Particle Melting Behavior during High-Velocity
Oxygen Fuel Thermal Spraying
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Particle melting behavior during high-velocity oxygen fuel (HVOF) thermal spraying was investigated using
Inconel 625 powders. The powder characteristics and coating properties were investigated using scanning
electron microscopy (SEM), x-ray, and microhardness studies. Results indicated that the volume fraction of
unmelted particles in the coatings was dependent on the proportion of powder within a specified size range,
in these experiments, 30 to 5@m. This particle size range was primarily determined by the particle
temperature, which was measured during spraying. Particle temperature significantly decreased as particle
size increased. The microhardness values for the coatings containing unmelted particles were predicted by
a simple rule-of-mixtures equation for the case of a low volume fraction of unmelted particles. However, for
the condition of high volume fraction of unmelted particles, the measured microhardness values did not
compare favorably with the calculated values, probably due to the presence of porosity, which occurred in
the form of voids found among unmelted particles. The microstructure and characteristics of the feedstock
powder were retained in the corresponding coating under certain spray conditions.

vide an understanding of issues surrounding nanostructure|
coating formation. Experiments conducted on Inconel 625 coat
ingg>%were carried out because of the importance of this allo
in the aerospace industry. However, in these studies, propyle
i gas was used as the thermal spray fuel as opposed to hydrog
1. Introduction because of its ability to produce 100 K higher flame temperaturg
High-velocity oxygen fuel (HVOF) spraying is widely re- than hydrpgeﬁ.ol Moreover, using hydyogery as fuel, a finer and
garded as the most significant development in the thermal spray€nser microstructure was obtained in a NiCr coéthghere-
industry since the development of plasma sptayigh-veloc- fore, t_he primary objective of the present study is to investigatq
ity oxygen fuel is characterized by a high particle velocity and a the microstructure and properties of Inconel 625 coatings, pa
low flame temperature when compared to plasma spraying.iN9 partlcu_lar attention to the mfluer_me that particle melting hag
Using an internal combustion jet fuel (propylene, acetylene, O both microstructure and properties. In the present study, h
propane, and hydrogen gases), HVOF generates a supersonic gd§0gen is used as fuel and factory recommended spraying par
velocity of 1830 m/s. During spraying, powder particles are Meters are e_mployed. The influence of feedstock powder partlc_l
rapidly heated and accelerated onto substrate at a rate of 600 t&}Z€ on particle temperature, volume fraction of unmelted parti
800 m/s, compared to plasma particle velocity, which is typically cles,_ and the properties of Inconel 625 coatings is investigated i
200 m/s2-4 Many excellent investigations on HVOF have been detail.
published in recent yeafs? Through a combination of HVOF
technolpgy and mechanical milling, a process that allows for Experimental Procedure
production of nanostructured feedstock powders, several nanos-
tructured coatings have been successfully sprayéﬂ:\{Vhy 2.1. Materials
nanostructured feedstock powders maintain their initial struc-
ture, after a transition into a completely molten state, is an area Commercially available gas-atomized Inconel 625 powder
of research currently under investigation. Unmelted particles (Diamalloy 1005 Amdry 625 (Sulzer Metco Inc., Westbury,
have been observed in Inconel 718 (INCO Alloys Interna- NY)), with a nominal particle size of45+ 11) um, was used
tional, Huntington, WV} NiCri*s! metallic coatings, and in the present study. On the basis of ASTM E 1019 and AST
Cr;C,/NiCri23 and WC-12% C#é# coatings. However, because E 1097 standards, chemical analysis of the as-received powds
HVOF spraying parameters were originally developed on the was conducted by Luvak Inc., a professional chemical analysi
basis of liquid droplets impacting on a substfet® the mi- company located in Boylston, MA. The results of chemical
crostructure and properties associated with unmelted particlesanalysis on the powder are shown in Table 1.
have not yet been investigated. Microstructure characterization,
such as change in grain size, in unmelted particles will help pro-5 5> powder Characterization

Keywords coatings, HVOF, Inconel 625, grain size, microstrug
ture

The as-received powder was separated into different particlg
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chemical Engineering and Materials Science, University of California, were determined using a Coulter LS particle size analyzer, mad
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Table 1 Chemical composition of Inconel 625 powder 14
(wt.%)

—o— L powder
—&— M powder
—— SL powder
—o— SS powder

12 F
Ni Cr Mo Nb Fe Ti Al C N (0]
66.5 20.6 899 355 0.045 0.012 0.24 0.006 0.075 0.015

5:' —— 8 powder
g 8
£

Table 2 Spraying parameters used to produce Inconel g 6

coatings =
g 4

Pressure  FMR GSFR

Gas (MPa) (a) (b) Parameter Setting 2

Air 0.69 44 6182 Powder feed rate  0.315 g/s

Fuel 0.965 62 11405  X-Y traverse speed 1.016 m/s 0 !

