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Data on the microstructural, physical, and mechanical characteristics of high-velocity oxygen-fuel (HVOF)-
sprayed type 316 stainless steel coatings are presented and compared with properties of wrought 316 stain-
less steel. Coatings were prepared at three different spray particle velocities; coating characteristics are
presented as a function of velocity. The coatings had relatively low porosity and oxide contents and were
significantly harder than annealed, wrought 316 stainless steel. The hardness difference is primarily attrib-
uted to high dislocation densities resulting from peening imparted by high-velocity spray particles. The
coating hardness increased with increasing spray particle velocity, reflecting increased peening effects. The
elastic modulus of the coatings was essentially identical to wrought material. The mean coefficient of thermal
expansion of as-sprayed coatings was lower than wrought material, but the expansion of annealed coatings
matched the wrought behavior.
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1. Introduction

Thermally sprayed coatings are increasingly used in applica-
tions requiring wear and high-temperature oxidation resistance.
Various analytical and numerical models have been developed
to predict the development of stresses during deposition and
in service (Ref 1-4). Knowledge of the physical and micro-
structural characteristics of the coating and substrate is crucial in
successful model implementation. Experience has shown that
coating properties, for example, elastic modulus, can be mark-
edly different than those of nominally identical bulk materials,
and considerable effort has been made to measure actual coating
properties (Ref 5-10). Study of coating mechanical and physical
properties to date appears to have somewhat favored plasma-
sprayed ceramic coatings because these are used widely as ther-
mal barriers in gas turbine engines and have properties that are
very different than bulk ceramics.

Although many papers describe the microstructure and hard-
ness of high-velocity oxygen-fuel (HVOF) coatings exist (Ref
11-14), fewer report other mechanical and physical characteris-
tics such as elastic modulus and thermal expansion coefficient
(Ref 15, 16). This is likely a result of the difficulty in making
unambiguous measurements of these properties, but perhaps
also the result of an incorrect assumption that the properties of
HVOF coatings (especially metallic coatings) are essentially
identical to cast or wrought alloys of equivalent composition
because of their typically low oxide and porosity contents. In

recent measurements on Fe3Al intermetallic coatings formed by
HVOF spraying, however, some significant differences were
observed compared with typical wrought alloys, particularly for
hardness and thermal expansion coefficient (Ref 17). Clear in-
terpretation of the data was difficult because of ordering trans-
formations that occur in these intermetallic alloys.

This paper presents data on the microstructural, physical, and
mechanical characteristics of HVOF-sprayed type 316L stain-
less steel (SS) coatings. This alloy is appropriate for study be-
cause of its single-phase structure and potential use as a corro-
sion-resistant surface layer. It is expected to typify the behavior
of a number of austenitic, solid-solution-strengthened alloys.
Coatings of this alloy will also be used in a study of residual
stresses calculated from curvature of coating-substrate couples;
precise coating data are required for modeling.

2. Coating Preparation and
Characterization

A JP5000 HVOF spray gun (Praxair-Tafa, Concord, NH)
with a 0.10 m barrel was used to prepare coatings from gas-
atomized AISI type 316L SS feedstock powder (Tafa, 1235F) at
a fixed standoff distance of 0.355 m. The powder was screened
to –270 mesh prior to spraying; 94% of the powder was in the
20-38 µm size range, with 4% between 38 and 45 µm. Essentially
no particles were smaller than 20 µm. The coatings were built up
layer by layer using a raster deposition scheme; each pass in
front of the torch at a transverse velocity of 0.20 m/s produced an
approximately 45 µm thick layer.

Coatings were applied to 6.4 mm thick type 316 SS substrates
that were grit blasted on both sides with alumina prior to spray-
ing; total coating thicknesses were approximately 1500 µm,
permitting production of freestanding specimens for modulus
and thermal expansion measurements. Coatings were produced
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at an equivalence ratio of 1 (a stoichiometric mixture of kerosene
and oxygen) and three torch chamber gauge pressures, 170, 340,
and 620 kPa. The particle temperature and velocity characteris-
tics for each condition were measured using an integrated laser
Doppler velocimeter and high-speed two-color pyrometer. The
estimated, 1�, measurement uncertainties are 5% for particle
temperature (assuming gray body behavior) and less than 5 m/s
for particle velocity (Ref 18, 19). Table 1 lists details of the spray
conditions and resulting particle characteristics.

