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The complex void microstructures of thermally sprayed deposits may be approximated by three major void systems (interlamellar pores, intra-
lamellar cracks, and volumetric globular voids), each with different volume fractions, anisotropies, sizes and shapes. This complex void mor-
phology is expected to have a strong influence on the properties of thermally sprayed coatings. NiCrAlY deposits manufactured by vacuum-,
atmospheric- and water-stabilized plasma spraying and flame spraying techniques have previously been investigated by small angle neutron
scattering (SANS) in the Porod scattering regime. A relationship between the void specific surface area obtained and wear resistance was
revealed. To characterize the void system in more detail, the technique of multiple small angle neutron scattering (MSANS), previously applied
to thermally sprayed ceramic coatings, was applied to the metallic NiCrAlY deposits. The above-mentioned three-component void morphology
was assumed based on empirical considerations and on analysis of SEM micrographs of coating cross-sections. The model results suggest the
interlamellar pores to be most significant in the overall void system. For the atmospheric-plasma sprayed metallic deposit, only a small void
volume fraction is found in the fine intralamellar crack system. For the water-stabilized-plasma sprayed deposit, intralamellar cracks are found
to be essentially absent, and both anisotropic systems are interpreted to be comprised of interlamellar pores.

1 Introduction

The microstructure of thermally sprayed deposits, and
therefore their material properties, are to a large ex-
tent related to the internal void structure. Important
parameters are the total void volume fraction and the
total specific surface area of the voids. Of further in-
terest are usually average pore sizes as well as ori-
entations of anisotropically shaped pores. Small-angle
neutron scattering (SANS) techniques can provide
information on the total specific surface area and, in
principal, also direct size information on voids of up to
a about 100 nm. The complex void structure of many
thermal spray deposits extends over a size regime up
to a few micrometers in diameter, that does not allow
a direct determination of pore size by this method.
Nevertheless, the total specific surface area can still
be obtained in the Porod regime [1].

A method has been developed to deduce average
pore sizes and orientational distributions by the tech-
nigue of multiple small-angle neutron scattering
(MSANS). The analysis employs the experimentally
determined wavelength-dependent broadening of the
primary neutron beam when it passes through the
sample and the neutrons undergo copious multiple
scattering. Recently this method was extended to
model the void structure of thermally sprayed deposits,
allowing for the three distinct void subsystems often
predominant in such coatings. This method then was
successfully applied to ceramic deposits [2]. In the
present investigation, the MSANS technique was ap-
plied to an atmospheric plasma- and a water-stabilized
plasma-spray metallic NiCrAlY deposit. The total spe-
cific surface area was determined previously from
SANS measurements [3]. Here, the MSANS technique
is described and references for the theoretical back-
ground are given. The results from modelling the void
microstructures of the two investigated deposits are
presented and compared.

2 Experimental

2.1 Samples

The results presented here are obtained from investi-
gations of an atmospheric plasma- (APS) and a water-

stabilized plasma- (W SP) sprayed metallic NiCrAlY
deposit. The chemical composition of the feedstock
material was 67% Ni, 22% Cr, 10% Al, 1% Y, where all
values are given in mass fractions. Both deposits were
sprayed using optimized spray parameters with the
spray direction perpendicular to the surface of mild
steel substrates. By cutting and grinding, 2.30 mm and
2.27 mm thick slices for the APS deposit and WSP
deposit, respectively, were prepared as cross-section
samples. From the remaining sample the deposits
were removed from the substrate by wire-electro dis-
charge machining to obtain free-standing deposits.
The total porosity of the deposits was determined by
precision density measurements [4]. The cross-
section samples were investigated with the neutron
beam passing through the deposit perpendicular to the
spray direction. The free standing deposits were
measured with the neutron beam parallel to the spray
direction using stacks of samples to obtain sufficient
thicknesses along the beam path, 2.06 mm and 3.76
mm for the APS and WSP deposits, respectively. The
oxide content of the APS and WSP NICrAlY deposits
were measured by the hot extraction method to be
below 1 wt% [4], indicating a negligible contribution
from neutron scattering on oxides as a third phase.
The neutron scattering experiments were performed at
the 8 m SANS instrument [5] at the Centre for Neutron
Research, National Institute of Standards and Tech-
nology, Gaithersburg, MD, USA.

