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Peening Action and Residual Stresses in High-

Velocity Oxygen Fuel Thermal Spraying of 316L
Stainless Steel
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316L stainless steel powder was sprayed by a high-pressure high-velocity oxygen fuel (HVOF) process.
Effects of powder size and the pressure in the combustion chamber on the velocity and temperature of
sprayed particles were studied by using an optical instrument, first, at the substrate position. A strong
negative correlation between the particle temperature and the diameter was found, whereas the correlation
between the velocity and the diameter was not significant. The pressure in the combustion chamber affected
the velocity of sprayed particles significantly, whereas the particle temperature remained largely unchanged.
In-situ curvature measurement was employed in order to study the process of stress generation during
HVOF spraying. From the measured curvature changes, the intensity of peening action and the resultant
compressive stress by HVOF sprayed particles were found to increase with the kinetic energy of the sprayed
particles. The results were further used to estimate the stress distribution within the coatings. X-ray stress
measurement revealed that the residual stress on the surface of the HVOF coatings is low and often in
tension, but the stress inside the coatings is in a high level of compression.

Keywords 316L stainless steel, curvature measurement, HVOF, particles is below 300 m/s. As shown in Fig. 1(a), mol_te_n_ pa_rtl-
residual stress, sprayed coating, x-ray stress measgre-  ¢les are flattened upon impact and quenched. After solidificatio
ment thermal contraction of each splat is constrained by the underl

ing solid, and tensile stress is generated within the splat as

] cools to the substrate temperature. The nature of this “quenc

1. Introduction ing stress” has been studied extensively including its depen

) ) ) ) dence on the powder material and substrate tempeFti@ae
Stress generation during high-velocity oxygen fuel (HVOF) important trait of the quenching stress is that it is independent o
thermal spray was studied in a previous report by usingithe  the substrate material, which significantly simplifies the model-
situ curvature monitoring techniqii.316L stainless steel,  jng of the stress generation process and calculation of the stre

Hastelloy C, and WC-12% Co were sprayed onto 316L stainlessgistributions!

steel substrates by a high-pressure HVOF system under the con- | contrast, the temperature of sprayed particles in HVOH

ditions near those recommended by the manufacturer (TAFA, thermal spray is often somewhat below the melting point of thé

Concord, NH). It was found that the curvature changes throughpowder material, while the velocity of the particles exceeds 50(

three stages: (1) abrupt change at the onset of spraying, (2) conyys. Therefore, the kinetic energy of sprayed particles plays §

tinuous change during spraying, and (3) change due to the missjgnificant role upon impact by plastically deforming the surface
match in the thermal expansivity between the coating and thelayer of the target and inducing a significant level of compres
substrate during cooling after spraying. Compressive stressgjye stress, as shown in Fig. 1(b). This process is analogous

ranging from 70 to 420 MPa was found to be generated duringshot peening, except that, in HVOF thermal spray, the particle is
spraying due to the “peening effect” of the HVOF sprayed par- ot and sticks to the target. The stress state in the particle on tg
ticles at high velocity and in poorly molten state. éoll.also  may be tensile due to the quenching stress. Hence, at least thr
reported generation of compressive stress in HVOF sprayedyarameters are necessary to characterize the stress distributi

MCTrAIY alloys by using a cantilever deflection me_th%bd. set by the impact of a HVOF particles., the quenching stress

These results have led us to a more generalized model of; in the particle itself, the peak magnitude of the peening stres
stress generation by thermally sprayed particles, as shown in Figc,p, and the depth, of penetration. Since,ands, depend on the

1. In conventional thermal spray processes, the majority of pyoperties of both the impinging particles and the target mater

sprayed particles are molten before impact and the velocity ofjg| more complicated stress behavior is expected as a coati

builds up on the substrate.
In this study,in-situ curvature measurement of a substrate

Seiji Kuroda, Natio_nal InstiFute for 'Matc_arials Scienqe, Tsukl_Jba, during spraying is employed in combination with a diagnostic
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Fukanuma, Plasma Giken Co. Ltd., Toda, Saitama, Japan oo tionship between the conditions of sprayed particles in flight ang
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T>mp. T<mp mined by two-color pyrometry, and the diameter is measured by

