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X-ray Residual Stress Measurement in Metallic
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Processing-induced residual stresses play an important role in the production and performance of ther-
mally sprayed coatings. Their precise determination is a key to influence the coating properties by modi-
fication of process variables and to understand the processing-structure-property relationship. Among
various methods for residual stress measurement, x-ray diffraction holds a specific position as being non-
destructive, phase distinctive, localized, and applicable for real parts. The sin? y method is commonly ap-
plied for bulk materials as well as coatings. However, the results are often reported without sufficient
experimental details and the method is used in its simplified form without justification of certain assumptions.

In this investigation, the sinZ y x-ray diffraction method was used to measure residual macrostress in
plasma sprayed metallic (nickel, NiCrAlY, and molybdenum) and ceramic (ZrO, + 8%Y,0,) coatings.
Reproducibility of the method was tested and the assumptions allowing its use are discussed and experi-
mentally verified. For nickel coatings, a comparison with hole drilling and neutron diffraction measure-
ments is presented. The influence of processing factors such as deposition temperature and coating
thickness is studied and the results are discussed.

e Cooling of the completed deposit and substrate couple from
deposition to ambient temperature, when the stresses de-
velop due to differences in thermal expansion. The so-called

[Keywords residual stress, x-ray

1. Introduction thermal mismatch stress can be compressive or tensile.
Thermally sprayed nickel alloys and yttria-stabilizgd zir- In addition, the stress levels are affected by a number of other
conia (YSZ) are among the most commonly used materials for factors, such as temperature gradients during and after deposi-
ther_mal bgrrler and o'ther high temperature coatings. The ce- tion, stress relaxation processes (plastic deformation, cracking,
ramic coating, due to 1ts low thermgl cqnductlylty and thermal intersplat sliding, self-annealing, etc.), phase transformations,
shock resistance, provides the desired insulation, whereas the chemistry changes, compliance of the substrate and coating, etc.

metallic deposit serves as an intermediate bonding layer be-
tween the top coating and the substrate. Molybdenum finds ap-
plications in various wear-resistant and low-friction coatings.
Large temperature differences experienced during thermal
spray processing lead to residual stresses in the component, and

they strongly affect its performance. In service, applied stress is methods. There are a number of approaches to stress determina-

supeqmpgsed on the. residual stress and, depending on t.he1r e tion, each of which has certain advantages, drawbacks, and limi-
spective sign, may either add up or reduce each other, with con- tations (Ref 1)

sequential effects on failure. Therefore, it is important to
understand the stress state before the component enters the service
and through better understanding of the stress development, mod-
ify the spraying process so that it leads to a favorable condition.

The complexity and simultaneous occurrence of these phe-
nomena, together with limited knowledge of the properties of
the constituent (which vary a great deal with processing parame-
ters), hinders advancement of reliable models to predict the
stress levels and emphasizes the importance of experimental

The most popular methods of residual stress measurement in
coatings can be roughly divided into three groups: material re-
moval methods, substrate curvature measurement, and diffrac-
tion methods.

Residual stresses have two main origins: Material removal methods are based on measurement of
small dimensional changes associated with removal of the

e  Rapid quenching of molten droplets upon impact on the ; ' e A
stressed part of the specimen, either by drilling a hole in the coat-

substrate with restricted contraction. Such a large tempera-

ture drop (~ 2000 °C) would lead to stress that the material ing/substrate (Ref 2) or by grinding off a coating layer (Ref 3).
could not withstand; therefore, the resulting level is limited The strain changes are monitored with strain gauges attached to
by the intrinsic strength of the splat and adhesion to the un- the coating or the substrate, respectively. These methods have a
derlying substrate. The stress originating from splat significant advantage in capability to determine through-
quenching is always tensile. thickness stress gradients. Also, similar principles could be used

to evaluate the mechanical properties of the coating (Ref 4).
J. Matejicek and S. Sampath, Center for Thermal Spray Research, However, there are two major problems with the use of these

State University of New York, Stony Brook, NY 11794-2275; and J. methods: risk Of damage to the coati.ng and Stre§s alteration
Dubsky, Institute of Plasma Physics, Za Slovankou 3, 182 11 Praha 8, (Ref 5) and difficulty to control a uniform material removal.
Czech Republic. Further limitations are imposed by the necessity of knowing the
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mechanical properties of the constituents and by dimensional re-
quirements.

