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Implementation and
Development of the Incremental
Hole Drilling Method for the Measurement
of Residual Stress in Thermal Spray Coatings
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The experimental measurement of residual stresses originating within thick coatings deposited by thermal
spray on solid substrates plays a role of fundamental relevance in the preliminary stages of coating design
and process parameters optimization. The hole-drilling method is a versatile and widely used technique for
the experimental determination of residual stress in the most superficial layers of a solid body. The consoli-
dated procedure, however, can only be implemented for metallic bulk materials or for homogeneous, linear
elastic, and isotropic materials. The main objective of the present investigation was to adapt the experimental
method to the measurement of stress fields built up in ceramic coatings/metallic bonding layers structures
manufactured by plasma spray deposition. A finite element calculation procedure was implemented to iden-
tify the calibration coefficients necessary to take into account the elastic modulus discontinuities that char-
acterize the layered structure through its thickness. Experimental adjustments were then proposed to over-
come problems related to the low thermal conductivity of the coatings. The number of calculation steps and

experimental drilling steps were finally optimized.

Keywords hole drilling, integral method, plasma spray, residual
stress

1. Introduction

Residual stress fields of variable intensity and distribution
affect thermal-sprayed coatings as a consequence of their manu-
facturing process, always involving the high temperature depo-
sition of a plastic material onto a cold, rigid substrate followed
by a rapid cooling and modification of the mechanical properties
of the deposited layers.

The quantitative determination of these stresses is an issue of
great interest, especially for the preliminary stages of coating
selection and design and for the subsequent phase of optimiza-
tion of the manufacturing process parameters (Ref 1, 2).

The problem is complex and critical, as a direct consequence
of the variety of critical parameters involved in the deposition
process and in consideration of the fact that various non-
independent sources of stresses are active in different stages of
the production process.

Residual stress in a thermal-spray coating (Ref 3, 4) o, can be
mainly described as the sum of two different contributions (Ref
3-6): the “quenching stresses” o, generated during the immedi-
ate contraction of individual lamellae deposited on a cold sub-
strate, and the differential thermal contractions (DTC) stresses
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oy, originating from differential thermal contractions of sub-
strate and coating:

o, =0,+0y (Eq 1)

In particular, quenching stresses arise from impact, spreading
and solidification of each molten particle (at temperature 7,,,) on
the substrate surface. They are always tensile and can be, in prin-
ciple, approximately estimated by the following equation:

Tm
o,=E, frs a(T)dT (Eq2)

where T, = coating melting temperature, 7, = substrate tempera-
ture, o, = thermal expansion coefficient, and £ = elastic modu-
lus of the coating.

Several sources of error, however, can affect Eq 2 (Ref'5): In
the first place, elastic modulus of sprayed materials £, is very
different from that of the corresponding bulk materials £, (with
values of the E./E, ratio as low as 1/10), mainly as a conse-
quence of coating porosity and lamellar microstructure. More-
over, stress relaxation phenomena (Ref 5) (creep and yielding
for metals, microcracking for ceramics) can be responsible for a
remarkable decrease of the final value of quenching stress, es-
pecially in the case of brittle ceramic coatings (Ref 1, 5). As an
example, a residual tensile stress of about 10 MPa can be experi-
mentally evaluated by in situ curvature measurements for
plasma sprayed alumina (Ref 5) while quenching stresses of the
order of the GPa would be obtained by simply applying Eq 2.

Thermally induced stresses, on the other hand, result from
misfit strains generated by DTC caused by thermal expansion
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coefficients (CTE) mismatch between coating and substrate; in
particular, DTC stresses are induced during the final cooling
stage from processing temperature (7;) to room temperature (7).

The equation correlating the mentioned misfit strains to the
thermal properties of substrate and coating is as follows (Ref 5):

se= [ a0 - el (Eq3)

where o is the coefficient of thermal expansion of the substrate.

