatings, quench and thermal mismatch
stresses dominate the net coating residual stress due to the
high temperature and low velocity of plasma spray particles
and the large CTE mismatch between the ceramic coating
and (typically) metal substrate.[9,23,24] The magnitude of the
quench stress has been found to depend on intersplat bonding
and microcracking within individual splats. Poor bonding
and microcracking act to decrease coating stresses by
reducing the net coating modulus—typical modulus values
for yttria-stabilized zirconia are around 45 GPa,[25] only
20 pct of the bulk value.[26]

In contrast, peening stresses typically dominate in high-
velocity, oxy-fuel (HVOF) coatings, due to higher spray
particle velocities (up to 1000 m/s, compared to around
100 m/s for plasma spray) and lower temperatures (1500 °C
to 1800 °C, compared to 2000 °C to 3000 °C for plasma
spray).[12] In addition, HVOF coatings are typically metals
or cermets with better CTE match to the substrate. Due to
the large peening contribution, residual coating stresses in
HVOF coatings are usually compressive, although some
authors have reported tensile stresses.[2,22]
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The effects of HVOF spray parameters on the character-
istics of Fe3Al and FeAl intermetallic coatings have been
studied,[3,5,27] including effects on residual coating stresses.
Higher spray particle velocities produced coatings with more
compressive residual stresses, higher hardness, and decreased
fractions of oxide and porosity. The changes in coating char-
acteristics were related to increased peening effects of higher-
velocity particles. There were difficulties, however, in relating
curvature measurements of coating-substrate couples to actual
coating stresses on thick, nonbending substrates. Similar
effects of HVOF spray parameters have been reported for
other material and spray systems,[18,28–30] although spray
particle characteristics are frequently not quantified.

The aims of the research reported in this article are twofold:
to investigate the effects of HVOF spray parameters on spray
particle characteristics, deposition efficiency, and residual
coating stresses; and to study the use of XRD techniques for
residual stress measurement in HVOF coatings. Two coating
materials were examined—Fe3Al (to extend and clarify the
previous work) and AISI type 316 stainless steel. Three
different spray conditions were investigated for each material;
the spray particle characteristics (size distribution, velocity,
and temperature) and relative deposition efficiency were
assessed for each material and spray condition. The XRD-
based residual stress measurements were made for each mater-
ial and spray condition on a series of coatings with varied
thickness sprayed onto thin (deforming) and thick (nondeform-
ing) substrates. In addition to reporting the results of these
measurements, this article discusses important factors in the
X-ray measurement of residual stresses in HVOF coatings.

II. EXPERIMENTAL PROCEDURES

A. Coating Preparation and Spray Particle
Characterization

The variation of spray particle characteristics and residual
coating stresses with HVOF spray parameters was investi-
gated for two coating materials: AISI type 316 stainless
steel (Tafa 1236F) and an Fe3Al-based alloy. Both alloys
were obtained commercially in powder form: the 316 SS
powder from Praxair-Tafa (Concord, MA), and the Fe3Al
alloy (designated FAS) from Ametek Specialty Metal Pro-
ducts (Eighty Four, PA). The nominal composition of FAS
is Fe-16Al-2Cr (wt pct). Both powders were screened to
�270 mesh; the median sizes of the screened powders are
given in Table I.

A JP5000 HVOF spray gun (Praxair-Tafa) with a 0.10-m
barrel was used to prepare coatings from the feedstock pow-

der at a fixed standoff distance of 3.55 m. The coatings were
built up layer by layer using a raster deposition scheme with
a 0.20 m/s transverse velocity. Each pass in front of the torch
produced an approximately 45-�m-thick layer. Coatings were
applied to rectangular substrates that were either AISI 1020
low-carbon steel or type 316 stainless steel. Substrate dimen-
sions were either 76 � 12.5 � 1.4 mm3 or 76 � 12.5 �
6.4 mm3. The thin substrates were used for curvature measure-
ments (presented in a subsequent article), while the thick sub-
strates were intended to resist deformation resulting from the
coating application. Both sides of all substrates were grit
blasted with alumina prior to coating.