Another very common method of stress determination is
based on optical or mechanical measurement of substrate curva-
ture, induced by stress in the coating (Ref 6-8). This method, in
its simplest form, can determine only average stress value in the
coating, and has severe limitations on specimen shape and di-
mensions. More information about stress distribution can be ob-
tained if dimensional changes of both the coating and the
substrate are measured after detachment (Ref 9). The analysis
becomes quite complex if thicker coatings or multilayers are
studied, and especially if plastic deformation of the substrate oc-
curs. Among the most important advantages of this approach are
relatively simple experimental setup, direct determination of
coating stress (most of the other methods measure strain), ability
to observe stress changes in situ during deposition (Ref 10), and
separation of the contributions of quenching and thermal mis-
match stresses (Ref 11).

This article deals with x-ray diffraction (XRD), whose char-
acteristics are:

e Itis nondestructive; therefore, the same specimens can be
used for other investigations, or repeated measurements
can be performed on specimens undergoing various treat-
ments, fatigue, and so forth (Ref 12).

e Itis phase distinctive, that is, capable of stress determina-
tion in each phase.

¢ It has moderate restrictions on specimen dimensions and
shape; therefore, it can be used for measurements on vari-
ous specimen sizes and components.

¢ Due to the low penetration of x-rays, the investigated vol-
ume is limited to a thin surface layer (in order of tens of
um), comprising of few splat thicknesses. This feature rep-
resents certain advantages and limitations at the same time.

In the following section, the principle of macrostress deter-
mination by XRD is briefly outlined. The experimental tech-
nique used is described, including characteristics of the
specimens and measurement conditions. The results are then
presented and discussed in light of certain assumptions allowing
asimplified form of general formulas to be used. Finally, the role
of material and processing characteristics is discussed, particu-

Fig. 1 Schematic of specimen and measurement coordinates. x, y,
and z axes in the specimen coordinate system; hk/, Miller’s indices of
the diffracting crystal planes; N(hkl), normal to these planes (scatter-
ing vector, direction of measured strain); ¢ and y, angles defining the
N(hkl) direction with respect to axes X, y, and z
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larly the effect of deposition temperature and coating thickness
on residual stress.

2. XRD Stress Measurement Method

The diffraction method of stress determination is based on
the measurement of changes in crystal plane spacing in different
directions with respect to the specimen surface, which exhibit
themselves as shifts in angular positions of respective diffrac-
tion peaks. From this strain determination, stress can be calcu-
lated with the use of appropriate elastic constants.

The crystal plane spacing in a given direction is determined
from the peak position using Bragg’s law:

nk=2dsin® EqD

where n is the reflection order (usually only the first order is en-
countered for most common crystal structures), A is the radiation
wavelength, dis the plane spacing, and 0 is the diffraction angle.
The strain is then given by:

e=(d—dyid, (Eq2)

where € is the strain in a particular direction, d is the stressed,
and dj the unstressed interplanar spacing. The general relation-
ship between strain and stress is as follows (Ref 13):

g;= s, cij+8ij 5,(Cyx +Oyp +04) (Eq3)

g;; being components of the elastic strain tensor, 6;;components
of the stress tensor in the specimen coordinate system (in this ar-
ticle, x and y axes are parallel to the specimen length and width
in the coating plane, and the z axis is perpendicular to the coating
plane, see Fig. 1), 8;;= 1 fori=j,§;;=0fori# j,and }4S,, and
S are crystallographic elastic constants. For isotropic materials,
they are related to Young’s modulus and Poisson’s ratio through
the following relationship:

V2 8,= (1 +VVE (Eq4)
and
S, =-VIE (Eq5)

For anisotropic materials, they can be either calculated from single-
crystal elastic constants S;; or determined experimentally. The
strain in a given direction is then related to principal stresses as:

e=15,[(0,y cos @ + Gyy Sin 29 + G,y sin” @ — 6.,

sin?y +0,,]

+15, (0, cos ¢ +0,, sin @) sin 2y

+8,(Oyy+Cyy+0,p) (Eq6)
where the angles y and ¢ denote the measurement direction; W
is the angle between the sample surface normal and crystal plane
normal, and @ is the azimuthal angle in the surface plane (Fig. 1).