O‘ ki o high vedocity the intensity of the sign&.
4 * 2.3 Curvature Measurement
The curvature of a substrate and its temperature were contin-
uously measured by an instrument reported previdliSyb-
— - — - strates were 316L stainless steel platex 45 X 100 mm in
I-E - -4 | dimension, which were sand blasted, ultrasonically cleaned in
e plastically acetone, and annealed in vacuum at 900 °C for 1 h in order to re-
worked zone move any residual stress caused by the preparation procedures.
SIress stress Other conditions were the same as reported previdusly.
o,
a, & 2.4 Optical Microscopy
>
Z Z Polished cross sections of coated specimens were observed
—1 distan e —T under optical microscope. The Knoop indentation hardness mea-
- surement with 100 g load was carried out on the cross sections
(a) (b} of the specimens in order to evaluate the degree and depth of
a

work hardening caused by the HVOF particles.

Fig. 1 Schematic of stress generation by a thermally sprayed particle:
(a) molten particle andob) not molten particle 2.5 X-Ray Stress Measurement

X-ray stress measurement was carried out on the surface of

both the spray powder and the substrates to eliminate the strethe strip-shaped specimens made during the curvature experi-
due to the difference in thermal expansivity between the coatingMents. A Rigaku RINT2000 diffractometer (Tokyo, Japan) was
and the substrate. Powder size and the velocity of sprayed partiuS€d with a special stress attachment, and K, Gne (30 kV,

cles are varied in order to control the kinetic energy of particles 200 MA) was employed to measure the (220) peak approxi-
upon impact. mately at 2 = 128°. Ten measurements of @ere made at

¥ =0, 13,19, 23, 27, 30, 33, 36, 39, 45°, and the stress constant
—671.6 MPa/° was used. Hefg,is the angle between the nor-

2. Experimental Procedures mal to the coating surface and the normal to the diffracting
planes. In order to examine the variation of stress from the coat-
ing surface toward inside, the coating was electrochemically

2.1 Coating Deposition etched to remove a layer of aboud@ thickness and the stress
on the new surface was measured after each step of etching.

A high-pressure HVOF spray system JP-5000 (TAFA, Con-

cord, NH) was used to spray 316L stainless steel powders. The

conditions are listed in Table 1, which shows the S and V series. . .

For the S-series experiments, original powder (MA31, Showa3' Results and Discussion

Denko (Tokyo, Japan)) with 10 to fn size distribution was

sieved into three rangdss.,10 to 25 (S1), 25 to 53 (S2), and 53

to 74um (S3). In the V series, the combustion chamber pressure  Figure 2 shows the dependence of both the temperature and

was varied by changing both the fuel (kerosene) and oxygenthe velocity of sprayed particles on the diameter under the oper-
flow rates while maintaining the stoichiometry, which was in- ating condition of S2 in the S-series experiment. It needs to be
tended to change the mean velocity of sprayed partitlEse mentioned that the absolute values of the measured temperature
equivalence fuel/oxygen ratib is a normalized mass ratio of are not reliable, as the temperature evaluation depends on the
fuel flow with respect to oxygen awel= 1 corresponds to the  gray body assumptidfi.Since the liquidus temperature of the

3.1 Velocity and Temperature of Sprayed Particles

stoichiometry for complete combustigh. alloy is around 1700 °C and the observed microstructure indi-
cates that a large portion of sprayed particles before impact were
2.2 In-Flight Particle Diagnostics not fully molten, these temperature values must be largely biased

to the higher side. However, it is evident that a strong negative
A diagnostic system DPV-2000 (TECNAR Quebec, Canada) correlation exists between the temperature and diameter,
was employed in order to measure the temperature, velocity, anwhereas the correlation is very weak between the diameter and
size of HVOF sprayed particles at the center of the particle flux velocity. Therefore, finer particles are significantly hotter before
at the substrate positiore.,380 mm downstream from the noz-  impact. Such tendency was always evident at the spray distance
zle exit. The system collects the thermal radiation emitted by in- of 380 mm for other spray conditions in Table 1.
dividual sprayed particles in flight through a pair of slits and  Figure 3 shows the dependence of the average velocity and
analyzes its waveform at two wavelengths. The particle velocity temperature of particles on the presseg@f the combustion
is derived from the waveform analysis, the temperature is deter-chamber. Even though the two plotsPat 0.69 MPa are for
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Fig. 3 Dependence of the velocity and temperature of HOVF sprayed