Starting from Eq 3, residual stress can be evaluated, in the
case of linear-elastic material behavior by simply applying the
well-known Hooke’s Law:

EC

1-v,

On =

St - amnar (Eq4)

where v, is the coating Poisson’s ratio. Equation 4 shows that for
o, < a, compressive thermal stresses arise in the coating due to
final cooling after spraying. For a rough estimation of the order
of magnitude of DTC residual stresses, Eq 4 can be approxi-
mated:

EC
on =7, edT) — (T (71,-T) (Eq3)

Moreover, CTEs are a function of temperature, so that ther-
mal stresses can also arise within individual layers if through-
thickness thermal gradients are present. This is generally the
case when the heat flux generated by the plasma torch is repeat-
edly transferred to the substrate and to the deposited layers dur-
ing coating buildup.

Different experimental techniques are available for the direct
measurement or indirect evaluation of residual stress (Ref 6-8):
Among the most important are x-ray (Ref 9) or neutron (Ref 10)
diffraction methods, layer removal method (Ref 11-16), and
high-speed hole drilling techniques (Ref 10, 17-19).

The hole-drilling method (Ref 19), in particular, is a versatile
technique widely used for the characterization of the stress fields
in the most superficial layers of bulk metallic materials. The
main objective of the present investigation was that of imple-
menting and adapting the method to the experimental determi-
nation of the residual stress fields in plasma-sprayed composite
structures consisting of a ceramic (alumina) top coat and an in-
termediate metallic bonding layer (Ni 20 Al).

A modification of the theoretical model was implemented
to account for the discontinuity of elastic modulus along the
coating-bond coat thickness. Experimental adjustments were
also proposed to overcome problems related to the low thermal
and electrical conductivity of the ceramic coatings.

2. Materials and Methods

2.1 Plasma-Sprayed Coatings

Metal-ceramic layered systems were used for the experimen-
tal evaluation of the residual stress field. Plasma-sprayed alu-
mina coatings were deposited starting from commercially pure
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Table 1 Operating parameters for APS deposition of the
ceramic top coat

Parameter Value
Substrate Steel AIST 4037
Spraying distance 115 mm
Plasma gas, slpm 50 Ar, 12 H,
Plasma current 560 A
Plasma tension 73V
Number of torch passes 46
Cooling gas 4.5 bar
Total thickness 320 um

Table 2 Comparison between calibration coefficient B
calculated from the analytical solution and simulated by
finite element analysis

Hole diameter, mm B (exact solution) B (simulated) Error %

1.6 —7.1256 x 10713 —7.0434 x 10713 1.15
1.8 -8.7391x1071%  —8.7101 x 1073 0.33
2.0 —1.0411 x 1072 —1.0432 x 10 2 0.20
22 -1.2128 x 1072 —1.2161 x 1072 0.27
2.4 —1.3744 x 1072 —1.3043 x 1072 0.54

alumina powders (Metco 105NS, —325mesh +15 pum) (Sulzer
Metco Holding AG, Winterthur, Switzerland) onto AISI 4037
carbon steel substrates, with interposition of a metallic Ni20Al
bond coat (Metco 404NS powders, —170 + 270 mesh). Process
parameters of the air plasma spray process used for the deposi-
tion of the ceramic top coat are summarized in Table 1.

Ceramic coatings are characterized by an average thickness
of about 320 um and a total porosity of about 10% (as measured
by image analysis of polished cross sections, Fig. 1); a dual
phase microstructure of aAl,O5 and yAl,O; was identified by
x-ray diffraction. An average thickness of about 180 pm was
measured for metallic bonding layers.

For the mechanical characterization of the ceramic coating,
four-point bending tests were performed at room temperature.
Specimens 3 x 4 x 50 mm were tested according to ASTM
C1161-02¢ standard (Ref 20) by a MTS Bionix (MTS, Eden
Prairie, MN) universal testing machine with a load cell of 25 kN.
An average value of the elastic modulus £ of 55 GPa with a
standard deviation of 5 GPa was calculated for the alumina top
coat on the basis of the classic beam theory. A value of 80-100
GPa was assumed for the bond coat.

2.2 Hole-Drilling Technique

The hole drilling strain gage technique (Ref 18, 19, 21-30) is
a semidestructive method for the determination of residual
stresses in the superficial layers of a solid body.

The technique simply consists of two stages: (1) removal of
the stressed material by drilling a small hole (about 2 mm diam-
eter) on the surface of the body, and (2) measurement of the
relaxation strains occurring around the hole by means of an ex-
tensimetric rosette. Residual stresses are then calculated from
the measured deformations by means of an analytical model
based on the solution of the problem of the loaded wide plate
with hole.