The commonly used “ sin’ y” method uses a simplified form
of this formula:
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£=15,6,5n° Y +S, (Oyy +6y)) (Eq7)
with
Gy = Oy COS> @ + Gy 5in 2 0+ Gy sin” @ (Eq8)

which applies under the following conditions (Ref 13):

e  The stress is constant within the investigated volume; that
is, there are no significant gradients, and 62z (stress per-
pendicular to the surface plane) equals 0 within the penetra-
tion depth.

e Two of the stress principal axes are parallel to the surface
plane.

e  The material has a random distribution of crystal orienta-
tions (no texture).

The applicability of this approach is examined in this article.

3. Experimental Details

Materials and Specimens. Table 1 summarizes some of the
relevant specimen characteristics. For each of the NiCrAlY and
YSZ coatings, a set of five specimens on 50 by 25 by 2.5 mm
steel substrates was used for reproducibility assessment and one
specimen on 120 by 25 by 2.5 mm substrate was used for com-
parison of applied and measured strain in three-point bending.
For nickel and K20 coatings, one specimen of each type, as de-
scribed in Table 1, was examined. For the study of deposition
temperature effects, molybdenum coatings were deposited on
50 by 25 by 2.5 mm steel substrates and 50 by 25 by 3.3 mm alu-
minum substrates at three different temperatures: 190, 260, and
440 °C. Different temperatures were achieved by varying the
amount of substrate preheating and air cooling during deposi-
tion. For the thickness effect study, six molybdenum specimens
were prepared on 0.7 mm steel substrates, with thickness vary-
ing from 0.1 to 0.9 mm. These were all deposited at the same
time. Different thicknesses were achieved by removing one
specimen at a time from the chamber when a given thickness
was reached, while the deposition of the remaining specimens
continued until the final thickness.

Table1 Specimen characteristics

——

The YSZ coating consisted primarily of tetragonal ¢* phase,
with about 1% monoclinic phase. Cubic phase, if present, was
not distinguished from the ¢’ phase. Nickel, NiCrAlY, and mo-
lybdenum coatings were 100% cubic phase.

Measurements. Macrostress and phase analysis measure-
ments were performed on Siemens D500 w-diffractometer (Sie-
mens AG, Karlsruhe, Germany) with nickel-filtered copper
radiation (A =0.15405 nm). For nickel and nickel alloy coat-
ings, the (331) and (420) reflections were used, with 28 posi-
tions of ~145 and ~156°. For YSZ coatings, the (206) and (620)
reflections at ~142 and ~ 1 44° were used. For molybdenum coat-
ings, the (321) reflection at ~133° was used. The peak position
was determined at 10 different  tilts (2 x 0, %15, +30, +45,
+60), from at least 75 points forming the peak profile. The strain
values were then converted to stresses using bulk elastic con-
stants E'= 217 GPa and v = 0.29 for nickel and nickel alloys, E
=200 GPa, and v =0.3 for YSZ, and E =300 GPaand v = 0.29
for molybdenum. Microstrain measurements were performed
on a Philips PW1729 diffractometer (Philips Analystical X-Ray,
Mahwah, NJ) with nickel-filtered copper radiation on a set of at
least five distinct reflections. Microstrain values were calcu-
lated from the dependence of peak width on diffraction angle ac-
cording to Ref 14. For comparison of applied and measured
strain, a simple three-point bending device was mounted in the
diffractometer, and the loading element displacement was meas-
ured with a dial gauge.

