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Abstract

The effects of feed stock particle size on the microstructure and the mechanical properties of IN625 air plasma sprayed coatings were investigated.
It was found that the porosity increases with the particles size while the oxide content rises with decreasing particle size. Because of the lower
velocity of large particles, these produce weakly bonded splats resulting in coatings with low elastic modulus, low residual stresses, small oxide
content, and low hardness. The porosity is high and it is largely comprised of surface connected pores. Small particles produce splats that are
bonded through oxide layers. Due to higher particle speed the porosity and the fraction of connected pores are low. The small porosity produces
a relatively large value of Young’s modulus and high residual stresses. The hardness increases as the porosity decreases and the oxide content
increases. The coating adhesion exhibits a maximum at intermediate particle sizes. This is caused by the limiting effect of the oxide content for
small particles and the limiting effect of low particle velocities for large particles.
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1. Introduction

Thermal spray deposits of nickel-based alloys are used in
numerous applications that involve protection against wear and
corrosion, restoration layers for machine parts, or bond coats for
thermal barrier coatings [1]. The successful use of the coatings
depends to a large extent on its mechanical properties and on the
adhesion to the substrate, both of which are closely linked to the
coating microstructure. Numerous studies in recent years have
investigated these inter-correlations. For example, it was found
that a large degree of control over porosity, Young’s modulus,
hardness, and residual stresses can be achieved by a deposi-
tion within specific ranges of particle kinetic energies [2,3]. The
observed correlation between mechanical properties and poros-
ity has also received a great deal of attention elsewhere [4-8].
Following these investigations, the porosity can be classified
into distinctive groups of pores: oblate, oriented pores with high
aspect ratios, and volumetric pores.

The oblate pores originate from incomplete contact of adja-
cent splats due to insufficient wetting. These voids are generally
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flat with high aspect ratios, and their dominant orientation is
parallel to the substrate. Vertically oriented voids are present
between horizontally (i.e. parallel to the substrate surface) adja-
cent splats. The oblate pores are the largest contributor to the
inner surface area but they represent only a small fraction of
the total porosity [4]. Due to their high aspect ratios these
voids have a major effect on the elastic constants of the coat-
ings because they effectively decrease the cross-section area
of the coating [4,7,9,10]. Volumetric or globular pores exist
because of trapped gases and due to incomplete filling of sur-
face pits and gaps left by solidified splats. In one study, it was
found that their contribution to the inner surface area is small
but they represent up 30% of the total porosity [4]. The pore
aspect ratio is small, and usually there is no preferred orienta-
tion of such pores. In small volume fractions, globular pores
cause an approximately linear decrease of Young’s modulus
[11]. Depending on the spray conditions, some fraction of the
pores is surface-connected. To our knowledge, the effect of a
network pore structure on elastic properties has not been inves-
tigated yet but such a structure is likely to further reduce the
elastic modulus. Factors such as particle speed and particle tem-
perature have a strong influence on all aspects of the porosity

[3].
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Residual stress in coatings is an important mechanical prop-
erty because it has an influence on the tendency of the coating
to de-bond from the substrate [3,6—8,12—17]. The sources of
residual stresses in the coatings are the quenching of the molten
particles upon impact and the differences between the coeffi-
cients of thermal expansion of coating and substrate. The resid-
ual stresses are indirectly affected by the pore structure because
stresses depend on the elastic modulus as well as strain. The
strains are mainly determined by the thermal conditions during
the deposition process.

The adhesion of the coating to the substrate is assumed to be
created by a mechanical interlock between the substrate surface
and the first coating layer [18-20]. Thus, a certain degree of
surface roughness — usually created by grit blasting — is neces-
sary to achieve good results. Further contributions to adhesive
strength of metallic coatings are metallurgical bonds that are cre-
ated when a re-melting of the surface under solidifying splats
occurs [2,19].

Another important feature for metallic deposits that are
sprayed under atmospheric conditions is oxidation [21]. Oxides
are usually concentrated on the splat surfaces. Their main effect
is a strength increase of the coating as seen in large strain
hardening exponents and a hardness increase [2]. With respect
to general coating performance the general effect of increased
oxide contents is seen as detrimental as this type of hardening
behavior often leads to a loss in ductility.