In the case of non-uniform through-thickness stresses, the
test must be divided into several small depth increments, and the
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Fig. 1 Microstructure of an air plasma sprayed Al,O5 coating (pol-
ished cross section, optical microscope)

produced relaxation must be determined for every single incre-
mental step.

A strain/depth curve can thus be plotted from experimental
measurements, and can then be used to determine the residual
stress through-thickness variation. The number of calculation
steps used to determine the stress field with sufficient accuracy
is selected on the basis of an optimization process and is gener-
ally smaller than the number of actual experimental steps of the test.

2.2.1 Fundamental Equations: The Integral Method. The
analytical determination of residual stress from relaxation
strains is based on the expression of the field of radial deforma-
tion originating around a through-thickness hole in an infinite
plate subject to a generic tensile load.

The distribution of the radial relaxation strain &, generated by
the hole is then analytically determined and can be expressed:
)+ B(0p + 0

& =A(0 + 0 )cos(2ax) (Eq 6)

min. min
where « is the angle measured with the main direction 1 (Fig. 2).

In the case of an extensimetric rosette shown in the figure by
considering an appropriate reference system, the correlation be-
tween the relaxation strains measured by the three strain gauges
and the generic plane stress field (o, 03, T,3) can be expressed

(Ref 21):

A+B 0 A-B g, g
A -2B A T3 | =] €53 (Eq7)
A-B 0 A-B g, &3

by defining the following parameters:

_(33"'81) _(33"'31) t_(83+81_282)
- 2 ) q_ 2 £ - 2 »
(03+0y) (o03+09)
P= 2 ’ Q= 2 ’ T=Tl3 (Eq 8)

Equation 8 can be simplified (Ref 21):
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AP=p

BO=¢q (Eq9)
BT =t

The calibration coefficients 4 and B are analytically deter-
mined only in the case of through-thickness hole, and they can-
not be analytically expressed as a function of known parameters
in the case of a blind hole in the presence of a nonuniform
through thickness stress. In this second case, coefficients 4 and
B must therefore be calculated by calibration using finite ele-
ment simulations.

The integral method (Ref 22) is the most widely accepted
procedure for the analysis of non-uniform through-thickness
stress: the relaxation strain &;(/) along the non-dimensional hole
depth 7 is expressed as the integral of the infinitesimal strain
components deriving from the stress at the depth 0 = H = h
(with A, H, and other geometrical parameters defined as in Fig. 3):

ph) = f :Z(H,h)P(H)dH

h_
an = [ Bemoman

O=H=h (Eq 10)
(h) = f " B(H.WT(H)AH
where
P(h) =[o4(H) + o,(H)]/2
O(H) =[o4(H) — 0,(H)]/2
T(H) = 7,5(H)
p(h) =[e3(h) +&,(h)]/2
q(h) =[es(h) — &,(h)]/2 (Eq 11)

1(h) =[&3(h) + &,(h) — 2&,(h)]/2

The influence functions, A(H,h) and B(H,h), (likewise cali-
bration coefficients 4 and B), represent the relaxation strains per
unit depth caused by the unit stress at the depth H, for a hole of
depth 4. The determination of the functions cannot be carried out
analytically, and Eq 10 must therefore be discretized, dividing
their calculation into n, steps (Ref 23):

o=
EAUPFPi

J=1

=i

2 DBO=q I=j=i=n, (Eq 12)
=1
i_
BT, =1,
L5 it j

where the three unknown stress vectors, P, Q;, T; (defined as in
Eq 8), can be determined starting only from the experimental
values of relaxation strains p;, g;, ;, in the n_ calculation steps
after the finite element determination of the two calibration co-

efficient matrices.
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(a)

(b)

Fig. 2 Strain gauge rosette for the measurement of relaxation strains: (a) schematic representation with adopted reference system and (b) HBM

RY61-1,5/120S rosette attached to the substrate, with central drilled hole

rm

1z

Fig.3 Geometrical parameters for the definition of the integral method

The generic term 4,; represents the relaxation strain contri-
bution given by the unit hydrostatic stress in the jth step when the
hole depth is the sum of 7 steps, as described in Fig. 4. The co-
efficients B;; are calculated by analogous procedure for pure
shear stress.

