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2. Coating Oxidation

The formation of oxides during the thermal spray process can
be categorized into three time or spatial regions, as shown in Fig.
1. Some of the conditions influencing oxidation during HVOF
processing, as described by Hackett and Settles,[3,4] are given in
Table 1. Region I starts at the point of particle injection within
the nozzle and extends to the end of the jet core. In this zone, par-
ticles are exposed to flame’s high temperatures as well as its
combustion products. While the amount of free oxygen can be
controlled via the oxygen/fuel (O/F) ratio, it must be remem-
bered that even at understoichiometric settings, the flame still
contains different oxidizing combustion products, and thus par-
ticle oxidation cannot be completely avoided. Region II refers to
the time from when the entrained atmosphere reaches the cen-
terline of the flame until the particles impact upon the substrate.
In this zone, the atmosphere will contain up to 20% oxygen. Fi-
nally, region III encompasses the time the particles spend on the
substrate after impact until the next layer covers them. During
this period, the individual splats are still exposed to the oxidiz-
ing effects of the flame and may undergo considerable oxidation.
Although the temperatures are low as compared to those within
the flame, the exposure time to the atmosphere is at least several
times greater.

The contribution of the different oxidation mechanisms to the
oxygen content of a coating depends not only upon the spray pa-
rameters, but also on the spray powder feedstock. According to
Zimmermann and Kreye,[5,6] the oxidation of HVOF sprayed
pure molybdenum is dominated by conditions created in region
I. By merely varying the type of fuel gas and the O/F ratio, the
oxygen content of the coating can be predetermined for values
between 3 and 11% (all oxygen contents in weight percent). The
amount of oxygen absorbed by molybdenum in regions II and III
is almost constant and varies only slightly with the particle tem-
perature. On the other hand, oxidation during plasma spraying
of molybdenum can obviously only occur in regions II and III,

1. Introduction

High velocity oxy-fuel (HVOF) flame spraying has been rec-
ognized as the most significant development in the thermal spray
industry during the last 15 years. Since the initial use of tungsten
carbide-cobalt, the range of powders has expanded to include a
large variety of other carbides as well as metallic and ceramic
materials. The HVOF coatings have proven themselves superior
in wear-resistant applications.[1] In addition to the introduction
of new spray systems, capable of generating particle velocities
30 to 50% higher than their predecessors,[1] this process is being
increasingly recognized as a means of producing denser and
more corrosion-resistant coatings.

For industrial applications requiring a high degree of corro-
sion resistance, austenitic stainless steels or nickel-base alloys
are generally employed in either bulk form or applied as over-
lays or coatings. Applying these metals by atmospheric thermal
spraying, however, leads to the formation of oxides, which in
turn impair corrosion resistance and mechanical properties.[2])

The ability to control coating oxygen content is therefore essen-
tial for attaining the maximum corrosion resistance.

This study focuses on characterizing the oxidation of HVOF
sprayed austenitic stainless steel 316L using the JP-5000 and Di-
amond Jet (DJ) 2700/2600 systems. By assessing the influence
of various spray parameters on oxygen content and the mi-
crostructure of the coatings and then correlating them to the me-
chanical properties, parameters may be tailored to produce
optimum coatings. Moreover, the knowledge gained from this
material system can be extended to numerous others.
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and the range of oxygen pickup lies between 1.8 and 4.2%. Re-
cent work by Kreye[7] has revealed that the oxidation of copper
essentially takes place in region III. When powder was sprayed
into water at a distance of 800 mm, the oxygen content remained
constant at 0.2%. After spraying the same feedstock onto a sub-
strate at a stand-off distance of 250 mm, the oxygen content rose
to 0.5%. Similarly, Hackett and Settles[4] reported that about
75% of the oxidation of iron particles during spraying with the
JP-5000 system occurs in regions II and III. Here, the use of an
inert gas shroud curtailed coating oxygen content from 3.2 to
0.9%. However, this method may be impractical on an industrial
scale, as about 1500 m3/h of nitrogen was necessary to attain
these results. It should also be noted that the experiments were
conducted with a single understoichiometric flame setting.
Vardelle et al.[8] examined the rate-controlling phenomena for
the oxidation of iron particles in the free plasma jet and on the
splat surface. They concluded that oxidation occurs primarily
during the time of exposure of the hot splats to the ambient at-
mosphere and to the process gas jet. Neiser et al.[9] examined the
splat interface of HVOF wire sprayed mild steel coatings. Their
results support the hypothesis that, for these conditions, inflight
oxidation of the particles is the dominant mechanism.