Table I shows relevant coating parameters and spray par-
ticle characteristics investigated. Kerosene (C10H20) was used
as the fuel with a pure oxygen gas oxidant. The principal
variable was the torch chamber pressure, which was adjusted
by changing the input flow rates of the fuel and oxidant
while maintaining an equivalence ratio of one (a stoichio-
metric mixture). The effect of changing torch chamber pres-
sure on the temperature and velocity characteristics of the
thermal spray particles was quantified using an integrated
laser Doppler velocimeter and high-speed two-color pyrom-
eter. The estimated (1�) measurement uncertainties are 5 pct
for particle temperature and less than 5 m/s for particle veloc-
ity.[31,32] Coatings for residual stress characterization using
X-ray diffraction were produced using both powders at each
torch pressure.

The relative deposition efficiency of the different spray
parameters was assessed from the coating thicknesses pro-
duced for each condition after an equal number of passes of
the substrate in front of the torch. The deposition of the thick-
est coating produced was assigned a deposition efficiency of
one; the deposition efficiencies for other conditions were
computed as the ratio of the coating thickness for a given
condition to that of the thickest coating.

B. Residual Stress Measurement

Coating residual stresses were measured using standard
d vs sin2 � XRD techniques, as described in Reference 33.
Measurements were made on a Bruker AXS diffractometer
(Madison, WI) with Cr K� radiation. For 316 SS coatings,
the (220) peak at 2� �129 deg was measured; for Fe3Al coat-
ings, the (211) peak at 2� �150 deg was measured. The
Bruker-supplied STRESS application was used to calculate
residual stresses from peak positions. Young’s moduli for
316 SS and Fe3Al were taken as 200[34] and 140 GPa,[3]

respectively. Crystallographic anisotropy factors for 316 SS
and Fe3Al were taken as 1.72 and 1.49, respectively.[35] The

Table I. HVOF Spray Conditions and Particle Characteristics

Powder Median Powder Oxygen Flow Kerosene Chamber Gage Spray Particle Spray Particle 
Material Particle Size (�m) (L/min)* Flow (L/h) Pressure (kPa) Temperature (°C) Velocity (m/s)

316 SS 20 to 38 520 16.7 350 1320 520
700 22.7 510 1310 610
820 26.5 614 1300 640

Fe3Al 20 to 38 520 16.7 350 1650 560
700 22.7 510 1680 600
820 26.5 614 1650 620

*At standard temperature and pressure.
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lattice positions of 316 SS and Fe3Al feedstock powders were
measured in identical conditions as the coatings; the powder
data was used in the STRESS application to correct the coat-
ing data for instrumental effects. The application-computed
error of the measurements due to fitting of the d vs sin2�
plots varied from sample to sample but was generally on the
order of 20 MPa.

Residual stress measurements were made on the coating
surface along the 12.5-mm direction of the coating-substrate
couple, i.e., parallel to the short axis of the original sub-
strate. Measurements of stresses in both short and long axes
were performed on several specimens to confirm the biaxial
stress state; these were equal within the stated measurement
accuracy.

Stresses were generally measured on coating surfaces from
which 75 to 100 �m had been removed by grinding with
600-grit paper and polishing to a 1-�m finish. Surface
removal was performed in order to provide a flat X-ray meas-
urement surface and avoid the effects of surface roughness
on the measured stresses. The potential effect of the grinding
and polishing procedure on residual stress was assessed by
measuring stresses on annealed 316 SS specimens before
and after surface removal—in both cases, no residual stresses
were observed. This is considered a worst case for generation
of surface stress by the polishing procedure, and hence, no
effect of grinding and polishing on measured coating resid-
ual stresses in the as-sprayed condition is expected. Residual
stress measurements were made on the as-coated surfaces
of a series of Fe3Al specimens for comparison with results
obtained on polished surfaces.

The repeatability of residual stress measurements on a
single specimen was assessed for both 316 SS and Fe3Al
coatings and always found to be within the fitting error
computed by the STRESS application (�20 MPa). The vari-
ation of residual stress with position within a coating-substrate
couple was assessed by measuring stresses on five separate
specimens removed from the same couple. While the stress
variation, �40 MPa, was greater than observed for repeated
measurements on a single specimen, no trend in stress with
position within the couple was observed.

Table II is the matrix of all conditions for which residual
coating stresses were measured. For 316 SS coatings applied
to 316 SS substrates, stresses were measured for all variations
of particle velocity, substrate thickness, and coating thickness,
while stresses in Fe3Al coatings were measured in a more

limited range of conditions. The variation of residual stress
with coating thickness was investigated primarily by measur-
ing stresses on multiple coatings whose thicknesses varied
from approximately 250 to 1500 �m; five coatings with var-
ied thickness in this range were produced for each combina-
tion of powder and chamber pressure. The thickness variation
in stress was also characterized by repeated measurements on
a single Fe3Al coating (applied on a 6.4-mm-thick substrate)
from which successive 200-�m layers were removed.