3. Model Optimization

3.1 Calibration Coefficients for a Multimaterial
System

In the case of bulk materials, calibration coefficients can be
calculated independently of the type of material using appropri-
ate interpolation procedures (Ref 22, 23). This simplification,
however, cannot be adopted for multilayered systems, where
discontinuities of the elastic modulus are experienced in corre-
spondence with the coating-bonding layer-substrate interfaces.
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» Z: distance from the surface
» z: actual hole depth
5 » ry . average radius of the rosette
y » H =7/ r,: generic non-dimensional depth

» h = z/ r,: actual non-dimensional depth of the hole

Moreover, calibration coefficients must be calculated for every
individual combination of coating/bond-coat/substrate thick-
ness.

The finite element model for the determination of the cali-
bration coefficients was implemented using the calculation code
ANSYS 7.0. The adopted geometrical model consists of a plane
disk with a diameter slightly larger than that of the extensimetric
rosette (Fig. 5).

The mesh definition of the area immediately surrounding the
hole was the critical step in the realization of the model. A very
fine and regular mesh was defined around the hole (Fig. Sa),
while increasingly larger volume elements were selected for in-
creasing distance from the hole center. On the right hand of the
model illustrated in Fig. 5(a), showing the coating/bond-coat/
substrate composite system, the location of the strain gauge used
for the calibration can also be observed. Figure 5(b) details the
geometrical model adopted for the calculation of the 45, coeffi-
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Fig. 4 Representation of the significance of the calibration coeffi-
cients 4;;

cient: the hole is 3 steps deep, and the calibration stress is applied
on the second step.

The developed program uses an input Fortran file implement-
ing an ANSYS cycle giving as an output file the two calibration
coefficient matrices adapted for the coating system and for the
examined calculation steps distribution.

Discontinuities of the elastic modulus through the system
thickness can be properly taken into account, with the only sim-
plifying hypothesis of perfect adhesion between the different
layers.

Moreover, the number and distribution of the calculation
steps can be selected without restriction, which is very important
for the minimization of the stress calculation error, as will be
pointed out in the next paragraphs.

3.2 Hole Eccentricity

In experimental practice, it is virtually impossible to drill a
perfectly centered hole inside the strain gauge rosette. The hole
eccentricity (schematically shown in Fig. 6 [Ref 26]) can be the
cause of an error in the calculation of the residual stress (Ref
26-29); such source of inaccuracy can be minimized by devel-
oping suitable corrective factors determined on the basis of the
deformation field originated around the hole. The problem was
analytically solved by Vangi (Ref 26) for the case of uniform
through-thickness stress. In particular, the fundamental expres-
sions of the integral method are modified by correlating the ra-
dial strain measured in the generic point O; when the hole is
centered in O’ with the residual stresses calculated according to
the reference system (X;Y3):

1 0 0
{e} = {%, - %, 0} 0 cos(—2q;) sin(—2a;)
0 —sin(—2a;) cos(—2c;)
1 0 0 P
[al| O cos(2g) sin(2L) [§ Q@ (Eq 13)

0 —sin(2¢;) cos(2¢,) T

where o; and {; (Fig. 6) are the geometrical parameters charac-
terizing the eccentricity, easily correlated analytically to the ex-
perimentally measured terms e and 3, and [a]; represents the
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correspondent term of the calibration coefficients matrix previ-
ously calculated by finite element simulation. Equation 13 can
then be further modified (Ref 26) and adapted to the case of
variable through thickness stress.

3.3 Calculation Steps

Several recent studies (Ref 23, 25, 30) have demonstrated
that the choice of the number and distribution of the calculation
steps can strongly influence the error affecting the residual stress
determination.

According to the general principle of de Saint Venant, it can
in fact be assumed that the determination of the relaxation strains
generated by residual stresses at higher depth are affected by
errors larger than those relative to strains originating from more
superficial stresses. Therefore, very large errors (up to several
orders of magnitude) can be experienced by dividing the total
depth in numerous calculation steps of limited constant depth.