2.1 Total specific surface area from SANS

As previously described [3], the total specific surface
areas were obtained by SANS in the Porod regime [6]
according to

<dJdAQ)> = 21 |Apf S/ Q*

where d2/d<XQ) is the calibrated absolute intensity or
macroscopic scattering cross-section, Q the scattering
vector, and |Apf* the scattering contrast between the
metal matrix and the voids. < > stands for an orienta-
tional average of the sectors over all azimuthal angles,
exploiting the axial symmetry of the microstructure
about the spray direction. S is the total specific sur-
face area. The magnitude of Q is given by

|Q|=Q =4=n sin #/1, where 6 is half the scattering
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angle and A is the wavelength of the neutrons. To
determine the total specific surface area in the Porod
regime, a wavelength of A = 8 A was used. For all
measurements the wavelength resolution was

AL /A=0.15. The scattering contrast of the NiCrAlY
alloy with the voids, [Ap* = 41.34 x 10® m™, was de-
termined from the chemical composition of the feed-
stock powder and a skeletal density of (7.25 £ 0.07) g
cm’, determined by helium pyknometry [4].

2.1 Size and orientation information from MSANS

When neutrons pass through a void within a homoge-
nous matrix, diffraction and refraction effects occur.
The resulting deflection depends on the wavelength of
the incoming neutrons, the size and shape of the void,
and its scattering contrast with the matrix. If the de-
posit is thick enough and the void volume fraction
within the matrix is sufficiently high, the neutrons are
scattered many times.

This results in a broadening of the primary neutron
beam when it passes through the sample. The multi-
ple small-angle neutron scattering beam-broadening
[2,7,8,9] can be expressed in terms of the radius of
curvature, r¢, of the scattering curve at Q=0:

W"(Q,7) }

.= Iimit[ W(Q.7)

Q-0

Here, W (Q, 7) is the profile of the neutron beam as a
function of the scattering vector Q and sample thick-
ness r after passing through the sample, and

W" (Q, 7) represents a double derivative with respect
to Q. The wavelength-dependence is implicitly given
by the dependence of r. on the magnitude of Q. r, can
be shown to be numerically equivalent to the standard
deviation of a Gaussian fit to the beam profile at low
Q. In the following, r. is referred to as the (MSANS)
beam-broadening of a deposit for a given wavelength
and orientation with respect to the neutron beam. To
account experimentally for the instrumental resolution
width ry, of the primary beam, r. has to be corrected
from the measured width rsampie by

2 2
r.= r%\rnple - rpb

For anisotropic microstructures, the broadening de-
pends also on the direction of Q. The MSANS anisot-
ropy can be expressed in terms of the aspect ratio of
an ellipse, fitted to the anisotropic r, data.

The MSANS beam-broadening at wavelengths of
12A,13A, 14 A, 15A, 16 A, 17 A and 18 A was de-
termined for both, the cross-section samples and the
free-standing deposits. Due to the axial symmetry of
the microstructure in the spray direction, the MSANS
beam-broadening of the free-standing sample is found
to be circularly-symmetric and is therefore radially
averaged about the incident beam. The anisotropic

MSANS broadening of the cross-section sample was
radially averaged about the incident beam as well,
resulting in a circular-average of the orientation distri-
butions of the spheroidal shaped pores in the cross
section plane. In addition, to analyze the MSANS ani-
sotropy, the MSANS data for the cross-section sam-
ples were sector-averaged in 15° wide sectors, and an
ellipse was fitted to the data.

The void structure was modelled to fit the orientation-
ally-averaged MSANS beam-broadening r. data ob-
tained for the two sample orientations, consistent with
the total porosity. Further constraints for the model
were the (Porod) total specific surface area experi-
mentally-determined from SANS and the observed
MSANS anisotropy.