4. Results and Discussion

4.1 Examination of the Method

Instrumental Effects. The instrumental effects must be
separated from the physical phenomena observed. One impor-
tant phenomenon occurring during this kind of measurement is
the loss of focusing when y # 0, with a subsequent decrease in
peak height and increase in width (Ref 15). This effect was mini-
mized by using (hkl) reflections with high diffraction angle. In
order to assess the influence of defocusing on peak position,
measurements were performed on NiCrAlY starting powder and
YSZ sprayed and water-quenched powder specimens at exactly
the same conditions as the stress measurements on coatings. The

Coating thickness,  Substrate dimensions, State of
Material Composition, wt % Powder Process mm mm the coating
NiCrAlY Ni + 16.5Cr + 5.5A1 + 0.5Y Praxair Ni-346-1 APS 02 50x25%2.5 As-sprayed
NiCrAlY Ni + 16.5Cr + 5.5A1 + 0.5Y Praxair Ni-346-1 APS 0.2 120 x 25 %25 As-sprayed
YSZ ZrO2 + 8Y203 H.C. Starck 825.1 APS 0.2 50x25x25 As-sprayed
YSZ ZrO2 + 8Y203 H.C. Starck 825.1 APS 0.2 120x25 %25 As-sprayed
Ni Ni Amdry 917 APS 0.1 50x 15x 2.5 As-sprayed
Ni Ni Amdry 917 VPS 0.6 25X 25%2.5 Ground
Ni Ni Amdry 917 VPS 0.6 25%20% 2.5 Polished
K20 Ni+2.58i + 1.5B Metalurgicke zavody K20 WSP 1.0 28x17x25 As-sprayed
K20 Ni +2.5S8i + 1.5B Metalurgicke zavody K20 WSP 1.0 28x17x25 Ground
Mo Mo Osram Sylvania Mo SD152 APS 0.003 S0x25%x25 As-sprayed
Mo Mo Osram Sylvania Mo SD152 APS Varying 50%x20x0.7 As-sprayed
Steel Fe + 13Cr + 1Mn + 1Si SVUM AISI410 HVOF 0.68 120 x25x2.5 As-sprayed

APS, atmospheric plasma spraying; VPS, vacuum plasmaspraying; WSP, water-stabilized plasma (ambient atmosphere); HVOF, high-velocity oxygen fuel
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results, 13 = 3 MPa for NiCrAlY and —-11 + 10 MPa for YSZ,
served as the instrument calibration. All other “artificial” ef-
fects pertinent to this individual instrument (Ref 16) were taken
into account by this procedure.

Reproducibility. The reproducibility of the stress measure-
ments and of the spraying procedure were checked on sets of
five specimens for NiCrAlY and YSZ coatings. For some speci-
mens, measurements were repeated by another experimenter as
well. Table 2 summarizes resulting values of in-plane stress in
the direction parallel to the specimen length. It can be seen that
the results are consistent within the experimental error. Standard
deviations of stress values are approximately 15 MPa, which is
comparable in accuracy fo routine measurements on bulk materials.

Texture and Anisotropy. Texture is an important feature of
many coatings. Because the term “texture” is commonly as-
signed to three different phenomena, they are briefly reviewed
here for distinction:

e  Preferred orientation (crystallographic texture): Nonran-
dom distribution of crystal orientations with respect to the
specimen. It manifests itself by intensity variation of a par-
ticular (hkl) reflection in different directions. This phe-
nomenon frequently occurs in coatings, especially those
produced by chemical vapor deposition (CVD) and physi-
cal vapor deposition (PVD) techniques. In the case of plasma
spraying, rapid cooling can result in preferred growth of cer-
tain crystal planes in the heat flow direction (Ref 17).

e  Shape of crystal grains: Columnar grain structure inside the
splats is typical for plasma sprayed coatings, with the col-
umns growing mostly perpendicular to the coating plane. In
addition, ultrafine structures were observed in certain cases
(Ref 18).

e Lamellar structure of the coating: Consists of thin, elon-
gated splats and voids of various shapes and orientations
(Ref 19, 20). This is a major factor contributing to the mac-
roscopic anisotropy.

Table2 Stress results from NiCrAlY and yttria-stabilized
zirconia specimens

Specimen Oyx, MPa Oy COI'T
NiCrAlY

1 115+ 15 112+ 19
1R 89+ 12 87+ 12
2 80+ 16 110 + 18
3 100+ 13 114+ 14
4 108 £ 10 108 £ 10
5 85+ 11 105+ 14
Average 99+ 15 104+ 10
Yttria-stabilized zirconia

1 10+12

2 20+5

3 23+ 11

4 S5+8

5 23+7

5R 23+6

Average 15+10

Oxyx is the stress in the coating plane. In the specimen labels, R denotes
repeated measurement on the same specimen. The third column presents data
corrected for plasticity-induced texture. (For details see text.)