III. RESULTS

A. Spray Particle Characteristics and Deposition
Efficiency

The HVOF spray particle temperature and velocity charac-
teristics are listed in Table I. Figure 1 graphically shows the
variation of these parameters with torch chamber pressure.
Particle temperatures for both powders are essentially con-
stant with varying chamber pressure at the fixed equivalence
ratio, as observed in previous work on INCONEL* 718.[32]

*INCONEL is a trademark of INCO Alloys International, Huntington
Woods, WV.

The observed temperatures for the Fe3Al powder, however,
were considerably greater than for 316 SS, 1650 °C to 1680 °C
compared to 1300 °C to 1320 °C.

Sound, adherent coatings were produced in all conditions.
The microstructures of Fe3Al coatings were presented in
Reference 5; further details of the microstructure and prop-
erties of the 316 SS coatings will be presented in a future
publication. Relative deposition efficiencies obtained for
the varied spray parameters are shown in Figure 2, in which
efficiency is plotted as a function of particle velocity. Particle
velocity is plotted instead of torch chamber pressure since
this is believed to represent a more fundamental variable.
Coatings prepared at identical velocity and temperature and
similar powder particle sizes should result in similar prop-
erties, regardless of the particular HVOF torch used, whereas
the relationship between chamber pressure and velocity will
depend on equipment and other environmental factors. Both
316 SS and Fe3Al show a maximum deposition efficiency
at an intermediate particle velocity (approximately 600 m/s)
with reduced efficiency at lower and higher velocities.

Table II. XRD Residual Stress Measurement Matrix

Spray Particle Nominal Coating 
Coating Material Substrate Material Substrate Thickness (mm) Velocity (m/s) Thicknesses (�m)

316 SS 316 SS 1.4 520 250 to 1500
610
640

316 SS 316 SS 6.4 520 250 to 1500
610
640

Fe3Al AISI 1020 1.4 620 250 to 1500
Fe3Al AISI 1020 6.4 560 250 to 1500

600
620

Fe3Al 316 SS 6.4 620 250 to 1500
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B. Residual Stresses

The results of XRD residual stress measurements of
316 SS coatings applied to thin (1.4 mm) and thick (6.4 mm)
316 SS substrates are shown in Figures 3 and 4, respectively.
Stresses are presented as a function of coating thickness
for three spray particle velocities. As noted previously, each
data point represents a measurement on a unique coating-
substrate couple. Significant scatter is present, especially for
coatings on thick substrates, greatly exceeding the fitting
error and scatter observed for multiple specimens from a
single couple.

For 316 SS coatings on thin substrates, residual stresses
become less compressive with increasing coating thickness;
this trend is observed for all particle velocities. In contrast,
for thick substrates, residual stresses are relatively constant
with coating thickness for the two higher particle velocities,

and stresses for coatings sprayed at the 520 m/s particle
velocity become more compressive. Despite the scatter, it
is clear that residual stresses become more compressive with
increasing spray velocity. The effect is more pronounced for
coatings on thin substrates, and for both substrates, there is
a larger increase going from 520 to 610 m/s than from 610
to 640 m/s.

Figure 5 shows residual stresses for Fe3Al coatings. Data
are shown for all conditions investigated: three particle
velocities on thick low-carbon steel substrates, and the high-
est velocity on a thick stainless steel substrate and a thin
low-carbon steel substrate. The effect of surface condition
is shown by data for the 620 m/s velocity taken on unpol-
ished coating surfaces. For Fe3Al coatings, the residual
stresses are essentially constant with coating thickness.
Significant scatter is again observed. Residual stresses for

Fig. 1—Spray particle velocity and temperature vs torch chamber pressure
for 316 SS and Fe3Al powders.

Fig. 2—Relative coating deposition efficiency as a function of spray particle
velocity for 316 SS and Fe3Al coatings.

Fig. 3—XRD-measured residual stresses for 316 SS coatings applied to
1.4-mm-thick 316 SS substrates.

Fig. 4—XRD-measured residual stresses for 316 SS coatings applied to
6.4-mm-thick 316 SS substrates.
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coatings on thick, low-carbon steel substrates become more
compressive with increasing particle velocity, and coatings
applied to 316 SS substrates have significantly higher stresses
than those applied to low-carbon steel. The marked effect
of surface condition is demonstrated by the tensile stresses
measured on unpolished surfaces.