Coating microstructures were characterized by standard
metallographic techniques. Coating-substrate couples were sec-
tioned using a low-speed diamond saw, hot mounted in a thermal
setting resin, ground, and polished to a 1 µm finish. The volume
fractions of porosity, oxide, and unmelted particles were mea-
sured by image analysis of representative microstructures ob-
tained using secondary and backscattered electron imaging. The
error in the values obtained is estimated to be 20% of the value.
X-ray line broadening analysis (described in Ref 20) was used to
measure the coherently diffracting domain size (subgrain size)
and the root mean square lattice microstrain of the coatings and
the feedstock powder. These two parameters were converted to an
equivalent dislocation density (Ref 21). Vickers pyramidal micro-
hardness was measured with a 500 g load, and Rockwell C-
hardness measurements were made on polished coating surfaces.

Elastic moduli were measured on freestanding, rectangular
coatings (dimensions 20 × 10 × 1 mm) elastically loaded in com-
pression. The freestanding coatings were prepared by careful
sectioning of coating-substrate couples using a low-speed dia-
mond saw followed by grinding on 600 grit SiC paper. Small
strain gages were attached to the specimens using epoxy. The
mean thermal expansion coefficient (CTE) was measured on
freestanding coatings using a Theta Industries (Port Washing-
ton, NY) vertical dilatometer operating in differential mode; a Pt
standard was used as the reference. The specimens were heated
at 3 °C/min in a rough vacuum; low contact forces were used
to minimize creep deformation at high temperatures. Three se-
quential runs were performed on each specimen to observe
changes in expansion behavior with annealing and thermal cycling.

3. Results

Typical microstructures of coatings formed at the three spray
pressures are shown in Fig. 1; quantified microstructural char-
acteristics are listed in Table 2. Coatings sprayed at all velocities
show structures typical of HVOF with very little porosity (less

than 1%). The fractions of oxide and unmelted particles range
from 4.2 to 6.5% for oxide and 20 to 40% for unmelts. In all
cases the coatings show relatively high dislocation densities, more
than two orders of magnitude greater than the starting powder.

Mechanical characteristics of the coatings are presented in
Table 3, along with typical values for annealed, wrought 316 SS.

Table 1 HVOF spray conditions and particle
characteristics

Oxygen
flow(a),
L/min

Kerosene
flow,
L/h

Chamber
gauge

pressure,
kPa

Mean spray
particle

temperature (b),
°C

Spray particle
velocity

Mean,
m/s

Standard
deviation,

m/s

520 16.7 350 1320 520 36
700 22.7 510 1310 610 44
820 26.5 614 1300 640 46

(a) At standard temperature and pressure. (b) The temperature sensor does
not discriminate individual particles, hence the distribution of particle tem-
peratures is unavailable.

Fig. 1 Microstructure of HVOF 316L SS coatings sprayed at (a) 520
m/s, (b) 610 m/s, and (c) 640 m/s
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The as-sprayed coating hardnesses are high, ranging from 31 to
45 HRC and 360-490 VHN. The yield strength, �0, was esti-
mated from microhardness using the formula (Ref 22):

�0 =
VHN

3
(0.1)n (Eq 1)

and assuming a work-hardening coefficient, n, of 0.15 [typical
of work-hardened metals (Ref 23)]. Again, the values are much
higher than those for wrought 316 SS. The coating hardness in-
creases with increasing spray velocity, as observed previously
for HVOF Fe3Al coatings (Ref 20). Annealing at 1000 °C sig-
nificantly decreases the coating hardness, although not to the
level of annealed, wrought 316 SS. The elastic moduli of the
coatings (177 and 190 GPa) agree well with that of wrought ma-
terial (193 GPa).

The thermal expansion behavior of a coating sprayed at 520
m/s is shown in Fig. 2, a plot of mean CTE versus temperature.
The expansion data were recorded continuously; the large points
only serve to note data from the separate runs. Mean CTE values
for wrought 316 SS are shown for comparison. Although the
second and third runs show good agreement with wrought be-
havior, significantly lower expansion is observed for the first
run, especially above 550 °C. The lowered CTE in the first run
corresponds to a net 0.4% shrinkage of the specimen after cool-

ing to room temperature. No dimensional change was observed
after the second and third runs.