Nitrogen 1.034 55 220 Spraying distance  0.203 m 0 0 60

Oxygen 1.17 32 3846 o . 0 2 80 100 120 140

Particle diameter (Lm)

(a) FMR: flow meter reading

(b) GSFR: gas standard flow rate s Fig. 1 Inconel 625 particle size distribution curves

ducted on the powders were carried out using a Siemens (ErlanTable 3 Particle diameter and size range of Inconel 625
gen, Germany) D5000 diffractometer equipped with a graphite powder used in this study

monochromator using Mig,(A =0.070923 nm) radiation. A low
scanning rate of 0.2&nin was used to guarantee the accuracy of Code SS S SL M L

the measurements. Scanning electron microscopy (SEM) analysiAverage diametergn) 17.01  26.71 3602 4496  69.97

_10% less tharym) 7.39 9.58 2291 12.90  44.77
on _t_he morphology of_ the powder s_a_lmples was _conducted ON 504 less thanym) 1120 1554 2905 2287 5552
Philips XL 30 FEG microscope .(PhI|IpS Electronic Inst_ruments 50% less tharum) 1659 24.41  35.69 40.52 68.97
Corp., Mahwah, NJ). Cross sections of the powder particles were75% less thanyn) 22.07 3410 42.66 63.38  85.54
prepared by mounting the particles in conductive carbon powder,90% less thary(m) 27.08 4245 4958  83.98 100.20

rather than traditional resin, to enhance electrical conductivity;
this was followed by grinding and mechanical polishing. Thermal
analysis conducted on the as-received powder was conductecouple is not applicable or available!”! The Diamond Jet
using a Perkin-Elmer (Norwalk, CT) DTA 7 differential thermal (Sulzer Metco Inc., Westbury, NY) brings in oxygen, air, and
analyzer (DTA). fuel, in these experiments, hydrogen, from the Diamond Jet
Controller (DJC) into the rear of the gun in the proper stoichio-
. metric ratio. This gaseous mixture is ignited by an arc current
2.3 HVOF Thermal Spraying creating a supersonic, low-temperature flame with gas veloci-
To prepare Inconel 625 coatings, a Sulzer Metco Diamondties of 1830 m/s and tenjpergtures arou_nd 2200 K From a9 MP
Jet HVOF thermal spray facility was used. The main con- NOPPer powder feed unit, nitrogen carrier gas brings the pow-
stituents of this facility are described in detail elsewliétd. der into t_he rear of_the gun and then aX|a_1IIy into the flame. The
With the “in-flight” particle pyrometer IPP-2010 and torch di- E)owder”|s heated in the gun barrel, which was installed on a
agnostic system TDS-1610, manufactured by In-Flight Ltd. Co. Parker (SUIZ?r Metco Inc., Westbur_y, NY) automated X-Y
(Idaho Falis, ID), accurate average particle temperatures can bSYStem operating at a traverse velocity of 1.016 m/s and then
measured as well as trajectory and particle flow characteristics SPr@yed onto amild steel substrate. The spraying parameters are
The in-flight particle pyrometer is designed to detect changes inSUmmarized in Table 2.
temperature based on the emissivity of light expelled from the
particles as they traver.se from the .barrel of the gun to the sub-5 4 Coating Characterization
strate. The pyrometer interfaces with the torch diagnostic sys-
tem directly; a light emitting diode (LED) is involved to For SEM observation, samples were cut from the transverse
guarantee alignment of the pyrometer with the center of thesection of the coatings, mounted in conductive carbon powder,
flame. When the cable is placed in the alignment port, light is and then prepared by standard metallographic procedures, how-
emitted from the end of the pyrometer to shine on the center lineever, without using electric polishing or chemical etching. The
of the flame. Infrared rays radiated from the particles, not the cross section of the coatings was examined using a Philips XL
flame, are transmitted by a fused fiber coupler to two infrared 30 FEG scanning electron microscope in either backscattered
detectors of different spectral sensitivity. A value for the parti- electron (BSE) or secondary electron (SE) mode. The micro-
cle temperature is obtained by calculating the ratio of the out-hardness was tested on a Buehler Micromet 2004 ( Lake Bluff,
put voltage from these two detectors. Two color pyrometer IL) microhardness tester using a load of either 100 or 300 g.
systems are used in many applications where temperature mecEach microhardness value was obtained from an average value
surements are needed, but the use or placement of a thermcof 30 tests.