For all the measurements in this study, intensity variation
with the y angle was monitored for diffraction peaks used in
stress measurement. No significant difference was observed be-
tween coatings and powder reference samples, which suggests
that no strong crystallographic texture was present. Strong tex-
ture is more likely to develop only in a very thin layer close to the
substrate, where the most rapid cooling takes place, and rather in
high thermal conductivity materials (Ref 21, 22).

Nevertheless, a slight common variation in the intensity ver-
sus sin 2 Y plots were observed in NiCrAlY specimens. Similar-
ity with d versus sin® y suggested plastic interaction between the
grains as a probable mechanism. These data were treated ac-
cording to the procedure of Marion and Cohen (Ref 23) and are
reported in the third column of Table 2. It can be seen that the
data are not altered to a major extent, but their scatter is some-
what lower after this correction.

Elastic anisotropy, thatis, dependence of stiffness on (hk/) di-
rection in the crystal, was investigated on (331) and (420) reflec-
tions of nickel coatings (see Table 3). The stresses calculated
using macroscopic values of E and v agreed within experimental
error. The average ratio of 6xx(420) and oxx(331) was found to
be 1.25, which is relatively close to the ratio of respective elastic
constants (1.16) reported in (Ref 24). This indicates small rela-
tive anisotropy in these directions.

The effect of the macroscopic anisotropy of the coating was
studied by Ceretti et al. (Ref 25). Elastic constants in three prin-
cipal directions were determined by comparing applied and
measured stresses in plasma sprayed steel coating. No signifi-
cant differences between the values for different directions were
observed.

Triaxial/Biaxial Stress. The validity of the biaxial stress as-
sumption (i.e., 67z = 0 within the depth investigated by x-rays)
was examined for all three types of coatings. First, the stress in
the width direction, y, in the coating plane was measured for
NiCrAlY and YSZ coatings. The values (93 + 19 MPa for
NiCrAlY, specimen 1, and 14 + 8 MPa for YSZ, specimen 5)
agreed with those in x-direction within experimental error.
However, this may not apply for thick coatings of largely un-
equal x and y dimensions and for more complex shapes (e.g.,
cylinders). Therefore, measurement in both directions is recom-
mended. Second, the stress in the z-direction (perpendicular to
the coating plane) was determined from these two measure-
ments, following the procedure described in Ref 24. The value
was effectively zero for both coatings and was confirmed by a dy
calculation from the 6} + Gy = Oxy + Gyy equality (61} + G2
being the sum of principal stresses in the coating plane). This
was expected, in view of the coating generation (contraction of
the solidifying splats is restricted only in the direction parallel to

Table 3 Residual stresses in various nickel-base coatings,
determined from (331) and (420) reflections (calculated
using the same macroscopic elastic constants)

Specimen 0%3,1), MPa c(:f,o), MPa
Ni-APS S1+12 74+ 12
Ni-VPS-polished -114+7 -117+7
Ni-VPS-ground -161+6 205+ 12
K20 23+12 386

APS, atmospheric plasma spraying; VPS, vacuum plasma spraying
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the surface) and low penetration depth of x-rays. Nevertheless,
nonzero values of 6z within the penetration depth can occur in
multiphase materials.

Surface Effects. Because of the low penetration of x-rays
(~16 pmin nickel, ~8 pmin YSZ), the surface state of the speci-
men can influence the results. For example, if the surface rough-
ness is comparable to the penetration depth, stress relaxation on
the asperities can contribute to lower measured values than
would be observed under a smooth surface. Table 4 reports the
surface roughness of the specimens under investigation. When
comparing the roughness with the effective penetration depth,
one can conclude that the values determined by x-rays may be
slightly underestimated with respect to stress deeper below the
surface. Conversely, surface modification techniques, like
grinding and polishing, that decrease the roughness, can alter the
stress state to a significant degree, as mentioned in the following
paragraphs for nickel alloy coatings.