In the following, we will discuss results from measurements
covering the aforementioned topics: (1) the correlations
between feed stock particle size and coating microstruc-
ture and (2) the mechanical properties, specifically elastic
modulus, hardness, residual stresses, and adhesion. Results
regarding the adhesion of NiCrAlY coatings will also be
presented.

2. Experimental procedure
2.1. Sample preparation

The coatings were prepared by atmospheric plasma spraying
at the thermal spray facility of the NIST Metallurgy Division.
The substrates were low carbon steel slabs of dimensions 2.9 mm
() x 29.5 mm (w) x 120 mm (/) with 20 grit Al,O3 grit-blasted
surfaces (R, =5 wm). The substrates were pre-heated by two
passes with the spray torch. The IN625 feed stock powder was
produced by gas-atomization at the NIST Metallurgy Division.
The particle size distributions were achieved by sieving. The
details are listed in Tables 1 and 2.

The adhesion of NiCrAlY coatings was also investigated for
which commercially available feed stock powders were used. Its
composition is listed in Table 3.

The particle size range is —106 to +45 pm. The substrate
material was the same as for the IN625 coatings but had three sur-
face treatments: grit blasting, glass bead blasting, and HCI etch-
ing of the as-received steel slab surface. These were employed
to investigate the effects of the surface condition on residual
stresses and adhesive strength.

Table 1
Size distributions of the feedstock powders used

Cut Particle size range (m) Coating thickness (mm)
sample 1/sample 2/sample3

Fine —30 to +25 0.36/0.40/0.44

Medium —63 to +53 0.52/0.40/0.32

Coarse —125to +106 0.65/0.80/0.44

Mixed —200 to +5 0.70/0.46/0.50

The uncertainty for the coating thickness is 0.1 mm. Each cut was sprayed on
three substrates so that a total of 12 samples were measured. The particle size
range is given in standard notation for characterizing feed stock powders (first
value is the upper limit, the second value is the lower limit).

Table 2

Composition of IN625 in wt.%

Cr 21.5
Mo 9.0
Nb 3.6
Ti 0.2
Al 0.2
Fe 4.0
Ni 61.5

2.2. Neutron diffraction

The neutron diffraction measurements were done using the
residual stress diffractometer (BT8) at the NIST Center for
Neutron Research, Gaithersburg, MD, U.S.A. The technique is
explained in detail by Kesler et al. [3]. The coating thickness
was found to be somewhat non-uniform because of the large
surface roughness of the outer surface. The thickness measure-
ments were done using a caliper on several locations on the
coatings. The average values were from 0.4 up to 0.7 mm with
an uncertainty of 0.1 mm whereas neutron beams usually have
sizes of 0.5 mm or larger. Fig. 1 shows how the neutron mea-
surement is done.

Measurements were done on three specimens for each coating
with a total of nine locations for each specimen. The required
unstressed d-spacing dy was obtained by using the mechanical
boundary condition for the stress perpendicular to the surface at
the surface o,; = 0. Assuming a uniform in-plane stress o, = oy,
it allows the calculation of dy from d-spacings measured in the
in-plane direction and in the perpendicular direction as explained
in Ref. [22]. The presence of oxides is disregarded.

2.3. Elastic modulus
Once the strains are obtained, the specific elastic constants for

each coating are needed to calculate the stress. These measure-
ments were done both with free-standing (de-bonded) coatings

Table 3

Composition of NiCrAlY in wt.%

Cr 30.0

Al 10.0

Y 1.0

Ni Balance
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Fig. 1. Schematic of the neutron diffraction stress measurements on coatings.
The size of the sampling volume was 2mm x 2mm x 7mm. In each of the
two orientations, the sample was moved through the beam in small steps and
a diffraction peak was measured. The sampling volume with the bold outline
indicates the center position from which the d-spacing was used to calculate the
stresses.

and with coatings still bonded on the substrate composites using
a four-point bending apparatus. The bending experiments were
done according to the following procedure. Free-standing coat-
ings were obtained by trimming off the rounded edges from the
coating and applying a razor blade to remove the coating from
the substrate. Four-point bending was performed both with the
interface side of the coating in tension (outward bending) and
in compression (inward bending). The in situ diffraction bend-
ing tests were done with the coating attached and in tension;
the substrate modulus was determined from a bending test on a
substrate strip without coating.