84—Volume 10(1) March 2001 Journal of Thermal Spray Technology



(© ®

Fig. 2 Morphology of Inconel 625 powders uséa) SS powder(b) S powder(c) SL powder(d) M powder,(e)L powder, andf) a detailed view
of a particle, (equiaxed structures are visible on the external surface)
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Fig. 3 XRD spectra of Inconel 625 powders

3. Results and Discussion

3.1 Powder Characteristics

The as-received powder, designated hereafter as M powder,
was separated into different size ranges with two particle sizes by
mechanically sieving, the larger one labeled L powder and the
smaller one labeled S powder. The S powder was separated oncq
again using a sieve with higher mesh number (500); the larger one
was labeled as SL powder and the smaller one as SS powder. Thg

average particle sizes (in diameter) and size range of these five et Mg

powders are listed in Table 3. The “10% less than” in the table LB L

means that 10 vol.% of particle diameters are less than the values

listed in the table, and “25%, 50%, 75%, and 90% less than” (b)

means the same. Distribution curves of particle sizes are plotted
in Fig. 1. The M powder includes all particles in SS, S, SL, and L
powder, because these powders were separated from M powder

The morphology of these powders is shown in Fig. 2(a) to (e).
All particles are near spheroidal and the morphology is size inde- there is no measurable difference in line broadeniegfrom
pendent, although some small particles exist in the form of satel- defect substructure of chemical segregatffdas a function of
litesattachedtolarger particles. The observed particle morphologyparticle size.
is consistent with the characteristics that are typical of gas atom-  Neither endothermic nor exothermic peaks were observed on
ization. Particle sizes observed on SEM micrographs arein agree-DTA curves of the as-received (M) powder until melting of the
mentwiththeresultsfromthe particle size analyzershownin Table powder. This indicates that the powder does not experience any
3andFig. 1. Adetailed view of a particleis also shownin Fig. 2(f); phase transformation prior to melting. The melting temperatures
an equiaxed grain structure is visible on the external surfaces offor the solidus and liquidus line were 1591 and 1663 K, respec-
majority particles, although dendritic structures are occasionally tively. These values are slightly higher than those in the pub-
observed onthe external surfaces of afew particles. lished data, which give 1563 and 1623 K, respectit/@ly.

X-ray diffraction (XRD) spectra of the powders are shown in Figure 4 shows SEM BSE images of the particle cross sec-
Fig. 3. The observed XRD peaks are {111}, {200}, {220}, tion, from which grains within particles are visible. Figure 4(a)
{113}, and {222} peaks of a fcc structure material with an aver- exhibits equiaxed grains and Fig. 4(b) shows a dendritic struc-
age lattice constant of 0.3585 nm. There were either no seconiure. The cross-sectional microstructures of the particles were
phases, detected by the XRD analysis, or the volume fractions oconsistent with those on the external surfaces. However, the av-
any secondary phases were lower than the limitation of x-ray de-erage grain size of the cross section measured from ten particles
tection (usually, 5%). Phase constitution of the powders is inde-is 2.71um, while on external surfaces, it is only 1/88.
pendent of particle size. Powders with different particle sizes  The cross-sectional microhardness of the particles was tested
have the same full-width at half-maximum values in XRD; thus, using a load of 100 g. The average value was 258 6,HV