3 Results

To model the MSANS broadening under the con-
straints discussed above, the total void volume frac-
tion is split into three distinct void subsystems, two of
them consisting of oblate spheroidal elements, and the
third one being globular pores. The spheroidal ele-
ments are described by a radius R and an aspect ratio
B. The maximum opening dimension is thus 24R, and
the mean opening dimension is <O.D.> = 44R/3.

The important size information that the MSANS
method allows to be deduced is the mean opening
dimension. The short dimension of each spheroid
produces the most significant part of the broadening
and this fact permits the simplified assumption that the
two spheroidal void systems can be described by

S values of 1/10 and 1/5. While for the globular pores
the mean radius Rg can be regarded as the real size
of the pore, for the spheroids it is rather the mean
opening dimension

<0.D.>=4p4<R>/ 3

that is meaningful in terms of microstructure. To ac-
count for the orientation distributions of the two sphe-
roidal element systems, possible orientations are sub-
divided, in each case, into angular ranges with respect
to the spray direction: 0°-30°, 30°-60° and 60°-90°.
The probabilities of finding a crack or pore within each
of these ranges are given by g, gw and gy, respec-
tively. Due to the possible orientation of each spheroi-
dal element within the full solid angle, for a random
distribution, g. = 0.134, gy=0.366 and g, = 0.5. The
mean sizes of the elements used to model the three
void systems were parameterized by the ratios of their
large dimensions with respect to each other. For the
APS and WSP deposits modelled here, suitable ratios
were found to be: <R>p/<R>c = 1.0 and <R>g/<R>¢ =
1.3, where the index c stands for the system of flat
voids with g = 1/10, r for the interlamellar void system
with = 1/5 and c for the globular pores.
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3.1 Atmospheric plasma sprayed deposit

By SANS analysis in the Porod regime the total specific
surface area was determined to be S,,;= (0.766 + 0.010)
x 10°m* m*. The total volume fraction was found to be
0.081 + 0.001. The experimentally determined circularly-
averaged MSANS beam-broadening is shown in Fig. 1
for the cross-section and free-standing deposit. Model
and experimental anisotropies are displayed in the polar
plot of Fig. 2. The MSANS anisotropy of the cross-
section sample, determined by averaging the aspect
ratios of the ellipses for all wavelengths was found ex-
perimentally to be 1.35 + 0.03.

By non-linear least-squares fitting, the average large
radius of the £#=1/10 void system, being the only re-
maining free fitting parameter, was found to be R¢ =
(0.728 + 0.010) um [10], keeping all other constraints
fulfilled: the model MSANS anisotropy is 1.38, and the
total specific surface area for the model is found to be
0.769 x 10°m® m™®. The mean opening dimensions of the
spheroidal pore systems together with their mean orien-
tation distributions and the mean globular pore radius
obtained by the model fit are given in Table 1.

0.0045 - B free standing deposit experiment [r T T
(circularly symmetric)
f------ free standing deposit model fit
__0.0040 - (circularly symmetric) PR
j< @  cross section exp. (anisotropic) §
3 :; """" cross section model (anisotropic) §
g 200035 & 8
g = P
Z o : e
< 9 § . é ]
2 © 0.0030 | § ,é”" A
g0 § . -
390 - =
O g 0.0025 - L.~ g - Atmospheric Plasma|
P Sprayed Deposit
00020 1 1 1 1 1 1 1
12 13 14 15 16 17 18

Wavelength 4 (A)

Fig. 1. Beam broadening of the APS deposit. Model
results and experimental data are displayed for the
neutron beam parallel and perpendicular to the spray
direction.
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Fig. 2. Anisotropic MSANS beam-broadening for the
APS cross-section sample as measured and predicted
by the model for different wavelengths. Standard devia-
tions of the experimental data are indicated for
A1=12A.