2.4. Porosity

The porosity was determined using two methods: small angle
neutron scattering for the closed porosity and image analysis for
the total porosity. The surface connected porosity was obtained
from the difference of the two values.

For the image analysis, a dye-contrast method was used in
which the coatings were immersed in a dye to fill the open and
connected pores followed by gentle polishing. This was done
for the cross-section at both ends of the coated strips. Optical
image analysis was then used to determine the area percentage
of dye filled regions for determining the porosity. It is assumed
that the polishing does not reveal any additional pores that are
not filled with dye. This procedure was performed for the top
and bottom (beginning and end of spray pass) of each specimen
with two specimens for each particle cut.

The closed porosity was determined with small angle neutron
scattering at the perfect-crystal diffractometer (PCD) for ultra-
high resolution small-angle neutron scattering (USANS) at the
NIST Center for Neutron Research. First, the specimens were
immersed in deuterium oxide (D;0O) under vacuum to enable
better pore penetration. D, O filled pores have almost the same
scattering length density (6.38 x 10'9 cm™2) as the surrounding
solid material (6.92 x 10'° cm~2), thus effectively removing the

surface connected porosity contribution to the scattering signal
(note: pores have a zero scattering length density). Note that the
oxide volume fraction has to be included in the calculation of
the scattering contrast. In order to obtain the connected porosity,
the SANS result for the closed porosity was subtracted from the
total porosity from image analysis.

We also investigated the direct SANS measurement of closed
and connected porosity through dry and immersion measure-
ments. This was not successful because of multiple scattering
on the dry samples.

2.5. Oxide content

The weight fraction of oxides in the coatings was estimated
using density measurements. The densities of IN625 feed stock
powder and the density of the deposits were determined and,
using the known densities of the oxides and the porosities as
determined by image analysis, the oxide fraction was estimated
from a linear mixing rule.

2.6. Hardness tests

Vickers hardness tests were conducted with 200 g load using
a computer image analysis system. The indent dimensions were
set manually. Indentation scans were performed both for the
cross-section and for the plane section (600 grit polish for both
on outer coating surface). The substrate hardness values are the
average of 10 single measurements; the coating hardness values
represent the average of approximately 30 single measurements
in each direction.

2.7. Adhesion

The adhesion tests were done as tensile adhesion tests
[23] on three square pieces for each sample with dimensions
10mm x 10 mm. The ASTM standard [24] was used as guid-
ance. Each piece was glued with a high strength adhesive bond-
ing agent between two cylindrical tensile adapters. The adapters
were then subjected to a tensile load and the force was recorded
at which the coating de-bonded. The adhesive strength of the
bonding agent was not measured; however, the bonding strength
of the agent was specified to be >80 MPa, well above the adhe-
sions strengths found. All failures occurred at the interface with
no signs of contamination from the bonding agent.

3. Results and discussion
3.1. Microstructure

The optical inspection of the coatings in Fig. 2 showed that
the characteristic features of inhomogeneity scaled well with
the particle size of the feed stock powder. Individual splats, con-
tact areas and pores are clearly identifiable, and their respective
sizes scale with the particle size (Fig. 2). All coatings con-
tain un-melted particles which are visible as spherical regions
separated by a darker interface. Regions of this color were iden-
tified as oxides. The oxides are clearly aggregated around the
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Fig. 2. Optical microscopy images for coatings sprayed with particle sized described in Table 1.

splat boundaries, thus suggesting substantial in-flight oxidation.
Black regions are pores that were identified using dye penetra-
tion. The fine coatings contain regions of seemingly porosity free
IN625 that are assumed to be the result of larger droplets formed
by smaller droplets clumped together during flight. The splats
and large pores visible in the coarse coating extend laterally up
to 50% of the coating thickness. The largest contiguous vertical
pore space (upper right corner of coarse coating in Fig. 2) is
about 15% of the coating thickness. This is also approximately
the thickness of large splats which show a low flattening ratio.
This has been associated with low particle velocities and splat
fragmentation [2], leading to poor contact between splats and
splat separations.