Fig.4 SEM BSE images on the cross section of particles. Grains within
particles are visiblga) Equiaxed grains an@) dendritic structure
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Fig. 5 SEM BSE images of the coating cross seci{@pSS coating(b) S coating(c) SL coating(d) M coating, ande) L coating
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Table 4 Dependence of volume fraction and average 2400
chord of unmelted particle on the particle size of feedstock [ —e— S powder '
powder 200 M powder
o —— L powder
Coating Code SS S SL M L T 2000 F
Average particle diametepn) 17.01 26.71 36.02 44.96 69.97 % [
Volume fraction (%) 49 129 548 195 ... 5 B0 E ) uidus (1663 K)
Average chordim) 26.4 370 385 39.5 583 E - - - T e~
2 1600 p—— - — - g — e — = — — —
g Solidus (1591 K)
E
) ) S 1400
3.2 Microstructure of the Coatings c [
. . . 1200 |
The SEM BSE images of the coatings made from different
particle size powders are shown in Fig. 5. The designation S |y, L L PP I

coating means that the coating was sprayed using the S powder 0 0.05 01 0.15 0.2 0.25 0.3
similarly with SS, SL, M, and L coatings. During spraying, all
powders exhibited good flowability. The SS, SL, S, and M pow-
ders formed dense coatings; however, a complete L coating wagig 6 powder temperature profile in front of the spraying gun. The
not produced (Fig. 5e). Itis noted that the volume fraction of un- substrate was positioned at the site 0.203 m away from the spraying gun
melted particles is particle size dependent.

A large number of unmelted cross-sectional particles that
appear to be near semicircular would be dome shaped in threeder with a particle diameter ranging from 30 tquB0. The par-
dimensional space. Some spherically shaped unmelted crossticles smaller than 3@m mostly melt and play the role of a
sectional particles are also observed, which are shown in Figbinder, while particles between 30 and.b0 are embedded into
5(d). During spraying, a large solid particle impacts onto the sub-this binder and remain as unmelted particles in the coatings.
strate, or already deposited layers, at a very high rate. The sidUnder the same spraying condition, the average thicknesses of
that experiences the impact forces first deforms and spreads, anthe SS, S, M, and SL coatings were measured to be 355, 353,
thus, a dome-shaped unmelted particle is formed. This proces331, and 309im, respectively, and a complete L coating was not
is discussed in more detail in Section 3.4. To describe the di-deposited. It is therefore thought that the particles larger than 50
mensions of the unmelted particles in the coatings, the averagm fail to adhere to the substrate or already deposited layers. In
maximum chord of unmelted particles was statistically measuredthe L powder, all particles are nearly larger tharuB0 there-
from 100 random particles. This average maximum chord, de-fore, there is almost no binder phase and, consequently, most
fined as the widest dimension of the unmelted particles, isparticles fail to adhere to the substrate. Therefore, a complete
slightly less than the average diameter of the particles in three-coating cannot be sprayed. In the SS powder, nearly all the par-
dimensional space. To that effect, it is important to make two ob-ticles are smaller than 36n, they melt completely during spray-
servations. First, on the cross section of the coatings, the averaging, and only a few larger particles remain unmelted.
maximum chord is less than or equal to the average diameter o  During spraying, the melting of particles depends on the
the particles; Second, the average diameter of the cross-sectionflame temperature and time interval which particles are exposed
particles (two dimensions) is less than that in three dimensionsto that temperature. Using the “In-Flight” diagnostic equipment
Inspection of the published literat&fe=Ishows that there are a  that accompanies the HVOF system, a quantitative investigation
large number of investigations dealing with the conversion from was conducted to find a relation between the particle tempera-
size distribution of particles on a two-dimensional plane to that ture and spraying distance. This experiment was performed
in a three-dimensional space. The present methodology is in-using the S, M and L powders, and the results are plotted in Fig.
tended to provide a comparison basis among the different coat6. The measured temperature values come from the average of
ings and, hence, not an accurate quantitative description of thel0 readings and the standard deviation of the measured temper-
powder characteristics. The volume fractions of unmelted parti- ature readings, which hence reflects repeatability of the mea-
cles are also measured and listed together with the average masurements; the temperature ranges ftgho+11 K, although
imum chord in Table 4. the accuracy for absolute temperature measurement is 5% of the