Moskowitz and Lindley’s[10] investigations with the Jet Kote
system (Deloro Stellite, Goshen, IN) reveal that the O/F ratio is
the most significant parameter for spraying low oxygen content
coatings of SS 316L and Hastelloy C. A severely understoichio-
metric hydrogen/oxygen flame minimizes the presence of oxy-
gen from region I. A further reduction in oxygen pickup is
attained via an inert helical shroud that shields the particle
stream without compromising particle temperature. Based on re-
search conducted with the JP-5000 system, Voggenreiter et al.[11]

concluded that the key to producing low oxygen content stain-
less steel coatings is to spray the particles cold enough so that no
fragmentation occurs upon impact. Particles that are molten

upon impact fragment and tremendously increase the area ex-
posed to the atmosphere. The nonintuitive solution for reducing
oxidation was to use overstoichiometric settings.

The present investigations therefore focus on decreasing ox-
idation via the spray parameters as well as understanding and re-
solving the apparently contrasting effect of the O/F ratio on the
coating oxygen content observed with the different HVOF spray
systems.

3. Experimental

In this investigation, gas-atomized stainless steel 316L pow-
ders with size distributions of primarily −45 + 16 µm and some
−53 + 22 µm were used as powder feedstock and deposited to
thicknesses between 300 and 800 µm on three different types of
substrates: 70 × 50 × 4 mm mild steel sheets, 250 × 70 × 0.5 mm
foils, and steel cylinders with a 25 mm OD. Spraying was con-
ducted with three different HVOF systems: a Tafa JP-5000
(TAFA, Inc. Concord, NH) fueled by kerosene; and two Sulzer
Metco (DJ) Hybrid systems, a DJ 2700 operated with propane or
ethylene, and a DJ 2600 powered by hydrogen. Schematic dia-
grams of the systems are shown in Ref 1. Additionally, powder
particles were sprayed into water at distances of 800 and 1000
mm for the DJ Hybrid and JP-5000 systems, respectively. Se-
lected specimens were heat treated under three different condi-
tions: (1) for 10 minutes at 1050 °C in an evacuated quartz tube
(<1 × 10−2 mbar), (2) for 2 h at 1100 °C at the same vacuum con-
ditions as in (1), and (3) for 2 hours at 1100 °C in a high vacuum
oven (<1 × 10−5 mbar). The spray parameters were varied within
the ranges shown in Table 2.

The microstructures of the powders and coatings were char-
acterized by optical and scanning electron microscopy. Micro-
hardness measurements were conducted on polished cross
sections using a Vickers diamond pyramid indentor and a load
of 300 g (HV 0.3). A minimum of ten readings was taken per
specimen. The bond strength was determined in accordance with
DIN EN 582 using cylindrical specimens with a diameter of 25
mm. Oxygen content measurements were performed with a Leco
Oxygen/Nitrogen Analyzer, Model TR-436DR (Leco Corpora-
tion, St. Joseph, MI). Coatings were removed from the thin steel
foils, pulverized, and degreased. A minimum of three readings
was taken per specimen.

In order to evaluate the corrosion resistance of the coatings,
the specimens underwent a test typically employed in the elec-
troplating industry. In the Kesternich test, performed according
to DIN 50018, the coated specimens were exposed to a saturated
atmosphere of sulfur dioxide. Specimens were prepared by cov-
ering the entire sample, except for a 40 × 20 mm area on the coat-
ing, with a corrosion-resistant lacquer and then placed into a 300
L leak proof chamber. The coatings were exposed to 25 cycles,
whereby each cycle is composed of two stages. In the first stage,
the chamber is filled with 2 L of distilled water and 2 L of sulfur
dioxide, heated to 40 ± 3 °C within 90 minutes, and maintained
at this temperature for 8 h. In the second stage, the chamber is
ventilated for 16 h at room temperature. Before each cycle, all
water was removed from the chamber and replenished with fresh
water and sulfur dioxide. After 2 and 25 cycles, the samples were
inspected visually according to DIN EN ISO 1462 and metallo-
graphically.