For medium coatings, the size of these characteristic features
is approximately half of the coarse coating (see Table 1 for par-
ticle size). The mixed and fine coatings do not show large pores
but they have visible oxide layers surrounding the splats. The
flattening ratios increase; both coatings appear denser and more
compact than the coarse coating. Furthermore, in the fine coat-
ing oxide aggregation around splat boundaries is the dominant
feature of the microstructure. The microstructure of the medium
coating resembles that of the coarse coating with the feature size
decreased proportionally. The mixed coating is characterized by
a lower pore density than the coarse and medium coating while
the splat boundaries are significantly less oxidized than the fine
coating.

3.2. Porosity

The results of the quantitative investigation of the porosity is
shown in Fig. 3. The SANS results for the total porosity were
corrected for Crp O3 oxide scattering. Generally, there is good

agreement between the porosity from image analysis and the
porosity from SANS. Neither the SANS technique nor the image
analysis used here provided information about shape and orien-
tation of the pores. However, in the coarse coating the surface
connected porosity represents >90% of the total porosity, thus
making the pore structure essentially an open network of inter-
connected pores. For smaller particles the fraction of surface
connected pores drops significantly.

3.3. Oxide content

The oxide addition was identified qualitatively by means
of X-ray diffraction as Cr,O3. The strongest Cr,O3 reflection
(1 10) found is shown in Fig. 4.

@ SANS closed porosity W surface connected Aimage analysis

porosity [%]
(4]

. |

coarse

fine medium mixed

Fig. 3. Porosity values as determined by SANS (total and surface connected)
and by image analysis.



T. Gnaeupel-Herold et al. / Materials Science and Engineering A 421 (2006) 77-85 81

350
medium
300 A .
------- all sizes
250 A o fine
— COAISE
o 200 1 X
E @
3 150 =T N
o £ | B m
100 4 BppAs ' oy uﬁ%
i WN
0+ . - :

34 35 36 37 38
20 [deg]

Fig. 4. The Cr,03 (1 10) reflection measured by X-ray diffraction (Cu Ko radi-
ation).

Based on the assumption that Cr, O3 is the only oxide present
in the IN625 coatings the oxide content was estimated as shown
in Table 4.

The estimate for the oxide fraction in Table 4 has to be con-
sidered as a lower limit because it is likely that also some NiO
is also formed, although below the detection limit (*5%) in
the X-ray experiment. The strong increase of the oxide content
is consistent with other findings that reported an exponential
increase of the oxide content with decreasing particle size [21].

3.4. Deformation behavior and elastic modulus

When analyzing strains in coatings the lattice strain and the
macroscopic strain have to be distinguished. Fig. 5 shows how
the lattice strain depends on the applied strains. Fig. 6 shows the
slopes of the strain response curves in Fig. 5 versus the porosity.
The geometry for the in-plane measurement is shown in Fig. 1.

The average lattice strains in the in-plane direction in a porous
structure are smaller than the applied strains. This suggests that a
fraction of the applied strain is spent on opening or closing voids,
depending on the sign of the applied strain (see Fig. 7). Uncon-
nected pores are strained less than connected pores. There are
also regions with poor interfacial contact or otherwise weakly
bonded regions that have only a small strain response under
applied strain, thus leading to low average lattice strains in the
overall coating. A similar effect was observed in Ref. [2] on low
porosity cold spray coatings with a Young’s modulus compara-
ble to that of higher porosity APS coatings. Incomplete contact
between splats can be seen as enabling factor for connected
porosity which, on the other hand, increases together with the

Table 4
Coating densities (corrected for porosity) and estimated oxide weight fractions

Coating Density (g/crn3) Volume fraction Cr;O3 (%)
Fine 7.69 22.2

Medium 8.00 14.4

Mixed 7.94 12.5

Coarse 8.17 4.7

IN625 powder 8.26

For Cr,0; a density of 5.23 g/cm® was used. The uncertainty of the density
measurement was 0.02 g/cm?>. The uncertainty of the oxide content is estimated
to 4%.
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Fig. 5. Lattice strain (in-plane) vs. the average applied strain. The coatings were
attached to their respective substrates and the average applied strains were calcu-
lated as the mean of the strain at the surface and the strain at the substrate/coating
interface. The bulk value was calculated for the nickel (31 1) reflection (zero
porosity) [25,26]. The straight lines represent the linear regression preformed.

total porosity as the particle size increases. The connected poros-
ity is the dominant fraction of the total porosity (see Fig. 3) in
the coarse particle coatings.