The volume fraction of the unmelted particles increases with value according to the equipment specifications. The substrate
increasing average particle size; however, it also closely dependwas positioned a distance of 0.203 m away from the spraying
on the particle size distribution. For example, there are manygun. It was found that particle temperature increased with the de-
more unmelted particles in the SL coating, sprayed using thecreasing particle size. The S powder underwent a maximum tem-
powder with an average particle diameter of 3G0% than in perature of 2170 K, while the L powder experienced a maximum
the M coating sprayed using powder with average particle di- temperature of 1650 K; thus, adjusting particle size is an effec-
ameter of 44.9¢im. A detailed examination shows that most of tive implementation to control the particle temperature. From
the individual unmelted particles range between 30 aneh®0 this analysis, it is apparent that large particles did not melt dur-
On the basis of data in Table 3 and Fig. 1, approximately 75%ing the spraying process, because the maximum temperature the
particles in the SL powder fall in the range of 30 tor&0, large particles experienced was just over their melting tempera-
whereas approximately 25% of the particles in the M powder fall ture, with dwell time (flight time of particle during spraying) of
in the same size range. Therefore, the volume fraction of the un-only approximately 0.00067 s (assuming particle velocity was
melted particles in the coating depends on the amount of pow-300 m/s, Table 5).

Distance from spraying gun (m)
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Fig. 7 XRD spectra of Inconel 625 coatings. As a comparison, the
XRD spectra of the as-received powder (M powder) is also plotted Fig. 8 Microhardness of the coatings as a function of volume fraction
again. XRD indicates that no new phase forms during sprayings. of the unmelted particles

Table 5 Influence of particle size on particle temperature and velocity of Inconel 788

Particle size um) 14 16 19 22 26 31 38 44 53 62

IDJ1 Temperature (K) 2468 2464 2450 2416 2276 1939 1604 1533 1465 1418
Velocity (m/s) 515 487 452 426 393 359 329 309 283 265

IDJ4 Temperature (K) 2840 2840 2842 2842 2834 2811 2738 2626 2347 1970
Velocity (m/s) 554 523 479 448 412 378 345 323 297 276

Propylene produces 100 K higher temperature than hydro-although XRD peaks are noticeably broader. The full-width at
genfld therefore, unmelted particles were not observed in In- half-maximum intensity values in XRD for {111}, {200},
conel 625 coatings sprayed using propylene asiieBy {220}, {113}, and {222} planes were measured and the results
altering the fuel-oxygen ratio, the flame temperature changesare listed in Table 6.

Compared to the fuel-oxygen ratio recommended by the gun Itis observed that the XRD peaks evidently become broade
manufacturer, Knight and Smithfound that a 20% increase in  with a decrease in the volume fraction of unmelted particles. Thg
the fuel-oxygen ratio decreased the amount of unmelted parti-present results indicate that the grain size in unmelted particle
cles in a NiCr coating. By contrast, a 20% decrease in the fuel-is larger than 22m, as shown in Fig. 10, and the grain size in
oxygen ratio decreased the degree of melting in the resultanmelted regions is approximately 500 nm (>>100 ffhjhere-
coating. Using the “PROCESS” computer program, Varaetlle fore, the broadening of XRD is presumably caused by micros
al.®! conducted a modeling investigation of the HVOF process trainf*8 Therefore, a more severe microstrain occurs in the
for gas-atomized Inconel 718 alloy using propylene as fuel. Thecoatings containing a low volume fraction of unmelted particles
effects those particle sizes have on particle temperature and vethan in the coatings containing a high volume fraction of un-
locity, at a stand-off distance of 0.203 m from the spray gun, aremelted particles.

listed in Table 5. IDJ1 and IDJ4 are their experiment codes, in-  Edriset all% found CsO; and NiCgO, oxides in Inconel 625
dicating the fuel-oxygen ratios of 0.207 and 0.290, respectively.coatings sprayed using HVOF with propylene. In their XRD

The data in Table 5 indicate that particle temperature and ve-measurements, a scanning rate of/infh was used. The pre-
locity decrease as patrticle size increases. There is a 1000 K difsent experiment was conducted with a scanning rate o
ference in particle temperature between 16 anaghbdarticles. 0.12/min; therefore, the absence of oxide peaks in the prese
In their simulation, predicted relations between particle temper- coatings may be attributed to the fact that their volume fractio
ature and spraying distance also appear similar to that of the preis lower than the x-ray detection limit (usually, 5%). Increasing
sent measured particle temperature profile (Fig. 6), although theflame temperature can lead to the formation of oxide plfe8es.
present experiment used hydrogen as fuel with a fuel-oxygenKnight and Smith showed that a 20% increase in the fuel-oxy-
ratio of 2.80. gen ratio not only decreased the amount of unmelted particles i
NiCr coating, but also increased the amount of oxide phases. B}
contrast, a 20% decrease in the fuel-oxygen ratio resulted i
coatings with a lower degree of oxidation. Oxides were not de
tected in the coatings sprayed using hydrogen as fuel. In the |