Figure 6 compares the variation of residual stress in Fe3Al
with coating thickness (316 SS substrate, 620 m/s particle
velocity) measured by layer removal on a single specimen
with the variation of surface stress with thickness measured
on multiple specimens. For the layer removal specimen,
measured residual stresses are plotted vs the remaining coat-
ing thickness to facilitate comparison with the multiple
specimen data. The data points at 1250 �m are the same
measurement; the 1250-�m-thick coating was then polished
down in steps. The two data sets appear to show opposite
trends: the layer removal data show more compressive stress
with increasing coating thickness (less material removed),
while the multiple specimen data show less compressive
stress with increasing thickness.

IV. DISCUSSION

A. Effect of Spray Parameters on Particle Characteristics
and Deposition Efficiency

As shown in Figure 1, torch chamber pressure has a strong
influence on spray particle velocity for both 316 SS and
Fe3Al powders, but essentially no effect on spray particle
temperature. Spray particle velocities increase 23 pct for
316 SS and 10 pct for Fe3Al with an increase in pressure
from 350 to 614 kPa. These observations are in agreement
with findings reported by other researchers.[3,5,17,31,36] All
report linear increases in particle velocity with chamber pres-
sure over pressures ranging from 400 to 1000 kPa. Reported
particle velocities vary from approximately 300 to 800 m/s,
again in good agreement with the current results. As previ-
ously noted,[32,36] the acceleration of a spray particle (and
hence its final velocity) in a HVOF spray nozzle is dependent
on the dynamic gas pressure acting on it, which in turn is
dependent on the combustion chamber pressure.

Particle temperature, however, is dependent on the tem-
perature of the combustion gas flow and the residence time
of the particle in the gas. Swank et al.[31] found that the gas
temperature is relatively insensitive to chamber pressure, but
strongly dependent on flame temperature, which is in turn
a function of equivalence ratio. Particle residence time will
decrease with chamber pressure as the velocity increases,
but the effect is not significant relative to changes in combus-
tion gas flame temperature.

The high temperatures observed for Fe3Al spray particles
are believed to at least partly result from rapid oxidation of
Al on the particle surfaces during spraying in air.[5] The heat
and radiation emitted in this reaction may give rise to anom-
alously high pyrometer temperature readings. The observation
of a significant fraction of unmelted particles in the coating
microstructure[5] indicates that particle temperatures are closer
to the melting point of Fe3Al (1540 °C).

Few researchers have reported the effects of HVOF spray
parameters on the deposition efficiency, although this is an
important parameter in industrial applications, particularly
spraying of expensive feedstock powders. Measurement of
the effect of particle velocity on the relative deposition effi-
ciency for 316 SS and Fe3Al powders was made possible
by the use of constant powder feed characteristics and torch
passes across the varied particle velocities. Hence, the coating
thickness provides a relative measure of deposition effi-
ciency. It is notable that a maximum in deposition efficiency
is obtained for both powders at an intermediate velocity; this
is somewhat contrary to the intuitive belief that the “sticking
percentage” of impacting particles will continually increase
with velocity, thereby resulting in continually increasing
deposition efficiency. Better sticking of particles at higher
impacting velocities has been observed for cold spraying[37]

as well as HVOF spraying.[30] Lower velocity particles that
are partially molten do not have sufficient kinetic energy to
deform on impact and adhere to the substrate. The increase
in efficiency going from low to intermediate velocities in
the current study is attributed to this mechanism. At higher
velocities, however, the deposition efficiency decreases. This
is attributed to loss of material due to “splashing” of molten
or nearly-molten particles upon high velocity impact.
Splashing of particles at high velocities has been reported
by Hackett and Settles[38] and Wright et al.[39]

Fig. 5—XRD-measured residual stresses for Fe3Al coatings applied to thick
(6.4 mm) and thin (1.4 mm) 1020 steel and 316 SS substrates. Also shown
are data obtained on unpolished coating surfaces.