Additionally, local bending or rotations of small solid regions
in the coating structure may occur, thus leading to highly non-
uniform strain fields. It can also be expected that local yielding
occurs at void tips or other regions of high stress concentration,
thus — together with interfacial sliding as another possible mech-
anism — providing an inelastic contribution to the (elastic) lattice
strains in Fig. 5. The common effect of these influences is the
reduced response of average lattice strains as the porosity (and
the connected porosity with it) increases as shown Fig. 6 where
there is a three-fold increase of the strain response from 4.6%
porosity (coarse) to 1.5% porosity (fine). This strong increase,
according to continuum-mechanical models [9,11,27], points
towards very large pore aspect ratios. This suggests that a large
degree of connectivity between pores has a similar effect as an
increased aspect ratio.

The results for Young’s modulus are shown in Fig. 8.

In order for the lattice strain and the macroscopic strain
to translate into the same stress the diffraction modulus must
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Fig. 6. Strain response (slope Aégjaice/ A€applied) Of the lattice strains in Fig. 5
Vs. porosity.
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Fig. 7. Schematic of the deformation of a porous structure with interconnected voids. Light gray regions are splats, dark gray regions indicate connected pores, black

regions are enclosed pores.

be substantially higher than the modulus from bending. The
differences between bending in compression and bending in ten-
sion are within the experimental uncertainties. Similar to results
reported elsewhere [2] the moduli of the free-standing coatings
are only 20-50% of the bulk value (Eypyx =220 GPa for nickel).
Diffraction moduli are rarely reported in other works but their
correct values are essential for diffraction stress measurements
on coatings. For the fine, medium and mixed coating the exper-
imental results are approximately equal to the diffraction value
for the (311) reflection (E311)=214 GPa, estimated for pure
nickel and zero porosity). The low value for the coarse coating
reflects the effects both of the high porosity, and the influence
of inelastic processes as discussed on the strain response. It
should be noted that the elastic modulus of IN625 is affected
to a minor extent by the presence of Cr,O3 which has a modulus
of 397 GPa, substantially higher than Ni [28]. Both phases form
an elastic composite in which the metallic phase “sees” a matrix
— the composite — that is elastically more stiff than the metal-
lic phase alone. Thus, a diffraction measurement of the metallic
phase yields a modulus that is &10% higher than a modulus

< compression O tension A diffraction
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— 150 @gg
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1 2 3 4 5
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Fig. 8. Young’s modulus as obtained by diffraction from tensile bending of the
coatings attached to the substrate ((3 1 1) reflection) as well as from four point
bending of delaminated coatings. The terms ‘compression’ and ‘tension’ refer
to the stress at the coating outer surface (as opposed to the coating interface
surface).

measured in pure IN625 (lever rule). Therefore, both the lower
porosity and the higher oxide content increase the elastic mod-
ulus in small particle coatings.

3.5. Hardness

Typical images of indents on cross-section surfaces are shown
in Fig. 9. The indent size is comparable to the splat dimensions,
thus allowing the inspection of inter-splat bonding in the indent
area.

Splat separation was consistently found throughout the coarse
coating. This can be seen in the spreading of the indent as the
splats separate (coarse, upper left). Splat separation also sug-
gests that no metallurgical bonds are formed despite the visible
lack of oxide at the splat interfaces, hence allowing easy sepa-
ration under the shear stresses imposed by the indenter. The low
level of splat interaction is most likely caused by low particle
velocities, possibly in connection with lower particle tempera-
tures. The evidence for the insufficient velocity and temperature
is indirect; however, observations reported in literature [2] sup-
port these conclusions. It was reported that cold spray (five to
seven times higher particle velocity than APS) coatings exhibit
a very low porosity (1.5% given in Ref. [2]) but have weakly
bonded splats similar to our findings. For the coarse coating
it can be deduced that, compared to the cold-spray coating in
Ref. [2], the higher porosity indicates a low particle veloc-
ity, and the weak inter-splat bonding indicates a low particle
temperature.