The XRD spectra of the SS, S, and M coatings are shown inconel 625 coatings sprayed by Edgtsal, unmelted particles
Fig. 7. Only one phase, the fcc structure, is identified in Fig. 7, were not found; this indicates that there was a very high flaméd

3.3 Phase Constitution, Hardness, and Grain Size
of the Coatings

Journal of Thermal Spray Technology Volume 10(1) March 20689
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Fig. 10 SEM BSE images demonstrating grains in unmelted par{@)e®ar spherical unmelted particles #bpJdome-shaped unmelted particles
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Table 6 Full-width of XRD peaks at the half of maximum

intensity (degrees)

V
Materials {111} {200} {220} {113} {222} '
Powder 0.1874 0.1921 0.1932 0.2015 0.1935

M coating 0.2530 0.3374 0.3621 0.4031 0.2822
S coating 0.2588 0.3611 0.3598 0.4228 0.3528
SScoating  0.2855 0.3777 0.4338 0.5164 0.6059
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®
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temperature used during spraying. Therefore, the absence of ox-
ides in the present coatings is attributed to the low flame tem-
perature and use of hydrogen rather than propylene.

Figure 8 shows the microhardness of the coatings plotted as
a function of volume fraction of the unmelted particles. It is ap-
parent that microhardness decreases linearly with the increasin
volume fraction of the unmelted particles. The microhardnesses
of individual unmelted particles and the matrix were also mea-
sured using a load of 100 g and were found to be 259.3 and 342.3
HV 100, respectively. It is worth noting that the microhardness of
the unmelted particles is nearly the same as that of the feedstock
powder (258.6 HY,y). Indentations in an unmelted particle and
in the matrix are shown in Fig. 9.

Using a simple rule-of-mixtures equation, HvV, HV, +
V. HV,,,, where H\is the microhardness of the coatingsis/
volume fraction of the unmelted particles, H3259.3 is the mi-
crohardness of the unmelted particleg,~/1 - V, is volume ©)
fraction of the matrix, and Hy= 342.3 is the microhardness of
the matrix. The microhardness of the coatings was calculatedFig- 11 A schematic of the droplet flattening mechan®&(a) A
and plotted in Fig. 8. In the case of loy the calculated values groplet at velocity Yimpinges onto the substraign) Spreading of
approach the measured value; however, in the condition of high
V., the measured microhardness is much lower than the calcu- . .
lated one. In the calculation associated with microhardness, the&ins the same as that of feedstock powders. In the semicirc
influence of the porosity and residual stresses in the coatings of@" (dome shaped in three-dimensional space) unmelted part

the microhardness was not considered. However, in as-sprayeCl€S: grains located at regions that are in contact with thg
coatings, porosity and residual stresses are inevitable. The miSuPstrate or already deposited layers are deformed along the ¢
crohardness of a coating primarily depends on a combination of€ction parallel to the surface of the substrate. There is no ev
the volume fraction of unmelted particles, porosity, and residual 9€nce to indicate that grains also deform on the opposite sids

stresses. The presence of porosity greatly leads to a decrease There_fore, it is thought that spherical l_JnmeIted par_ticles did no
microhardness. The coatings with low &fe very dense, and ~ €XPerience any change, and deformation occurred in the local r