4. Discussion

The mechanical property differences between the coatings
and wrought alloy are readily rationalized in terms of coating
microstructure. Because of the strong peening effect imparted
by the high-velocity spray particles in the HVOF process, me-
tallic coatings in the as-sprayed condition are usually extremely
cold worked with high dislocation densities and hence high
hardness. For 316 SS, the estimated yield strengths correspond
to the behavior of wrought material cold worked to significantly
greater than 60% reduction (Ref 24). Increasing hardness sug-
gests that the peening effect increases with spray particle veloc-
ity, although a similarly marked increase is not observed in the
dislocation density. Previous studies on Fe3Al found a more sig-
nificant increase in dislocation density with particle velocity
(Ref 17, 20). Although the high hardness could also be attributed
to the oxide content, the size and distribution of the oxide ob-
served suggest otherwise. Oxide is primarily observed along
splat boundaries with relatively large particle sizes (>1 µm),
which would be ineffective for strengthening. Significant
strengthening caused by oxide inclusions in metals requires a
very fine, uniform dispersion (Ref 25).

Lau et al. (Ref 11) measured the microhardness of HVOF 316
SS coatings with a nanocrystalline grain structure (the feedstock
powders were highly ball milled prior to spraying). Values rang-
ing from 440 to 650 VHN were reported, somewhat higher than
the hardness of coatings obtained in the current study using an-
nealed feedstock powders. The authors attribute the high hard-
ness to the nanocrystalline structure imparted by ball milling,
but clearly the HVOF process itself makes a significant contri-
bution to hardness.

These results have significant implications for stress model-
ing of HVOF metallic coatings, especially numerical models
which include plasticity. The data show that it is not reasonable
to assume that coatings that have not been annealed by high-
temperature exposure have the yield strength and work-
hardening behavior of wrought material. As shown in Table 2,
the hardness of annealed coatings is also significantly greater
than equivalent wrought material. The source of the hardness of
annealed coatings is currently unknown, but it could be fine
grain size or oxide (unresolvable with SEM). Similar behavior
was observed for Fe3Al coatings (Ref 20).

With the exception of thermal expansion in the as-sprayed
condition, the physical properties of 316 SS are not altered sig-

Table 2 Microstructural characteristics of HVOF 316L
SS coatings

Mean particle
velocity, m/s

Porosity Vf,
%

Oxide Vf ,
%

Unmelt Vf ,
%

Dislocation
density, m−2

520 1.1 4.2 40 5.6 × 1014

610 0.6 6.2 24 7.1 × 1014

640 0.6 6.5 20 7.0 × 1014

Starting powder NM(a) NM NM 4.2 × 1012

(a) NM, not measured

Table 3 Mechanical characteristics of HVOF 316L SS
coatings and annealed 316 SS

Mean particle
velocity, m/s

Elastic
modulus,

GPa
Macro-

hardness

Micro-
hardness,
VHN500

Corresponding
yield strength,

MPa

520 177 30.8 HRC 360 830
610 NM(a) 41.9 HRC 430 990
640 190 44.8 HRC 490 1130
640, 1000 °C anneal NM NM 230 540
Annealed wrought 193 80 HRB 160 240

316 SS(b)

(a) NM, not measured. (b) Data for 316 SS are taken from Ref 24.Fig. 2 Thermal expansion coefficient of HVOF 316L SS coatings.
Comparative data for wrought 316 SS are from Ref 24.
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nificantly by the HVOF process. The elastic moduli agree well
with wrought values, as does the CTE of the annealed coating
(second and third runs). Other researchers have observed signifi-
cant differences between the physical properties of coatings and
wrought materials, even for HVOF spraying (Ref 6, 7). In these
cases, however, the differences were associated with significant
(>10%) porosity and/or oxide contents in the coating. In the
present case, the fractions appear to be sufficiently low so they
do not measurably affect physical properties. These results again
highlight the potential inaccuracy in assuming or inferring coat-
ing properties, which are strongly dependent on the specific
coating process.

The low CTE of the as-sprayed coating is attributed to an-
nealing and recrystallization processes occurring during heating
to 1000 °C. Similar behavior has been observed for Fe3Al and
FeAl intermetallic coatings (Ref 17, 26). Its observation in a
simple solid solution alloy such as 316 SS provides further con-
firmation that the behavior-low CTE and a small net shrinkage
after cooling-primarily results from annealing processes rather
than ordering phenomena.

5. Conclusions

• HVOF spraying of type 316 SS coatings resulted in coatings
significantly harder than equivalent wrought 316 SS in an
annealed condition. The increase is primarily attributed to ex-
tensive cold work imparted by high-velocity spray particles.

• The coating elastic modulus agreed well with that for
wrought 316 SS.

• A significant decrease in mean CTE was observed for the
as-sprayed coating, whereas the thermal expansion of an-
nealed coatings showed good agreement with wrought val-
ues. The lowered CTE is attributed to annealing and recrys-
tallization processes occurring during initial heating of the
as-sprayed coating.
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