Separation is still visible for the medium coating (arrow on
left corner of indent) but only pore-separated splats are affected.
No visible separation is found for the mixed and the fine coat-
ings where the indent crosses oxide zones without discontinuity.
This suggests a good contact between the oxide scales of dif-
ferent splats, likely caused by higher particle velocities and
temperatures. The clear separation of splats indicates re-melting
of the metal and further post-impact oxidation during which
the oxide layers of different splats grow together. The oxide
itself is not likely to re-melt because the typical in-flight parti-
cle temperature (2340 °C [2]) of air plasma spray is insufficient
(CraO3—Tmeir =2435 °C [28]).
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Fig. 9. Vickers indents (varying magnification) in the coating cross-section. Splat separation is indicated by arrows and by the apparent double and triple overlay of
indenter images (coarse). See also the clear image of the indent for the fine coating.

The numerical results of the hardness tests are shown in
Fig. 10. The effects of porosity and oxide content on the hard-
ness are opposite, i.e. the hardness increases as the oxide content
increases and the porosity decreases. The dispersed oxide par-
ticles perform the same way as ceramic reinforcements in a
metal-ceramic composite; the yield stress and the hardness are

oxide content [vol.%]
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Fig. 10. Average hardness of IN625 plasma sprayed coatings. The coating hard-
ness is plotted twice: the black symbols are plotted against the upper x-axis (oxide
content) the empty symbols are plotted against the lower x-axis (porosity). The
substrate hardness is provided for reference. The connecting lines serve as guide
for the eye.

increased. Pores accommodate deformation without resistance,
thus decreasing the hardness as the porosity increases. Large
feed stock particles, due to their better volume to surface ratio,
exhibit lower in-flight oxidation but the coatings show the largest
porosity, both resulting in low hardness. The opposite is found
for the fine coatings that have the smallest porosity and the
highest oxide content, thus showing a significant increase in
hardness. The hardness increase suggests a similarly substantial
decrease in ductility, thus making smaller particle coatings less
strain tolerant, i.e. less able to accommodate deformations of the
substrate.

3.6. Residual stresses

The average residual stresses are shown in Fig. 11. The
residual stresses are tensile as a result of thermal quenching
stresses. The mismatch of the coefficients of thermal expan-
sion (CTE) of substrate and coatings is very small [3], therefore
the mismatch stresses are low. However, it should be noted
that the rising Cr,O3 content gives rise to stresses between
the IN625 metal phase and Cr,O3z. Because of the lower
CTE for chromia compared to IN625 (7.5 x 10~ m/K versus
13.3 x 107 m/K [13,28]) the room temperature stresses in the
metal phase become more tensile with higher oxide content.
Also, the stresses decrease with increasing porosity and fol-
low the dependence of Young’s modulus on the porosity. This
strongly suggests that, assuming comparable levels of thermal
quenching strains in the splats, the residual stresses largely
depend on Young’s modulus which itself depends strongly on the
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Fig. 11. Residual stresses (in-plane) in IN625 coatings. Also plotted is the aver-
age elastic modulus determined from detached coatings (right axis). Residual
stress values are shown for three specimens for each particle size.

pore structure. However, stresses have a larger percent-decrease
over the porosity than Young’s modulus, thus indicating some
degree of stress relaxation for large particle coatings. The low
oxide content together with the highest porosity and the lowest
hardness — mechanisms that lower the yield stress — provide evi-
dence that the coarse coatings are affected the most by yielding
during cooling.

3.7. Adhesion

The results of the adhesion tests are shown in Fig. 12. Results
for NiCrAlY from the same test procedure are provided for ref-
erence.

The best adhesive strength is achieved by the mixed pow-
der that contains all particle sizes (size range —200 to +5 pwm).
It should be noted that the same adhesive strength is found
in NiCrAlY with a (—106 to +45pum) particle size range.
The results for the narrower particle size distributions—coarse,
medium, and fine-suggest that neither very large nor very small
particles produce high adhesion. The adhesive strength of the
medium coating is comparable to that of the mixed coatings that
have a much wider particle size distributing.
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Fig. 12. Results of the adhesion pull tests on IN625 (all grit blasted substrates)
and NiCrAlY coatings (grit/bead blasted and etched substrates). The uncertainty
is approximately 6 MPa.