Fig. 6—Through-thickness residual stress distribution in an Fe3Al coating
on a thick 316 SS substrate obtained by repeated measurements on a single
specimen after incremental layer removal. Thickness variation data obtained
on multiple specimens are shown for comparison.
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B. Residual Stress Measurement

This article presents the results of a systematic study of
residual stresses in HVOF metallic coatings measured using
XRD, similar to a study performed by Matejicek et al.[16]

on plasma-sprayed coatings. The XRD technique has been
shown to be an effective means of measuring residual stresses
in HVOF coatings, and it is worth noting some specific find-
ings that arose in the experimental procedure development.
First, the results obtained confirm that the stress state in
HVOF coatings is purely biaxial. Equal stresses on the
coating surface were measured in two perpendicular direc-
tions, and no shear stresses were indicated in the d vs sin2�
plots; overlapping straight lines were observed at positive
and negative � values. The importance of surface prepara-
tion is shown by the results of unpolished vs polished
specimens. Results obtained on unpolished surfaces indicate
tensile coating stresses, when in fact essentially all of the
coating is strongly in compression (refer to further subsequent
discussion).

Significant scatter in the XRD results is apparent in Fig-
ures 3 through 5, which makes clear observations of trends
difficult. The scatter appears to be between separate coating-
substrate couples, rather than intrinsic to the XRD measure-
ment or within a given couple. The scatter is present despite
the fact that all coatings were sprayed in the same session
using identical setup and powder. The results suggest that
the degree of variability from coating to coating be care-
fully addressed for applications in which the magnitude of
the residual stress is a critical performance factor. Due to
the involved nature of XRD residual stress measurement,
it would be expedient to use a simpler method (e.g., cur-
vature measurement) to assess the variability of coating
stresses.

C. Variation in Residual Stress with Coating
and Substrate Thickness

The progressive deposition model of Tsui and Clyne[40]

provides a good framework for interpreting the “theoretical”
variation of residual coating stresses with thickness. Their
model calculates the distribution of coating and substrate
stresses for a given system assuming that the coating is
applied in layers, and that a “deposition stress” is associated
with each newly added layer. The deposition stress is constant
for a given set of coating parameters: powder type and size;
spray particle temperature and velocity. Although the model
was presented in the context of plasma-sprayed coatings, it
is equally valid for HVOF coatings, albeit with a compressive
deposition stress. For an infinitely thick substrate, this model
predicts a constant residual stress with increasing coating
thickness, since the deposition stress in each layer is not
relieved by substrate deformation and the formation of
curvature. In the case of thinner, deformable substrates, how-
ever, stresses measured on the coating surface become less
compressive with increasing coating thickness, due to pro-
gressive deformation as the coating is applied.

The results of the present study on 316 SS coatings are
in agreement with the predicted trends. Stresses measured
on the surface of coatings applied to thin substrates become
less compressive with increasing thickness, while stresses
for thick substrates are relatively constant (with the exception

of coatings applied at 520 m/s). For Fe3Al, residual stresses
on both thick and thin substrates appear to be constant with
increasing coating thickness. The trends in residual stress
with thickness agree with the findings of Matejicek et al.,[16]

who measured surface stresses in plasma-sprayed Mo. They
observed nearly constant tensile residual stresses with increas-
ing thickness. Kesler et al.[13] report a slight decrease in ten-
sile residual stresses with increasing coating thickness for
neutron diffraction measurements, also of plasma-sprayed
Mo, again in agreement with the progressive model.

The relative magnitudes of stresses on thin and thick sub-
strates, however, do not agree with predictions of the progres-
sive model. For a constant deposition stress, measured coating
stresses for thin substrates are expected to be less compressive
than for thick substrates, due to stress relaxation by substrate
deformation. The opposite is observed for both 316 SS and
Fe3Al coatings—stresses on thin substrates are consistently
more compressive than those on thick substrates. The source
of this discrepancy is currently unknown—stresses estimated
from curvature of coating-thin substrate couples are lower than
those measured using XRD. A complete presentation of the
curvature data and models used to derive coating and substrate
stresses from curvature is planned for a future publication.

With respect to the through-thickness variation in residual
stress shown in Figure 6, the progressive model predicts that
the two trends shown in Figure 6 should overlap; i.e., the
measured surface stresses after layer removal should agree
with the stress measured on the surface of a coating sprayed
to the same thickness. Again, the source of the discrepancy
between theoretical predictions and measurement is unknown,
but might be due to plasticity in the coating or substrate; the
progressive model assumes elastic behavior. In any case, it
is apparent that XRD may not be an ideal technique for
determining through-thickness variations in residual stress.