Fig. 2 Correlation of the velocity and temperature of HVOF sprayed particles on the pressure within the combustion chamber
particles with diameter under condition S2

Table 1 List of spray conditions for 316L stainless powders and the thickness of obtained coatings

Condition number S1 S2 S3 V1 V2 V3
Powder Showa Showa Showa TAFA 1236F TAFA 1236F TAFA 1236F
manufacturer Denko Denko Denko

Powder sizegm) 10to 25 2510 53 53to 74 2510 53 2510 53 2510 53
Fuel flow rate 0.32 0.32 0.32 0.19 0.30 0.42
(L/min)

Oxygen flow rate 853 853 853 351 562 784
(L/min)

Chamber pressure 0.69 0.69 0.69 0.30 0.50 0.72
(MPa)

Equivalence 0.7 0.7 0.7 1.0 1.0 1.0
fuel/oxygen ratio

Coating thickness 0.20 0.20 0.09 0.11 0.19 0.19
(mm)

Barrel length: 102 mm, torch scan velocity: 700 mm/s, torch standoff: 380 mm, powder feed rate: 70 g/min, a powder feedegas: ni

equivalence fuel/oxygen rati@ = 0.7 and 1.2 and the other 3.2 Microstructure and Hardness Distribution

three plots are foP = 1.0, it seems that the chamber pressure

essentially controls the particle velocity, as reported by Swank  Figure 4 shows the optical micrographs of the polished cros
et alll The average particle velocity markedly increased as the sections of sprayed coatings with different powder sizes, an
chamber pressure increased, whereas the temperature did ndig. 5 shows the effects of chamber pressure on the microstru

change as much. ture. As listed in Table 1, the coating thickness halved for the
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(c) 100 ym_ ). 100_pm

Fig. 4 Polished cross sections of HVOF 316L stainless steel coatingsFig. 5 Polished cross sections of HVOF 316L stainless steel coatings

for different powder sizesa) 10 to 25um, (b) 25 to 53um, and €) 53 for different chamber pressures) 0.3 MPa, ) 0.5 MPa, anddj 0.72
to 74um MPa

coarsest powder (S3) and the lowest chamber pressure (V1)locity was the cause for the lowdat Generally speaking, the

whereas it was approximately the same 0.2 mm for the rest. ltcoatings consist of two types of microstructures: one has bright,
seems that insufficient heating was the cause of the poor deposdoughy particles, and the other has darker areas with compli-
tion efficiency for the coarsest powder, whereas insufficient ve- cated microstructure. The latter is due to the molten phase being
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high according to Voggenreitet al*% In the S series, the coat-

ing made of powder below 26m has the finest microstructure  Fig. 7 Curvature and temperature of substrate during HVOF spraying
with well-flattened lamellae and a significant amount of molten ©f 316L stainless powder with different powder sizes

phase. With the medium size powder, the amount of molten

phase decreased significantly, and it almost completely disap-

peared with the powder over pn. _ 3.3 Curvature Change and Stress Analysis
In the V series shown in Fig. 5, the degree of flattening of
bright unmolten particles increased with The size of bright Figure 7 and 8 show the measured curvature and temperatu