Fig. 1 Schematic of the oxidation in the HVOF process

Table 1 Description of the oxidation process in HVOF 
flame spraying[3]

Region I Region II Region III

Estimated fraction O2 ∼ 2% ∼ 20% ∼ 20%
Exposure time ∼ 0.001 s ∼ 0.001 s 0.01–0.02 s
Relative temperature High Medium High, then low
Particle shape Sphere Sphere Splat



4. Results and Discussion

4.1 Oxygen Content and Coating Microstructure

Table 3 enumerates the results of the oxygen content mea-
surements according to the normalized O/F ratio, λ , range. The
powder feedstock had an oxygen content of about 0.02%, and as
can be readily elucidated, the extent of oxygen pickup varied
with the spray system and parameters. Of most importance is the
fact that the JP-5000 reduces oxygen content with overstoichio-
metric conditions, whereas the DJ Hybrid systems use understo-
ichiometric parameters to attain low oxygen contents.

In Table 4, properties of coatings produced with the JP-5000
system are presented, whereby the reference parameters are λ =
1.35, combustion chamber pressure 0.66 MPa, and stand-off dis-
tance 360 mm. The most influential factor affecting oxygen con-
tent was the O/F ratio. At a constant chamber pressure of 0.66
MPa, the oxygen content of the coatings decreased from 3.6 to
0.38% as λ was increased from 0.82 to 1.62. To a lesser extent,
chamber pressure also affected coating oxygen content. At λ =
1.35, the content is reduced from 0.64 to 0.51% as the chamber
pressure is decreased from 0.72 to 0.59 MPa. Likewise at λ =
1.47, the oxygen content is lowered from 0.76 to 0.50% as pres-
sure is decreased from 0.84 to 0.66 MPa. Lastly, the use of
coarser powder (−53 + 22 µm instead of −45 + 16 µm) reduced
the content from 0.58 to 0.38% at reference conditions of λ =
1.35 and a pressure of 0.66 MPa.

The properties of coatings sprayed with the DJ Hybrid sys-
tem are presented in Tables 5 and 6. The reference parameters
for coatings sprayed with propane are λ = 0.9, fuel gas flow rate,
4.1 m3/h, and stand-off distance, 250 mm. The wide range of the
resultant oxygen content is primarily determined by the type of
gases used and the respective O/F ratios. When operating the DJ
2700 with propane, oxygen contents ranged from 0.6 to 7.5 %,
whereby at λ < 0.9, the contents remained between 0.6 to 2.7%.
As λ was increased from 0.9 to 1.14, the oxygen contents
jumped from 1.8 to 7.5%. Likewise, deposits sprayed with hy-
drogen also revealed high sensitivity to increasing flame tem-
perature as the oxygen contents jumped from 1.2 to 7.4 % when
λ was set closer to stoichiometry. Similarly, the contents of coat-

ings produced with ethylene increased from 1.6 to 6.9% as the
flame was changed from fuel rich to stoichiometric conditions.

The gas flow rate played a salient role as well. For propane,
oxygen contents were reduced from 2.1 to 1.0% at λ = 0.9 when
the gas flow rate was decreased by 30%. At λ = 0.7, oxygen con-
centration was reduced from 2.7 to 0.7% when the gas flow rate
was decreased by 35%. When spraying with ethylene at stoi-
chiometric conditions, oxygen contents lowered from 6.9 to
2.1% as the gas flow rates were reduced by 25%.

With regard to stand-off distance, no discernible trend could
be detected for propane flames when the coatings had an oxygen
content of between 2 and 3%. However, low oxygen content
coatings produced with hydrogen and ethylene gases show re-
ductions from 1.2 to 0.9% and 1.6 to 1.4%, respectively, as
stand-off distance was lengthened from 250 to 350 mm. When
spraying with propane at λ = 0.9, the lack of air cooling, reduc-
ing the translational velocity by 50% or augmenting the feed rate
from 80 to 140 g/min, resulted in raising oxygen contents from
2.1 to 3.2 to 3.8%.