In the ground K20 coating, a significant y-splitting (differ-
ence between positive and negative  tilts) was observed, which
makes the commonly used linear fit to € versus sin“ y data not
applicable. This phenomenon is explained either by the pres-
ence of shear stresses with a nonzero component in the z-direc-
tion (Ref 26-28), dislocation density variations (Ref 29),
inhomogenecous inclinations of crystal lattice planes as grains
conform to their neighbors to prevent creation of voids (Ref 30)
or by presence of stress couples (Ref 31). Some of these theories
are alternative; some are rather complementary (Ref 31). Dis-
cussion of the origin of y-splitting lies beyond the scope of this
article; suffice it to say that the surface stress state can be signifi-
cantly altered by grinding, which makes this procedure unusable
for surface roughness reduction when x-ray stress measure-
ments are to be performed. The magnitude of this effect depends
on various factors, for example, the loading force, speed, direc-
tion of motion, and roughness of the grinding media. The mag-
nitudes of y-splitting in both ground and polished vacuum
plasma spraying (VPS) nickel coatings were negligible, but no
unmodified counterparts were available for comparison.

Stress Gradient. The difference in penetration of x-rays at
different incidence angles allows assessment of stress gradient
in the thickness direction (Ref 13, 32). If linear dependence of
stress on depth is assumed:

c(p(T)zo'(pO-rKT (Eq7)

(0‘(90 is the surface stress, K the stress gradient, and 7'the penetra-
tion depth), then the average observed stress:

(o‘p) =0+ K cos Wiy, Eq8)

(1pis the linear absorption coefficient) is substituted for Gy in Eq
6, and the measured strain data are fitted with a function com-
prising of three parameters (Gyg, K, Oxx + Oyy) instead of two.
This procedure could be generalized to any function describ-
ing the depth dependence of stress; for n new parameters, at
least n + 2 strain measurements are necessary. Assuming linear
dependence on the depth, gradient dGxx/dz for VPS nickel coat-
ings was determined to be —14 + 3 MPa/pim (i.e., more compres-
sive near the surface). Such a high gradient cannot be sustained
throughout the entire coating thickness; it is probably contained
only within the surface layer, due to the fact that it is attached

Journal of Thermal Spray Technology

—

only by one side to the rest of the body. Stress gradients in all of
the other coatings were small compared to experimental error.

Correlation to Macroscopic Defoermation. In order to cor-
relate the deformation measured within individual crystal grains
to the macroscopic deformation of the coating, scries of meas-
urements were taken during three-point bending of NiCrAlY
and YSZ coatings. The measured strain versus applied strain de-
pendence showed an initial increase, but after a relatively small
strain (150 x 1079 for NiCrAlY, and 40 x 107 for YSZ) exhib-
ited random oscillations with no clear correlation to applied
strain. After unloading, the measured strain remained approxi-
mately the same as at maximum load. In contrast to results of
Tobe et al. (Ref 33), who used much higher applied strains, the
macrostrain pattern was closely followed by microstrain, thus
supporting the validity of the results. Low strength of the coat-
ings and possibly loose bonding of the top layer of splats is
thought to be responsible for this behavior. No macroscopic
cracking was observed. The effective elastic constants calcu-
lated from the initial slope were 320 GPa for NiCrAlY and 78
GPa for YSZ, but these should be considered only very approxi-
mate, due to the low number of data available for calculation.
Nevertheless, measurements during a four-point bending test on
high-velocity oxygen fuel (HVOF) deposit of AISI 410 stainless
steel showed smooth linear behavior and good agreement of
measured stresses during loading and unloading stages. Young’s
modulus calculated from the measured versus applied strain
curves was 58 GPa, slightly less than 14 of the value of corre-
sponding bulk material, a value typically encountered in ther-
mally sprayed deposits (Ref 34). Aside from the porous
structure, this value may be affected by a relatively high amount
of (Fe,Cr)304 oxides (Ref 35).