The fraction of specific surface area and void volume
within the different void subsystems are compared in
Table 2. Estimated fractional standard deviations are +
10% for the component porosities, and + 5% for the
probabilities of finding a pore orientation within one of the
three ranges, the component surface areas, the <O.D.>
values, and the mean globular pore diameter. The model
results are qualitatively confirmed by the SEM micro-
graph of the APS cross-section displayed in Fig. 3,
where globular pores within the metal matrix can be
identified as well as interlamellar pores with opening
dimensions of the order of the model predictions, and
only a few cracks are apparent.

Table 1. Modelled mean opening dimensions and orien-
tation distributions of the void subsystems of the APS
deposit.

<OD>| <2Rg> | Ou | 9u | O
(um) | (um)
£=1/10 0.097 - 0.04]0.22(0.74
p=1/5 0.194 - 0.64 | 0.31 | 0.05
Globular - 1.892 - - -
pores

Table 2. Specific surface areas and volume fractions of
the three void subsystems of the APS deposit, calculated
from the MSANS model parameters.

Specific surface Volume

area [10°m? m?) fraction
£=1/10 0.127 = 17% 7%
p=1/5 0.563 = 73 % 62 %
Globular pores | 0.079 = 10% 31 %
Ziotal 0.769 = 100 % |0.081 = 100 %
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Fig. 3. SEM micrograph of a polished cross-section of
the APS NiCrAlY deposit. The spray direction is vertical.
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3.2 Water-stabilized plasma sprayed deposit

The experimentally determined total specific surface
area was found to be S, = (1.26 + 0.01) x 10°m* m™>.
The total volume fraction was determined to be 0.119 +
0.001. The circularly-averaged MSANS beam-
broadening is shown in Fig. 4 for the cross-section and
free-standing deposit. Model and experimental anisotro-

pies are displayed in the polar plot of Fig. 5. The MSANS

anisotropy of the cross-section sample, determined by
averaging the aspect ratios of the ellipses for all wave-
lengths was found experimentally to be 1.25 + 0.03.
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Fig. 5. MSANS anisotropy of the WSP cross-section
sample with the spray direction perpendicular to the
neutron beam.

Table 4. Specific surface areas and volume fractions
of the three void subsystems for the WSP deposit,
calculated from the MSANS model.
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Fig. 4. Beam broadening of the WSP deposit. Model
results and experimental data are displayed for the
neutron beam parallel and perpendicular to the spray
direction.

The microstructural modelling of the WSP deposit al-
lowed a fit satisfying all constraints only for similar ori-
entation distributions of the two spheroidal shaped pore
systems. R¢ = (1.008 £ 0.010) um is found by the fitting
for the radius of the B = 1/10 void system. The model
total specific surface area is calculated to be 1.26 x 10°
m’m*, and the model MSANS anisotropy is 1.23. The
mean opening dimensions of the spheroidal pore sys-
tems together with their mean orientation distributions

and the mean globular pore radius obtained by the model

fit are given in Table 3. The fraction of specific surface
area and void volume within the different void subsys-
tems are compared in Table 4. Estimated errors of the
model parameters are similar to the values given for the
APS deposit.

Table 3. Modelled mean opening dimensions and
orientation distributions for the WSP deposit.

<OD>| <2Rg> | Ou | 9u | O
(um) | (um)
£=1/10 0.139 - 0.2210.61|0.17
p=1/5 0.279 - 0.27 10.54 | 0.19
Globular - 2.720 - - _
pores

Specific surface Volume

area [106 m? m'3] fraction
£=1/10 0.876 = 69 % 48 %
£=1/5 0.338 = 27 % 35 %
Globular pores | 0.046 = 4% 17%

Ziotal 1.260 100 % |0.119 =100 %

Fig. 6 displays a SEM micrograph of a WSP deposit
cross-section. Most of the spherical voids within the
metallic matrix appear to be smaller than <2Rg> =
2.72 micrometer given by the model results (see table
4). This can be attributed to the influence of larger
voids present between single splats.

Fig. 6. SEM micrograph of a polished cross-section of
the WSP NICrAlY deposit. The spray direction is verti-
cal.