particles in V1 was significantly smaller than the other two, even changes of substrates during spraying for the S- and V-serig
though the same powder was sprayed to prepare these, indicaconditions, respectively. Even though the temperature chang
ing that the coarser portion of the powder was probably bouncecshown in these figures matches the curvature trace just above
off due to low velocity, which resulted in the low deposition ef- the thermal cycle was approximately the same for the five sped
ficiency. imens, except for V3, in which the temperature went up to 350
Figure 6 shows the results of the Knoop hardness measure°C due to the high power of the flame. The curvature changes a
ment for the specimens prepared with different chamber pres-characterized by (1) the initial stepwise change at the onset g
sures (V series). The following characteristics were evident for spraying, (2) the continuous increase during spraying with cyclid
the hardness distributions of both the V and S specimens, howoscillations due to the torch motion, and (3) the slight smoot
ever. The hardness values of the coatings were significantlychange during cooling after spraying. The negative peaks mog
higher than the substrate, but the surface of the coatings waevident in S1 during spraying are due to the transient therma
softer than the inside. Also, there was a layer of increased hardgradient generated by the heat content within the deposited laye
ness on the surface layer of substrates below the coatings. ThiAs shown in Fig. 8, the magnitude of the downward peaks de
is not due to the sand blasting before spraying because the sulcreased with the powder size, which reflects the data in Fig.
strates were annealed before spraying. These observations gethat the finer particles are hotter before impact.
erally agree with the model shown in Fig. 1(b). This is because  The slight smooth change in curvature during cooling after
the hardness was increased by the work hardening due to the inspraying implies that the thermal expansivity of the coating is
pact of the HVOF particles, and the hardness of the surface oinot identical to that of the substrate. The sample bends awa
coatings should be lower than the inside because it is not peenefrom the gun slightly during cooldown, though the degree of
by the following particles. The thickness of the hardened layer such action depends on the spray condition. This implies 4§
within substrates gives an approximate valuesfpwhich was smaller expansivity of the deposit than the substrate. A highe
more than 5@um for P, = 0.7 MPa (V3) and decreased with the oxide content in the coating might be expected to reduce the cq
reduction inP.. efficient of thermal expansion of the coating. In the S series, thé
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generation was taking place because of the slow rate of coating
thickness increase coupled with the high impact energy due to
large particles. When the coating growth rate and the stress gen-
eration were balanced from the beginning, curvature increased
linearly with time.

For more quantitative analysis, the initial change in curvature
at the onset of sprayiny(1/R);, as shown in Fig. 7 (S2), was

Fig. 8 Curvature and temperature of substrate during HVOF spraying taken, first, as a measure of the peening intensity of the HVOF

Temperature (°C)

" 1 " 1 "
0 100 200 300
Time (s)

of 316L stainless powder with different chamber pressures particles. The peening intenslf(N/m) is defined and evaluated
as
. . . . 0 1 ES(Ts)hsz 1
cooldown deflecyon is greatest where the powder size is sma_ll- Iy :Igdz Dé A= (Eq 1)
est. In the V series, it is greatest where the particle velocity is ! (1-v) i

highest. These are the coatings with the largest amount of molter
material, and thus oxide, in each series. Here, the stress in Fig. 1(b) is integrated over the distance

Another important characteristic in the curvature traces is from the surface of splats and is evaluated by Stoney’s formula
that, in some cases, the rate of curvature change decreased siassuming that the depth of stress distribution is sufficiently small
nificantly as the coating thickness increased. Such tendency i@s compared to the substrate thickn&@.,) is the Young's
evidentin S1, S3, and V1. As the coating thickness increases, thmodulus at the substrate temperafliyé is the thickness, and
flexural stiffness of the substrate-coating couple increases. If arv is the Poisson’s ratio of the substrate. Thus, evaluated values
addition of a new layer of sprayed deposit brings in the sameof |, were correlated with the average kinetic enemfyHVOF
level of stress on the top layer throughout the spraying period,sprayed particles. The valuelfwas calculated by the follow-
this should result in the gradual decrease in the slope of curvaing formula using the data collected by DPV2000, wh&gethe
ture change. The maximum coating thickness in these experi-number of particlesnis the mass of each particle calculated by
ments was 20um and the substrate thickness was 2 mm. the density of the powder material and the diametery @&the
Assuming the elasticity of the coating to be equal to the sub-Velocity.
strate, approximately 20% increase in the flexural stiffness is ex-
pected. Therefore, the difference in the slope between the E, = 13 ;mvz
beginning and the end of the spraying period due to the thicknes: NnZl 2
effect is estimated as 20% at maximum. The observed change
in the slope for these three cases are much more than 20% arAs might be expected, almost linear dependentgooflog E,)
some other reasons must be sought. was found, as shown in Fig. 9.