Various microstructures of the DJ Hybrid processed 316L
coatings are shown in Fig. 2. The typical microstructure of a
coating containing less than 1% oxygen is presented in Fig. 2(a),
whereby a high percentage of half-moon-shaped, partially
melted particles is characteristic for these coatings. To attain this
microstructure, the powder temperature must remain low
enough to permit only a small amount to melt. The micrograph
in Fig. 2(b) presents the typical microstructure of coatings whose
individual spray layers are apparent viaoxide layers and clusters
as well as being characterized by a decrease in the number of un-
melted particles. These features are more obvious when spray-
ing conditions are altered to augment flame and thus particle
temperature. Oxide layers grow on each layer due to higher sur-
face temperatures in comparison with less oxidized coatings.
Lastly, Fig. 2(c) clearly reveals the individual oxide and metal
layers as well as the numerous, porous oxide clusters, which
roughen the coating surface. Here, the particles were heated high
enough that a considerable percentage of each particle is molten
upon impact. These particles will splash or fragment and the sur-
face area exposed to the atmosphere will tremendously increase
and accordingly enhance the degree of oxidation. In addition, the
relatively large amount of heat present at the coating surface fa-
cilitates the growth of the oxide layer and clusters. The rough-
ness due to these formations may, in turn, further foster particle
fragmentation.

The microstructure shown in Fig. 3(a) represents coatings
typically produced by the JP-5000 system. As can be readily ob-
served, the microstructure is dominated by unmelted particles
and accordingly has low oxygen contents. Figure 3(b) and (c)
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Table 2 Range of spray parameters for the various systems

HVOF Fuel flow rate(a), Oxygen flow rate, Oxygen/fuel Normalized Powder feed 
system Fuel l/h, m3/h m3/h ratio(b,c) O/F ratio, λ rate, g/min

JP-5000 Kerosene 16.3–26.1 43.9–69.4 2.8–5.5 0.8–1.6 110–225
DJ 2700 Propane 3.0–5.4 7.5–19.9 3.0–5.7 0.6–1.1 80–140
DJ 2700 Ethylene 5.0–6.8 8.0–22.8 1.8–4.5 0.6–1.5 80–85
DJ 2600 Hydrogen 38.8 9.9–12.9 0.36–0.45 0.7–0.9 75–80

(a) Unit of measurement for kerosene is l/h; for fuel gases, m3/h
(b) Includes the oxygen fraction of the compressed air for the DJ Hybrid systems
(c) Stoichiometric O/F ratio (λ = 1) for propane is 5; for hydrogen, 0.5; for ethylene, 3; and for kerosene, 3.4

Table 3 Oxygen content of the SS 316L coatings

HVOF Oxygen content, wt.%

System Fuel λ < 0.9 0.9 ≤ λ ≤ 1 λ > 1

JP-5000 Kerosene 3.6 1.8 0.4–0.8
DJ 2700 Propane 0.6–2.7 1.0–3.8 7.5
DJ 2700 Ethylene 1.3–1.6 2.1–6.9 . . .
DJ 2600 Hydrogen 0.9–1.2 7.2–7.4 . . .



present atypical oxidized structures for this spray system. The
percentage of unmelted particles is lower and the amount of ox-
ides larger, indicating that the particles were heated to a greater
degree.

4.2 Oxidation Model

According to the model schematically depicted in Fig. 1, the
oxidation process can be categorized into three regions, each

being influenced by various spray parameters. In addition, the
properties of the materials being sprayed must be carefully con-
sidered. Based on the oxygen content results and the mi-
crostructural evaluations, it has been concluded that the
oxidation process of stainless steel can best be described from
the perspective of particle temperature.

At relatively low particle temperatures, the rate of oxidation
or the amount of oxygen pick-up in each region is low. This is
due to the fact that the particles are barely melted by the flame
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Fig. 2 Microstructure of DJ Hybrid sprayed 316L stainless steel coatings with various oxide contents. (a) Low oxide content, 0.97 wt.% O. (b)
Medium oxide content with oxides on the individual spray layers, 1.75 wt.% O. (c) High oxide content with oxide clusters, 3.58 wt.% O

(a) (b) (c)

Table 4 Properties of coatings produced with the JP-5000

Chamber pressure, Fuel flow rate, Normalized oxygen/fuel Oxygen content, Bond strength, Hardness, 
MPa (psi) l/h ratio λ, (O/F ratio) wt.% MPa HV 0.3