thereby lack porosity. In contrast, to in the condition of high v 9ion of the dome-shaped unmelted particles. The present resul
some porosity was found in the gaps among unmelted particles'nd,'cate that, under certain conditions, microstructure and_ prop
The higher porosity in the coatings with highi¥ attributed to erties of the feedstock powder can be maintained in coatings.
the lower particle temperature. Therefore, there is a greater de
crease in micro_hardness, due to _the presence of porosity, in thw3_4 A Lamellar Microstructure
coatings with high Ythan those with low Y Residual stresses
can cause an increase in microhardness. A greater broadening «  The presence of unmelted particles in the coatings affects th
XRD peaks, which is presumably caused by microstrain in the formation of the lamellar microstructures that are typically ob-
coatings, is observed in the coatings with lopthan in those served in HVOF sprayed coatings!o-151A flattening mecha-
with high V,. Thus, higher residual stresses exist in the coatingsnism was proposed to describe the formation of lamella
with low V, than in those with high V¥ Consequently, contribu-  microstructures during sprayifig®24-2710n the basis of this
tions of residual stresses to microhardness in the coatings witrmechanism, the coatings are built up by molten droplets im
low V, are larger than those with high.\As the result of the  pacting on the substrate or already deposited layers, spreadin
analyses above, the microhardness of the coatings with Jow V flattening, and solidifying. A schematic diagram showing a lig-
approaches the corresponding calculated value, and in the coruid particle flattening during impingement is shown in Fig23.1.
dition of high V,, the measured microhardness is much lower After the droplet impinges on the substrate, spreading of thg
than the calculated one. splat is caused by liquid flow in the downward direction perpen-
Figure 10 shows BSE images showing grains in unmelteddicular to the substrate and in the radial direction along the su
particles. The average grain size is measured to b 83ry face. Results from numerical simulation studies show that thg
close to that of the feedstock powders. In the near circularrate of droplet deformation is significantly larger than the solid-
(spherical) unmelted particles, the morphology of the grains re-ification rate2>-271Accordingly, a lamellar microstructure is con-

roplet.(c) Solidifying of deformed droplet

Journal of Thermal Spray Technology Volume 10(1) March 2001
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Fig. 12 SEM BSE images of the coatings on external surfdegSL coatings(b) L coating;(c) a detailed view of an unmelted particle in the SL
coating, andd) magnification of a region in the matrix of the SL coating
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Fig. 13 SEM BSE image illustrating discontinuities in microstructure near an unmelted p#aji@e.unmelted particle in lamellar microstructure
and(b) magnification of &)
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sistently observed on cross sections of a coating. Figure 12 2.

shows the surface of the SL and L coatings, in which a number
of the unmelted particles are observed. When small molten
droplets impact on a large unmelted particle, a flattening process
occurs, see (Fig. 12c). However, the presence of an irregular sur
face on the already deposited layer affects the flattening behav
ior of the droplet, leading to microscopically irregular regions, 4
as shown in Fig. 12(d). This is illustrated in Fig. 13, where the

presence of an unmelted particle disrupts the lamellar mi-

crostructure and leads to discontinuities in the microstructure. 5.

4. Conclusions 6.

Using hydrogen as fuel and feedstock powders with different 7.
particle sizes, HVOF thermal-sprayed Inconel 625 coatings, 8.

containing unmelted particles, were synthesized. Powder char-

acteristics and properties of the coatings were investigated usin¢ -

SEM, x-ray, and microhardness studies. The main results are
briefly summarized as follows.

e The volume fraction of the unmelted particles in the coat- 11.

ings was dependent on the proportion of powder with a par-

ticle diameter in a particular range, in these experiments, 3012-

to 50um. This particle size range was primarily determined
by the particle temperature during spraying.

* The particle temperature significantly decreased as particle13s.

size increased.

»  The microhardness of the coatings containing unmelted parti- 14.

cles could be predicted by a simple rule-of-mixtures equation
for the case of a low volume fraction of unmelted particles.
However, for the condition of a high volume fraction of un-

melted particles, the measured microhardness is much lowerqg.

than the calculated one, most likely due to the presence of
porosity in voids occurring among unmelted particles.

e The microstructure and property of the feedstock powder
could be retained in the corresponding coating under certain
spray conditions. In these experiments, the microhardness
of unmelted particles was very close to that of feedstock

powder. Morphology and grains size in the near circular g

(spherical) unmelted particles remained the same as thost

of the feedstock powders. In the semicircular (dome shaped21.

in three-dimensional space) unmelted particles, grains lo-

cated at regions that are were in contact with the substrate22.

or already deposited layers were elongated along the direc-
tion parallel to the surface of the substrate or already de-
posited layers. No evidence indicated that grains also 5
deformed on the opposite side.
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