One aspect of the through-thickness variation of residual
stress for HVOF coatings clearly revealed in this study is
the marked difference in residual stress at the coating surface
(in the last layer deposited) and in the coating as a whole.
The measurements made on unpolished surfaces of Fe3Al
coatings indicate that the last coating layer is in a state of
tension rather than compression. For Cr K� radiation, the
thickness of the diffracting volume (90 pct contribution to
the diffracted beam) for the (211) peak is approximately
12 �m. The sampling depth is entirely within the last layer
deposited, and some reduction in stress magnitude due to
free-surface effects is expected. Unlike the remainder of the
coating, the last layer is not peened by the impact of addi-
tional depositing particles, and hence the stress measured is
tensile, more representative of the quench stress. This marked
change in stress after removal of 75 �m of coating is a fur-
ther indication of the magnitude of the peening effect in
HVOF coatings. Similar near-tensile residual stresses at the
very surface of HVOF coatings have been observed using
layer removal methods.[22]

D. Spray Parameter Effects on Residual Stress

Figure 7 summarizes residual coating stresses as a function
of spray particle velocity for 316 SS and Fe3Al. The stress
values shown are the mean of stresses at all thicknesses for
each condition; the data were averaged, assuming constant
stress with thickness, to reduce scatter resulting from specimen-
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Fig. 7—Variation of residual stress for 316 SS and Fe3Al coatings with
spray particle velocity. Data shown represent mean values of coatings with
varied thickness.

to-specimen variations. Trendlines are shown to demark the
different coatings. Both materials show an apparently linear
increase in compressive residual stress with spray particle
velocity. As stated previously, the stress increase results from
increased peening effects imparted by higher-velocity parti-
cles. In this study, the magnitude of the peening effect appears
to be linearly dependent on the particle velocity (or momen-
tum, given the constant powder size) rather than kinetic energy
(square of velocity), as observed by Kuroda et al.[17] Given
the limited data, it is difficult to say with certainty which para-
meter (momentum or energy) controls the magnitude of the
peening effect; further tests are planned in this area.

The effect of substrate material on residual stresses in
Fe3Al coatings is also clearly shown in Figure 7. The mean
stress value for Fe3Al on 1020 steel is �240 MPa, compared
to �420 MPa on 316 SS. The difference results from the dif-
ference in CTE for the two substrate materials. The mean
CTE for 1020 steel from the deposition temperature
(�200 °C) to room temperature is 12.7 ppm/°C, similar to
that for the Fe3Al coating in the same range[3] (12.5 ppm °C);
hence, there is little CTE mismatch contribution to the final
residual stress. The CTE for 316 SS is considerably higher,
17.5 ppm/°C, leading to a compressive CTE mismatch stress
of �175 MPa (for biaxial conditions and a thick substrate),
which agrees well with the measured difference of �180 MPa.
It is worthwhile noting that the reported CTE value for bulk,
wrought Fe3Al from room temperature to 200 °C is
16 ppm/°C;[41] hence, predictions based on bulk values rather
than coating values would predict little CTE mismatch stress
for 316 SS. This example reinforces the importance of meas-
uring physical properties of coatings rather than assuming
bulk values.

V. CONCLUSIONS

This article presented the results of a study of residual
stresses in HVOF-sprayed 316 SS and Fe3Al metallic

coatings. The effects of coating and substrate thickness, spray
particle velocity, and substrate material were assessed and
the following conclusions reached.

1. Increasing torch chamber pressure results in increasing
spray particle velocity with little change in spray parti-
cle temperature.

2. Relative deposition efficiencies are maximized at an inter-
mediate particle velocity, 610 m/s for 316 SS and 600 m/s
for Fe3Al. The reduction at higher particle velocity is
attributed to increased “splashing” of the impacting droplet.

3. Near-surface residual stresses in 316 SS coatings on thin
substrates become slightly less compressive with increas-
ing coating thickness; stresses in 316 SS coatings on thick
substrates and all Fe3Al coatings were independent of
coating thickness.

4. Due to an increased peening effect, increasing spray par-
ticle velocity leads to more compressive residual stresses
for both coating materials.

5. Residual stresses measured on the surface of unpolished
Fe3Al coatings were tensile, reflecting the lack of peen-
ing in the last layer of coating deposited.

6. Differences in CTE values between low-carbon (1020)
and 316 SS substrates lead to a 180 MPa difference in
residual stresses for Fe3Al coatings applied at a 620 m/s
spray particle velocity.
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