0.59 (85) 17.0 1.35 (4.6) 0.51 33 302
26.1 0.82 (2.8) 3.61 56 380
23.1 1.00 (3.4) 1.73 49 354

0.66 (95) 18.9 1.35 (4.6) 0.58 48 320
17.8 1.47 (5.0) 0.50 48 290
16.3 1.62 (5.5) 0.38 39 290

0.72 (105) 20.8 1.35 (4.6) 0.64 43 323
0.84 (122) 22.7 1.47 (5.0) 0.76 56 370

Table 5 Properties of coatings produced with the DJ Hybrid operating on propane

Fuel flow rate, Normalized oxygen/fuel Oxygen content, Bond strength, Hardness, 
m3/h ratio λ (O/F ratio) wt.% MPa HV 0.3

3.0 0.90 (4.5) 0.97 43 254
0.60 (3.0) 0.56 39 254
0.70 (3.5) 0.69 52 290

4.1 0.80 (4.0) 0.81 50 306
0.90 (4.5) 2.05 57 377
1.14 (5.7) 7.50 48 455

5.4 0.70 (3.5) 2.70 52 415

Table 6 Properties of coatings produced with the DJ Hybrid operating on hydrogen and ethlyene

Fuel gas Normalized oxygen/fuel Oxygen content, Bond strength, Hardness, 
Fuel flow rate, m3/h ratio λ (O/F ratio) wt.% MPa HV 0.3

Hydrogen
38.8 0.72 (0.36) 1.16 57 333

0.88 (0.44) 7.42 59 429
Ethlyene

5.0 1.00 (3.0) 2.05 52 357
6.8 0.62 (1.85) 1.56 58 344

1.00 (3.0) 6.89 59 429



and are heavily dependent on the drag forces of the flame to
achieve the high velocities necessary for a good adhesion to the
substrate.

As temperature increases, the contribution of each region is
larger, resulting in a greater oxygen content overall. Obviously,
diffusion and thus oxidation rates are higher. In addition, an au-
tocatalytic oxidation process must serve to drive these rates even
higher via the heat that is released during the formation of ox-
ides. The contribution of oxidation in region I may be the same
as region II as the lower percentage of available oxygen in the
flame is offset by the slightly higher temperatures. The degree of
oxidation in region III, however, increases with temperature.
That is, the temperature on the substrate will increase, if no steps
are taken to manage the temperature, and due to the relatively
longer times that the surface is exposed to the atmosphere, the
extent of interlayer oxidation is augmented.

The third and most oxidizing condition occurs when the par-
ticles or significant portions thereof are hot enough to splash or
fragment upon impact. Not only will the oxidation rates of the
particles be higher in regions I and II because the metal is
molten, but during fragmentation, the area exposed to the at-
mosphere is vastly increased. The extent of oxidation in region
III is compounded by the higher substrate and coating tempera-
tures that accompany these conditions.

In Figure 4, the effect of the normalized oxygen/fuel ratio, λ,
on the coating oxygen content for the DJ Hybrid and JP-5000

systems is displayed. Where the DJ Hybrid systems apply the
classical approach of spraying with a fuel-rich mixture to limit
oxygen pick-up, the JP-5000 system selects overstoichiometric
conditions. It is believed that the difference in the method of par-
ticle injection plays a decisive role. Powder feedstock processed
with the DJ Hybrid systems is injected directly into the combus-
tion chamber and before the throat of the de Laval nozzle. The
powder thus encounters maximum flame temperatures and the
oxygen content of the coatings is greatly affected by the oxygen
content of the flame. In the JP-5000 system, powder is radially
injected into the flame after the combustion chamber and the
throat of the de Laval nozzle, where the jet temperature is about
800 K less than the maximum flame temperature, as calculated
by Thorpe and Richter.[12] This and a further cooling of the flame
by excess oxygen results in such low particle temperatures that
oxidation rates with the oxygen in the jet and in the atmosphere
become very low. In contrast, in the DJ Hybrid systems, the par-
ticles enter the jet at a considerably higher flame temperature
where excess oxygen can serve to enhance the autocatalytic ox-
idation process.