A first approximate solution was proposed (Ref 23) and con-
sisted of steps of increasing width for increasing hole depth, thus
attributing an approximately equivalent weight to the error in the
stress at various depth. A more rigorous investigation (Ref 25)
has demonstrated that the optimal condition, determined by
minimizing the mathematical expression of the error, is obtained
by limiting the calculation steps to a maximum of 10, and by
optimizing their distribution in such a way that the terms of the
main diagonal of the two calibration coefficient matrices are
equal:

A,,=constant 1=n=n,

B, =constant 1 =n=n, (Eq 14)

Seven calculation steps were selected for the experimental proj-
ect described in the present work, with a depth distribution op-
timized by applying Eq 14, as suggested in Ref 25. It must be
again pointed out that the number of calculation steps does not
correspond to the number of experimental drilling steps; in par-
ticular, the hole drilling procedure was divided into the highest
possible number of steps (20 steps for the present investigation),
and experimental strain measurements were performed at each
step; the plotted strain/depth values were then interpolated in
continuous &\k curves (as illustrated in the next paragraphs),
used for the calculation of the actual values of stresses along the
hole depth.

4. Experimental Procedure

Experimental tests were carried out using the Restan 44 drill-
ing machine (Sint Technology, Calenzano, F1, Italy) shown in
Fig. 7, allowing for precise centering of the end mill by means of
a coaxially assembled optical microscope and for the direct mea-
surement of the hole diameter and eccentricity by means of a
centesimal dial gauge.

The mill is powered by a compressed air turbine (p = 5 bar,
® = 350,000 rpm), and vertical displacement is generated by a
stepper motor and electronically controlled for single feed mo-
tion steps of 1 um. The whole device is mounted and magneti-
cally fixed to a metallic table. The position of the end mill on the
surface of the sample is controlled by an electric circuit, re-
sponding to the electric contact between the tip of the end mill
and the conductive sample.

Journal of Thermal Spray Technology



(a)

(b)

Fig.5 Geometrical model adopted for the calculation of the calibration coefficients in the area surrounding the drilled hole (ANSYS software): (a)
identification of substrate, bond-coat, top-coat and strain gauge and (b) detail for the calculation of the 45, coefficient

Y [

0 0y

Fig. 6 Schematic representation of an eccentric hole (from Ref 29):
Notations for the hole-rosette geometry in the presence of eccentricity
between the center of the hole (O") and the center of the rosette (O)

To allow for the correct functioning of the end mill position-
ing system also in the case of insulating ceramic materials, alu-
mina top coats were previously gold sputtered (Edwards Sputter
Coater) (BOC Edwards, Crawley, West Sussex, UK) and thus
made superficially conductive without altering the residual
stress state in the samples.

The low thermal conductivity of the coatings is also respon-
sible for a severe sample heating on drilling, too intense to be
simply accounted for by means of thermal balance strain gages.
A minimum cooling time of 100 s between individual drilling
steps was therefore selected to allow for complete cooling before
the measurement of the strain.

The hole drilling technique can easily achieve depths of
about 1 mm; however, inaccuracy of the results strongly in-
creases for increasing depths of the analyzed layers. The analy-
sis was therefore limited to the residual stress fields within the
ceramic top coat, with a total depth of about 300 pum.

The relaxation strains measured for the 20 drilling steps in the
depth range of 20-320 um are plotted in Fig. 8 and interpolated
with algebric polynomial functions of the sixth degree. After the
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Fig. 7 Hole drilling RESTAN apparatus: An optical microscope is
mounted coaxially to the end mill, and a centesimal dial gauge serves for
the measurement of hole eccentricity.

evaluation of the hole diameter and eccentricity, residual
stresses can be calculated and results interpreted.

5. Results and Discussion

As a preliminary validation of the finite element model for
the calculation of the calibration coefficients, the condition of
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Fig. 8 Relaxation microstrains as measured by strain gauges 1, 2, and 3, interpolated with algebric polynomials functions of the sixth order

through-thickness hole, whose exact analytical solution is
known (Ref24) was simulated. Using Eq 9, the coefficient B was
calculated for different values of the hole diameter. Results of
the simulation are summarized and compared with the exact so-
lution in Table 1. Average errors of less than 0.5% affect the
calculated results.