Autor: T. Keller, W. Wagner, J. llavsky, A. J. Allen, N. Margadant, S. Siegmann, G. Barbezat, J. Pisacka and R. EnzI
Publiziert in: ITSC 2002 International Thermal Spray Conference, Essen, 2002, ISBN/ISSN: 3-87155-783-8

Seite: 91-95



4 Discussion and conclusion

The modelling of the MSANS broadening of thermally
sprayed metallic NiCrAlY deposits allows three distinct
void systems to be distinguished. In previous investi-
gations on ceramic yttria-stabilized zirconia [2], the
different void subsystems could be identified as: fine
intralamellar cracks comprised of oblate spheroidal
elements preferentially aligned perpendicular to the
substrate, interlamellar pores also comprised of oblate
spheroidal elements mainly aligned parallel to the
substrate, and globular pores. Intralamellar cracks
most likely originate from a release of residual
stresses built up during the spray process. For the as-
sprayed deposits, more than 0.20 of the total volume
fraction was found to be in the intralamellar cracks [2].

In the present investigation on metallic NiCrAlY coat-
ings, the fraction of total void volume in the globular
pore system is 31 % for the APS deposit but only 17 %
for the WSP deposit, corresponding to a void volume
fraction of 0.025 for APS and 0.020 for WSP. The
mean globular pore diameters, <2Rg>, are 1.89 mi-
crometers and 2.72 micrometers, respectively. Their
ratio of 1.4 suggests a larger globular pore diameter
for the WSP deposit, which holds similarly for the
mean opening dimensions of the two spheroidal ele-
ment systems, since <R>p/<R>¢ = 1.0 and <R>g/<R>¢
= 1.3 were used for both deposits. Hence, the model
suggests for the WSP deposit a on average 1.4 times
larger size of the void elements compared to the APS
sample, which is qualitatively in agreement with the
SEM micrographs in Figs. 3 and 6. The main distinc-
tion between the deposits, predicted by the model, is
found in the void volume fraction of the = 1/10 void
system: only 7 % for the APS deposit compared to

48 % for the WSP deposit. Further, for the WSP de-
posit, the orientation distribution is similar to that of the
£ =1/5 void system.

For the APS deposit, an assignment of the g = 1/10
void system to intralamellar cracks and of the = 1/5
void system to interlamellar pores is supported by the
orientation distributions with preferential alignment
perpendicular and parallel, respectively, to the sub-
strate (g, 9w, gn Vvalues in Table 1). The relatively low
- compared to the ceramic yttria-stabilized zirconia -
volume fraction of 7 % in the intralamellar crack sys-
tem can be explained by a reduced generation of re-
sidual stresses and hence less cracking in the more
ductile metal matrix.

However, for the WSP deposit, the model interpreta-
tion is different. For both the = 1/5 and = 1/10 void
systems the short dimension of the spheroidal ele-
ments is mainly aligned within 0°-30° and 30°-60° to
the spray direction as indicated in Table 3 (note, that
for random distribution g, = 0.134, gy = 0.366 and g4 =
0.5, as mentioned in section 3). Hence, the = 1/10
void system should be regarded as a further, interla-
mellar pore system. The two interlamellar model pore

systems thereby represent size distributions, that can-
not be described by a single void model. A possible
explanation, why a "crack" - type pore system is not
explicitly found in the WSP deposit, might be the fact
that for the water-stabilized plasma spray technique
residual stresses are less significant than for the APS
deposit.

Overall, the present results for the metallic NiCrAlY
deposits suggest only a minor void component of fine
"crack - like" pores with a preferred orientation per-
pendicular to the substrate. On the other hand, the
interlamellar void systems account for most of the total
porosity: 62 % of the APS deposit, and 83 % of the
WSP deposit if the contributions from both interlamel-
lar systems are added. These results strongly suggest
that, for these deposits, macroscopic anisotropic ma-
terial properties (e.g. elastic modulus, electrical [4] and
thermal [11] conductivity) are dominated by the splat /
interlamellar pore morphology.
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