4.3 Coating Properties

Figure 5 presents a plot of microhardness versus oxygen con-
tent of all the coatings investigated. As can be observed, no clear
correlation exists between hardness and oxygen content, al-
though hardness tends to increase with oxygen content. From a
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Fig. 3 Microstructure of 316L stainless steel coatings sprayed with JP-5000. (a) Typical coating with low oxide content and plenty of unmelted par-
ticles, 0.50 wt.% O. (b) and (c) Higher oxide contents and decreasing amount of unmelted particles, 1.73 and 3.61 wt.% O

(a) (b) (c)

Fig. 4 Effect of normalized oxygen/fuel ratio λ on the oxide content
of the coatings

Fig. 5 Hardness vsoxygen content of the coatings



practical point of view, the hardness test can only provide a
rough estimate of the oxygen level and should be used judi-
ciously.

For the JP-5000 system, the O/F ratio most strongly influ-
enced microhardness. As λ was increased from 0.82 to 1.62 at a
constant pressure of 0.66 MPa, the microhardness decreased
from 380 to 290 HV 0.3. Curtailing the combustion chamber
pressure from 0.84 to 0.66 MPa at λ = 1.47 reduced hardness
from 370 to 290 HV 0.3. Lengthening the stand-off distance
from 360 to 460 mm at reference parameters led to a decrease in
microhardness from 320 to 275 HV 0.3. No significant change
in microhardness was observed when spraying at higher transla-
tional velocities, to greater thicknesses, or with coarser powder.
Based on these results, it is clear that mechanical deformation
caused by high particle impact velocity is the dominant factor for
higher hardness of coatings sprayed with the JP-5000 system.
Although it could be argued that a decrease in λ at 0.66 MPa is
not only accompanied by higher coating hardness but also higher
oxygen contents, the heat treatment results confirm that no cor-
relation exists between hardness and oxygen content within the
range of 0.4 to 3.6% oxygen.

Also coatings produced with the DJ Hybrid systems reveal a
trend of increasing microhardness with oxygen content. Al-
though no clear correlations between oxygen content and hard-
ness are apparent, results show that at values of less than 1 %,
the hardness for coatings generated with a propane flame is
lower than 300 HV 0.3. When operating the torch with hydro-
gen, hardnesses less than 330 HV 0.3 signify coating oxygen
contents of less than 1.2%. Alternatively, hardness greater than
350 HV 0.3 indicates that the oxygen content is greater than 2%
for coatings produced by propane, hydrogen and ethylene gen-
erated flames. Lastly, an increase in gas flow is accompanied by
a higher hardness for both a stoichiometric and understoichio-
metric flame.

The results of the bond strength tests reveal that values from
50 to 60 MPa may be realized by both spray systems when the

velocity and temperature of the particles are high enough upon
impact. For the JP-5000 system, this correlates to coating oxy-
gen contents greater than 0.5%. A reduction in particle velocity
and temperature by lowering the chamber pressure from 0.66
MPa to 0.59 MPa at λ = 1.18 reduces the bond strength to 33
MPa. Similarly, increasing λ from 1.47 to 1.62 at a chamber
pressure of 0.66 MPa decreases the bond strength to 39 MPa. In-
creasing the stand-off distance from 360 to 460 mm at λ = 1.36
and a pressure of 0.66 MPa leads to a decrease in bond strength
to 26 MPa. When the powder feed rate is doubled to 225 g/min,
a reduction to 16 MPa is observed.

High bond strengths of 50 to 60 MPa are achieved with the
DJ Hybrid systems when the coating oxygen content is greater
than 0.7%. The strength, however, drops to 40 MPa when the λ
values or the gas flow rates are considerably lower than the stan-
dard values.

Good adherent coatings with low oxygen contents may be at-
tained, as described by Voggenreiter et al.,[11] when the coatings
are produced under spray conditions, which lead to very low par-
ticle temperature, and then heat treated in a vacuum furnace to
improve cohesion and adhesion. However, a postspray heat
treatment may be impractical for most industrial applications.