Comparison with Other Methods. Results of hole-drilling
measurements of residual stress were available for the nickel
coatings; in addition, measurements by neutron diffraction were
performed. Table 5 summarizes the results. As can be scen, all
three methods yiclded qualitatively comparable results, al-
though the magnitudes were different. It should be noted that the
diffraction methods measure strain in coherently diffracting
crystalline domains, whereas the *“macroscopic” strain meas-
ured by hole drilling or deflection methods may encompass
crack opening and intersplat sliding. This, together with possi-
ble surface roughness relaxation, can account for the lower
stress value observed in atmospheric plasma sprayed (APS)
coating using XRD, compared to the result of the hole-drilling
method. The origin of higher XRD stress value in vacuum
plasma sprayed (VPS) coating could be associated with the ob-
served gradient. Neutron diffraction measures the same quan-
tity as x-ray diffraction, but over a different volume, the

Table4 Surface roughness of the specimens

Surface roughness (Rz),

Specimen pm

NiCrAlY 133
YSZ 73
Ni-VPS polished 1.0
Ni-VPS ground 2.0
Ni-APS 14.1

APS, atmospheric plasma spraying; VPS, vacuum plasma spraying
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values reported in Table 5 are averages over the entire coating
thickness. Further discussion of these results follows in the next
section.

4.2 Material and Processing Factors

NiCrAlY and YSZ Coatings. The tensile stress present in
the NiCrAlY coatings (Table 2) is thought to be a result of re-
strained contraction during splat quenching because the differ-
ence in thermal expansivity between the coating and the
substrate is relatively small to account for significant thermal
mismatch stress. The values are comparable in magnitude to
those measured by Kuroda et al. (Ref 36) in Ni + 20Cr coatings
and by Greving et al. (Ref 3) in Ni + 5Al coatings. The stress
values in the YSZ specimens are close to zero. This seems to in-
dicate that the ceramic coating is too brittle to coniain a high
stress and this relaxes by intersplat and intrasplat cracking. Me-

Table 5 Residual stresses in atmospheric plasma sprayed
and vacuum plasma sprayed nickel coatings, determined by
various methods

Specimen Ni-APS, Ni-VPS,
method Oyx, MPa Oyy, MPa
XRD 62 -116
HD 241 -55
ND 186 -37

APS, atmospheric plasma spraying; VPS, vacuum plasma spraying; XRD,
x-ray diffraction; HD, hole drilling; ND, neutron diffraction

APS VPS

coating

substrate

Tc~1450C

Te~1450C

- -
Tc~200C Te ~ 500-800 C
|L 20C B Te~20C

Fig.2 Schematic of the stress development during various stages of
coating deposition. (a) At impact (particle at melting temperature; both
coating and substrate are stress free). (b) After solidification (both
parts at deposition temperature; for atmospheric plasma spraying
(APS), coating is under tension, substrate under small compression; for
vacuum plasma spraying (VPS), stresses are reduced due to annealing
at high deposition temperature). (c) After cooling to room temperature.
(Thermal mismatch stress is added to previous stress; because coeffi-
cient of thermal expansion (CTE)(Ni) = 13 x 1076 and CTE(steel) =
14 x 10'6/C, this stage adds compression to the coating and tension to
the substrate). T is coating temperature; outward arrows indicate ten-
sile stress, and inward arrows indicate compressive stress.
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tallographic observation also showed weak bonding to the sub-
strate. Furthermore, in this case, the quenching stress and the
thermal mismatch stress have opposite signs and may thus can-
cel each other under the spraying conditions used. In fact, both
tensile and compressive stresses were observed in YSZ coat-
ings, depending on the substrate temperature (Ref 37, 38).

Nickel Coatings. Table 3 shows results from nickel coatings
processed by two distinct techniques: atmospheric and vacuum
plasma spraying. The APS coating was found to be under ten-
sion, whereas the VPS coating was under compression. This can
be explained by the higher deposition temperature in the case of
VPS, which amplifies the contribution of thermal mismatch
stress compared to the quenching stress. Because the coefficient
of thermal expansion (CTE) of the coating is slightly smaller
than the CTE of the substrate, the thermal mismatch stress is
compressive in the coating. The quenching stress is always ten-
sile, but its magnitude differs for both processes (see Fig. 2). For
APS, quenching stress values in the order of 100 MPa can be re-
tained in the coating (Ref 10), whereas in the case of VPS it di-
minishes due to self annealing at higher temperatures achieved
during VPS processing. Evidence to this effect can be seen in
Fig. 3, which shows a transmission electron micrograph of a lat-
eral section of a VPS nickel coating. Dislocation cells are visible
in the micrograph, indicating that recovery and polygonization
(precursor to recrystallization) have occurred (Ref 39).