Sobolev et al. [19,20] conducted an analysis of a number
of effects that influence coating adhesion. The oxide content
and magnitude of the residual stresses were shown to be detri-
mental for adhesion. Both quantities are highest for the fine
coatings that have the second lowest adhesion among the IN625
coatings. However, stresses are similarly high for mixed and
medium coating, both with lower oxide fractions and with high
adhesive strength. Furthermore, it was pointed out that the adhe-
sion increases both with increasing particle velocity and with
increasing thermal energy of the droplet. The poor inter-splat
interaction found in the coarse coatings (Fig. 9, upper left) sug-
gests that particle velocities were at the low end of the velocity
spectrum of the spray process, therefore causing low coating
adhesion. Also, low particle temperatures cannot be ruled out
as contributing factor. Fine, medium, and mixed coatings have
smaller porosities than the coarse coating and show little or no
splat separation in hardness tests which leads to the conclusion
that particle velocities were higher. This points indirectly to the
oxide content, possibly as a solidified surface layer on the par-
ticles prior to impact, as a factor for low adhesion.

Another possible factor affecting adhesion is the combina-
tion of substrate surface feature size and splat size. Evidence for
the existence of an optimal combination of surface peak spac-
ing and splat size was presented in Refs. [18,29], where it was
experimentally shown that adhesion increases proportionally to
the average surface roughness but has a maximum for a certain
ratio of splat size (which depends on the particle size) to peak
spacing. In our work, neither the splat sizes nor the surface peak
spacings were analyzed but it can be assumed that the splat sizes
vary in a similar fashion to the particle sizes (factor 4 from fine
to coarse), thus covering an equally large range of ratios of peak
spacings (all substrates underwent the same grit blasting) to splat
size. Although the findings shown in Fig. 12 are consistent with
the results in Ref. [29] the evidence is only indirect.

4. Summary and conclusions

In this work, the effect of the particle size distribution on
the microstructure and on the mechanical properties of plasma
sprayed IN625 coatings was examined. The porosity increases
with the particle size and for large particles is almost entirely
comprised of surface connected pores. This is seemingly corre-
lated with the poor bonding between splats for coarse particles,
and is seen as an indication for comparatively low particle veloc-
ities and, possibly, low particle temperatures. Fine coatings have
little porosity; the microstructure is mostly characterized by high
fractions of Cry O3 formed on the splat interfaces. Splat interac-
tion is characterized by good cohesion which was interpreted as
a result of post-impact oxidation. The oxide content increases
strongly with the increasing surface to volume ratio of smaller
particles.

The investigation of the elastic properties showed that both
strain response and Young’s modulus decrease with increasing
porosity. Compared to the small influence of the oxide con-
tent, this behavior was interpreted as mostly the effect of the
rising surface connected porosity. Connections between pores,
e.g. through poorly bonded splats, is seen as an effective increase
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of the average pore aspect ratio. High porosity and weak inter-
splat interaction in coarse coatings is also likely to cause the
deformation to be partially inelastic, thus further reducing both
the modulus and the elastic response.

The hardness tests reveal that the behavior in plastic defor-
mation is controlled both by the oxide content and the porosity.
Small feed stock particle coatings have low porosity and high
oxide content which together account for steep increase in hard-
ness for the fine coating.

For the residual stresses it was found that the stress level
declines strongly as the particle size and porosity increase.
The quenching strains are assumed to be equal, thus lead-
ing to the conclusion that the Young’s modulus largely con-
trols the residual stresses in the coatings. Inelastic processes
are again likely to contribute to the low stress level in coarse
coatings.

The best adhesive strength was found for intermediate par-
ticle sizes. Indirect evidence indicates that adhesion is limited
both by insufficient particle velocities and thermal energies for
coarse particles. The limitation for fine particles is likely caused
by the high oxide content. The ratio of substrate surface peak
spacing to splat size was also discussed as an influence on adhe-
sion. However, due to different levels of stress, oxide content,
and particle velocities no clear conclusion can be drawn on the
magnitude of this effect.
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