4.4 Influence of Heat Treatments on Coating 
Microstructure

The influence of heat treatment on microstructure is most
readily observed in coatings with low oxygen contents. As can
be seen in Fig. 6(a), the coating structure is dominated by un-
melted particles encompassed by a thin layer of oxide. Etching
reveals a dendritic structure within the particles. The effects of a
heat treatment of 2 h at 1100°C at 1 × 10−2 mbar are presented in
Fig. 6(b). The formerly continuous oxide layer has broken itself
up by forming oxide spheres, and it is readily evident that the
particle microstructure has been dissolved in favor of a classical
fine-grained one. In addition, metallurgical bonding between the
unmelted particles is readily observed. These two changes in mi-
crostructure alone should help prevent corrosive liquids from
penetrating the coating between particles. Furthermore, etching
of the substrate reveals metallurgical bonding between the sub-
strate and the coating. Bond strength was determined to be
greater than 85 MPa as the specimen broke in the glue. The hard-
ness of the heat-treated coatings was reduced to values of be-
tween 150 and 220 HV 0.3, due to the coagulation of the oxides
and the recrystallization of the deformed structure.

4.5 Corrosion Results

In the Kesternich test, the coatings underwent an unusually
long testing period of 25 cycles. Initial evaluations provided
some startling results, namely, that coatings with low oxygen
contents (<1.5 %) faired worse than more oxidized coatings. In
Fig. 7(a), an apparently fully dense, low oxygen coating has been
detached from the substrate by underrusting and without visible
damage to the coating itself. Conversely, Fig. 7(b) displays a
structure, marked by oxide layers and clusters, whose
coating/substrate interface is undamaged. It has been tentatively
concluded that spraying the powder feedstock at low tempera-
tures may enable the formation of voids or even holes in the coat-
ing. A corrosive liquid that either seeps into or corrodes its way
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Fig. 6 Influence of heat treatment on the coatings microstructure. (a)
Before heat treatment: unmelted particles encompassed by a thin layer
of oxide. (b) After heat treatment: coagulation of oxides and recrystal-
lization to a fine-grained structure

(b)

(a)



into such a gap will have the necessary conditions for pitting cor-
rosion. Upon reaching the interface, the substrate and thus the
bond strength will be rapidly degraded, especially if the bond is
mechanical.

5. Conclusions

In this study, the influence of various spray parameters for the
JP-5000 and DJ Hybrid systems on 316L powder was assessed
and characterized. Experimental results reveal that oxygen con-
tents of less than 1 wt.% can be fairly easily attained with the JP-
5000 system, whereas tighter control of the parameters is
required for the DJ Hybrid systems.

In both cases, however, the low particle temperature re-
quired for low oxygen content coatings impaired the coating’s
bond and cohesive strength. Heat treating the coatings after pro-
cessing reduces hardness, metallurgically improves bond
strength, and enables the spheroidization of the oxide layers sur-
rounding the unmelted particles. Alternatively, bond strengths
greater than 50 MPa are achieved when spraying at conditions
resulting in a higher flame temperature, which is accompanied
by an oxygen content of more than 0.7%. Heat treatments as-
sisted in revealing that the microhardness of coatings contain-
ing less than 1 % oxygen is most influenced by the extent of
plastic deformation due to particle velocity, resulting in a higher
density of intrinsic microstructural defects and residual stress.
At oxygen contents of more than 1%, hardness is essentially

constant, presumably controlled by oxide dispersion on an in-
trasplat and intersplat scale.

An empirical model characterizing oxidation in the thermal
spray process was expanded to explain these oxidation mecha-
nisms in the HVOF spraying of stainless steel and is used to de-
velop parameters to minimize oxygen pickup. For these
oxygen-sensitive materials, maintaining relatively low particle
temperature in the spray process is critical in controlling oxygen
content. For the JP-5000 system, overstoichiometric settings were
used as the excess oxygen cooled the flame and the method of par-
ticle injection aided in keeping the particle temperature low. For
the DJ Hybrid systems, a reduced power level and understoichio-
metric combustion conditions proved to be equally effective.
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Conversions
1 gal = 3.785 L 1 gph = 3.785 L/h
1 ft3 = 28.317 × 10−3 m3 1 scfh = 28.317 × 10−3 m3/h
1 psi = 0.06896 bar (0.6896 MPa)
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Fig. 7 Coatings after corrosion test. (a) Underrusting of a coating with
low oxide coating. (b) Good resistance of a coating with high oxide con-
tent

(a)

(b)