At the beginning of spraying, the target is a bare substrate of Second, the steady-state deposition steess evaluated
annealed 316L steel, upon which the introduction of compres-from the slope of the curvature change at the end of the spraying
sive stress is most effective. As the coating with greater hardnesperiod, as shown in Fig. 7 (S2) by the following equation:
is built upon, however, the efficiency of stress generation should )
gradually decrease, which is probably what is happening in S1 . _ 1E(T)(hs + h) i(%)
and V1. In the case of S3, it seems that the saturation in the stres =6 (1-v) oh,

(Eq2)

(Eq 3)
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Fig. 11 An example of expected stress distribution in 316L stainless
steel coatings HVOF sprayed on a 316L steel substrat
stress of 316L steet, = 200 MPa, assuming a complete elastic-

plastic behavior and the substrate to be much thicker than the 20

whereois the average value of the stress induced by deposit-«m thick coating. Such prediction, however, needs to be testeg
ing a new layer on top of the already deposited coating, and inby other methods such as the x-ray and layer removal technique
the steady state, the coating is so thick that the substrate is ncResults of x-ray stress measurement are shown in Fig. 12(a) an
affected any more. Therefore,is a function of both the state () forthe S series and V series, respectively. Both data show tha
of the impinging particles and the coating, but is independent ofthe surface of the coating is in most cases stressed in a weak te
the substrate material, just like the quenching stress for moltersion, but the stress within the coating deeper thaariGs in sig-
particles. The significant difference, however, is that the transi- hificant compression. Because the penetration depth of the x-ra
tion to the steady state may require the coating to be thicker tharis approximately 25um and is comparable with the surface
50 um due to the high penetrating power of the HVOF sprayed roughness of the coating, the stress values measured on the coz
particles, as shown by the hardness measurement in Fig. 6. Aing surface must reflect significantly relaxed values due to the
shown in Fig. 10, there is not a clear correlation betwegamd free surfaces inclined to the coating pldthélevertheless, the re-
E.as a whole, but for the V series, where the coatings were madversal of the sign of stress from the top layer to the inside coin-
of the same powder, there seems to be a good correlation, as dcides with the prediction givenin Fig. 11. Similar tensile stresses
picted by a straight line in the figure. on the surface of HVOF sprayed MCrAlY alloys were measured

Finally, stress distribution through thickness needs to be dis- by the x-ray methoé* Figure 12(b) shows that higher combus-
cussed. An example of expected stress distribution within a coat-tion pressure generated higher compressive stresses within t
ing is calculated and shown in Fig. 11. The calculation was done coatings, whereas correlation is not so obvious between th
for oy = 100 MPao, = —200 MPag, = 50 um, and the yield stress level and the powder size, as shown in Fig. 12 (a).
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4. Conclusions

The process of stress generation in HVOF sprayed coatings
is more complicated as compared to conventional thermal spray
processes because of the peening action of the high-velocity
particles, which introduces significant compressive stress within
and beneath the deposited layer. For the process studied, the
depth of the peening effect could be as deep gsh0BYy using
the in-situ curvature measurements and the particles diagnos-
tics, the intensity of peening action was directly correlated with
the kinetic energy of the sprayed particles. At the onset of spray-
ing, when the substrate is peened, the peening intensity was
found to increase with the kinetic energy of sprayed particles.
The peening stress in the steady state depended on the prope!
ties of both the coating and the sprayed particles, and the stres:
value ranged from 200 MPa to an almost negligible level. These
results indicate that a broad window for stress control is avail-
able through the control of spray parameters with the HVOF
processes.
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