In Fig. 9, the variation of the principal stress components o,
and o5 through the alumina coating thickness is illustrated; the
minimum stress o3, approximately oriented according to the di-
rection of the plasma torch translation, evidences a compression
stress field along the whole coating thickness, assumable on the
basis of a comparison among the thermal expansion coefficients
of the alumina coating, of the NiAl bond coat and of the steel
substrate. Compression stresses between —28 and —70 MPa were
measured.

As a qualitative confirmation of the result, the value of the
residual DTC stress of a ceramic coating deposited onto NiAl
substrate and calculated on the basis of Eq 5 with the hypothesis
of a thermal mismatch of about 150 °C between substrate and
coating, gives a compression stress of about 41 MPa, not dis-
similar from the measured values. As a further validation of the
model used for the calibration of the experimental procedure, a
simulation program was designed for the origination of residual
stresses during the deposition of plasma sprayed coatings; re-
sults of the thermomechanical simulation, detailed and reported
inRef31, evidenced a very good agreement with the experimen-
tal results obtained by the hole drilling method.

Finally, to direct attention to the degree of complexity of the
developed model and to evaluate the quality and reliability of the
obtained results, a more detailed analysis of the error was carried
out in different scenarios (Fig. 10a-10d).

Figure 10 a shows the error that would affect the minimum
stress at different depths if calculated with calibration coeffi-
cients determined without taking into account the discontinuities
of elastic modulus and considering the examined structure as an
homogeneous coating of alumina, thus underestimating the total
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Fig. 9 Principal stresses (o, and ;) calculated along coating thick-
ness with 7 calculation steps

stiffness of the system. The error, increasing with increasing
depth, can be quantified as about 20% of the stress value. Figure
10(b) shows the difference in the stress field calculated using the
optimal distribution of calculation steps (7 steps of increasing
width) and a distribution of 16 steps of constant width. A mis-
match of more than 50% of the value can be noticed for most
depths. The error related to the hole eccentricity is evaluated in
Fig. 10(c); a correct determination of the hole eccentricity is
guaranteed by the optical system mounted coaxially to the end
mill. Eccentricities lower than 50 um were measured, giving rise
to a negligible error on the calculated stress (~1%). Finally, it is
important to estimate the error induced as a consequence of the
heating produced on drilling on the insulating sample, whose
contribution cannot be conveniently accounted for by means of
thermal balance strain gages. The ordinary procedure, set up for
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Fig. 10  Errors in the calculated residual stress (minimum stress): (a) caused by the use of incorrect calibration coefficients, (b) caused by nonopti-
mized number and width of calculation steps, (c) caused by eccentricity of the hole, and (d) caused by thermal strains generated on drilling

metals and other heat-conductive materials, was modified by in-
troducing suitable time intervals (100 s) between the drilling
steps, to allow for the extinction of the thermal component of the
strain. Figure 10(d) compares results of the same test calculated
using the values of strains measured after 100 s (modified con-
ditions) or 10 s from drilling (normal conditions). Thermal
strains induce sensible errors in the calculated stress, particu-
larly evident in the most superficial layers of the coating.

6. Conclusions

The hole-drilling technique was applied and specifically de-
veloped for the measurement of residual stress fields in plasma
sprayed ceramic coatings deposited on metal substrates with in-
terposition of metallic bonding layers.

The analysis of composite layered structures required the
implementation of an appropriate finite element model for the
determination of the calibration coefficient to be used in the cal-
culation of residual stresses from the measured relaxation
strains.

The model was validated by simulating the case of through-
thickness uniform stress distribution whose solution is analyti-
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cally determinable, and negligible errors of the order of about
0.5% were estimated.

The influence of possible eccentricities of the machined hole,
thermal effects caused on drilling as a consequence of the low
thermal conductivity of the coatings, and the selection of differ-
ent numbers of calculation steps was evaluated and quantified,
thus identifying the correct conditions of the experimental pro-
cedure.

Results applied to the case of a 320 um thick alumina coating
plasma sprayed onto Ni20Al 180 pm thick bond coat and a car-
bon steel substrate showed the presence of a variable compres-
sive stress field along coating thickness, whose main component
ranges from about 25 to 70 MPa.
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