Molybdenum Coatings. Figure 4 shows the effect of depo-
sition temperature on residual stress in thin molybdenum coat-
ings (approximately one layer of splats) on steel and aluminum
substrates. It can be seen that for both substrates the stresses
change from tensile to compressive as the temperature rises.
This can be explained by the different proportion of quenching
and thermal stress, which have opposite signs. The quenching
stress is tensile, whereas the thermal stress is in this case com-
pressive because the thermal expansivity of molybdenum is
smaller than that of steel and aluminum. When the deposition
temperature is higher, the thermal stress upon cooling to room
temperature is higher; therefore, the residual stress, being a sum
of quenching and thermal stresses, shifts toward compression.
This effect is more pronounced for aluminum substrate, where
the thermal mismatch is larger.

Fig. 3 Transmission electron micrograph of the vacuum plasma
spraying nickel coating. Dislocation cells show polygonization, a pre-
cursor to recrystallization (Ref 39).
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Figures 5 and 6 illustrate the influence of coating thickness.
Figure 5 shows the surface stresses in individual specimens of
given thickness. The stress in the thinnest layer is relatively
high, approximately 100 MPa; for higher thicknesses it retains a
roughly constant value, about 40 MPa. Tensile stress in the sur-
face layer is a result of quenching of the impinging splat; as it
cools down, its shrinkage is restricted by adherence to the sub-
strate and the splat is brought into tension (Ref 40).

The difference in stress between the first and subsequent
coating layers might be explained by a difference in adhesion
strength between the first and subsequent layers. The first layer
is deposited on a bulk material substrate, whereas later layers ar-
rive on previously deposited coating whose strength can be re-

100
g o S
£ \ [\ﬁ
< 100
2 N
2 ——Al N
% -200 3

—g— Steel
-300 !
0 100 200 300 400

deposition temperature (C)

Fig. 4 Residual stresses in thin molybdenum coatings on steel and
aluminum, deposited at different temperatures
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Fig. 6 Stress profile in the 0.9 mm thick molybdenum deposit, calcu-
lated from the measured data in Fig. 5
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duced by pores and imperfect interlamellar contact. This is prob-
ably the limiting factor that keeps the maximum stress at ap-
proximately constant value (Ref 36).

Figure 6 shows the stress profile in the fuli thickness coating
(0.9 mm) calculated from the previous data. The deposition
process was approximated by using six layers, each of which
was treated as deposited at once. This simplification only deter-
mines how finely or coarsely the actual stress profile will be
traced, but does not induce any overall bias, as shown by Tsui
and Clyne (Ref 41). The stress distribution after each step was
simulated using the Multitherm program (Ref 8) so that the sur-
face stress matched the measured value; the stress change in the
inner layers due to deposition of a new layer was calculated from
force and moment balance (Ref 11). The tensile stress in the
newly deposited layer puts the underlying materials into com-
pression, and the resulting moment is accommodated by bend-
ing of the substrate. The substrate compliance is the main factor
giving rise to the nonlinear stress profile (Ref 42).

5. Conclusions

The x-ray diffraction method of macroscopic stress measure-
ment was applied to selected metallic and ceramic coatings. The
capabilities and limitations of the method were examined and
discussed. The assumptions underlying the use of common
“sin? " method were scrutinized. The results show that most of
the assumptions are applicable; however, the unique structure of
the coatings makes its use somewhat complicated, and the sim-
ple routines used on bulk materials should not be mechanically
reproduced.

Comparison of three different methods for residual stress
measurement showed qualitative agreement. Differences in re-
sidual stress levels in same material coatings produced under
different conditions illustrate the capability of processing pa-
rameter selection to modify the stress to a desired state.
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