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Residual stress analysis is becoming more important in terms of understanding the strength

and fatigue behaviour of ceramic materials. The residual stresses after computer aided

design/computer aided manufacturing (CAD/CAM) machining according to dental practice

were analysed for two different kinds of dental ceramics, a feldspathic porcelain and

a glass—ceramic. A mechanical strain gauge element was used to measure the deformation

of dental test inlays during material removal by etching the surface of the sample. From

these data the residual stress depth profile could be calculated for crystalline as well as

amorphous materials. The strain gauge results were compared to X-ray diffraction data. The

depth profile of the residual stress for both ceramics showed compressive stress at the

surface of the machined ceramics, changing towards tensile stress at a depth of 10 to 15 lm

from the surface. Ceramics with pronounced plastic deformation behaviour in CAD/CAM

machining revealed higher residual stresses as well as a more distinct stress anisotropy in

terms of grinding direction.
1. Introduction
Due to the increasing aesthetic demands of patients
together with a rising concern about the biocompati-
bility of dental amalgam for tooth restorations, ce-
ramic dental materials are becoming more important
in dentistry. Basically, the fabrication of ceramic
inlays can be divided into two routes [1]. A conven-
tional tooth laboratory prepares the inlay using a lost-
wax process and slip-casting, controlled crystalliza-
tion of glass or hot-pressing of precrystallized glasses.
This is a time-consuming procedure and the quality of
the inlay depends on the skill of the technician. In
addition, process dependent microdefects reduce the
fracture strength and increase the time-dependent fail-
ure probability of these restorations [2].

Efforts to automate the production of dental resto-
rations have initiated the development of computer
aided design/computer aided manufacture (CAD/
CAM) units to process dental ceramics starting from
prefabricated ceramic blocks (called preforms). These
preforms are manufactured under controlled condi-
tions resulting in a ceramic material with only small
variations in microstructure. The ceramic blocks can
be machined with diamond grinding wheels, accord-
ing to the scanning data of the cavity using a small
charge coupled device (CCD) camera inside the mouth
of the patient [3]. The inlay can be manufactured in
one appointment, the so called chairside-concept.
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Machining of materials induces residual stresses.
This is well-known for metals, where the formation of
these stresses and their impact on component behav-
iour have been evaluated extensively [4—9]. In the
field of ceramics and glasses, residual stresses are com-
monly used to increase the fracture strength of compo-
nents, but detailed information about manufacturing
related residual stresses is scarce [10]. In recent years,
this gap has begun to be closed [11—16]. For brittle
materials, surface residual stresses can have an enor-
mous effect on the fracture behaviour. It should be
pointed out that compressive residual stresses caused
by tempering of glass or ion exchange can increase
flexural strength by a factor of five [17].

In this paper, the residual stress profiles caused by
CAD/CAM machining of dental ceramics will be
evaluated using two different stress measurement tech-
niques: X-ray diffraction and mechanical strain gauge
measurements. Even though grinding is a common
procedure to machine dental ceramics, no information
has been published about the generation of residual
stress during machining. This is surprising, as the
resulting strength of a part is governed by externally
applied loading stresses as well as by internal residual
stresses [18]. Consequently, the evaluation of residual
stress levels is of considerable significance for the
understanding of properties and performance of
mechanically machined dental restorations.
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1.1. Residual stresses
Residual stresses are self-equilibrating stresses, that
exist in materials under uniform temperature condi-
tions without external loading. Therefore, the result-
ing forces and moments are in mechanical equilibrium
and neutralize each other over the volume of the
whole part.

Residual stresses result from inhomogeneous elastic
or plastic deformations in such a permanent manner
that incompatibilities in the state of deformation
occur [19]. These deformations can be induced
thermally, mechanically or via phase transformations.
From a technological point of view, manufacturing,
processing or joining of materials will always induce
some kind of irreversible deformation [20—23]. Thus,
in reality, no technical part is free of residual stresses.

A standardized system of designation classifies three
different kinds, called residual stresses of 1st, 2nd and
3rd kind [19, 20]. The 1st kind of residual stresses are
homogeneously distributed across large areas of a ma-
terial and are representing the mean stress level. These
kind of residual stresses are also called macro residual
stresses. A change in the equilibrium of such a stress
state will always result in a macroscopic change in
dimension. Residual stresses of the 2nd kind are uni-
form across microscopic areas (i.e., one grain or parts
of a grain). They are also called homogeneous micro
residual stresses. A change in the equilibrium of this
kind of residual stress can result in dimensional
changes, too. Residual stresses of the 3rd kind are
inhomogeneous, even across submicroscopic areas.
Vacancies, dislocations and impurity atoms typically
cause this kind of residual stress state. A change in the
equilibrium of such a stress will not result in a macro-
scopic change in dimension.

The total residual stress state at a distinct point of
the material can be expressed by the superposition of
all three kinds of residual stresses. Depending on the
type of measurement, different kinds of residual stres-
ses can be detected, as summarized in Table I.

Although the term stress measurement has come
into common usage, stress is an extrinsic property that
is not directly measurable. Therefore, all methods of
stress determination require measurements of some
intrinsic property such as strain, force or shape in
combination with a calculation of the associated stress
[27]. X-ray diffraction and mechanical strain gauge
procedures are most commonly used for the evalu-
ation of residual stress and these two methods will
be applied in this study. Throughout this paper, by
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definition, compressive residual stresses will have
a negative sign and tensile residual stresses a positive
sign.

2. Experimental procedure
Two commercially available dental ceramics were in-
vestigated; (i) Vitablocs Mark II' (Vita Zahnfabrik,
Bad Säckingen, Germany) and (ii) Dicor MGC'

(Dentsply, Milford, USA). Both materials were sup-
plied from the manufacturer as a preform for
CEREC' machining.

Vitablocks Mark II' is a fine particle feldspathic
porcelain situated in the quarternary system
K

2
O—Na

2
O—Al

2
O

3
—SiO

2
. The percentage of potash

feldspar in the raw material is about 80 wt%. The raw
materials mixture is milled and extrusion moulded to
yield the CEREC' preform. In the sintered product,
the glassy phase content is about 80 vol %. Fig. 1
shows the microstructure of an etched Vitablocs
sample. The glassy phase dominates the microstruc-
ture, but small crystallites of mixed nepheline
(Na, K[AlSiO

4
]), albite (Na[AlSi

3
O

8
]) and ortho-

clase (K[AlSi
3
O

8
]) with a mean size of 2—5 lm can be

observed.
Dicor MGC' is a tetrasilicic fluormica glass—

ceramic containing K
2
O, SiO

2
, MgO, Al

2
O

3
, B

2
O

3
and MgF

2
[28]. In contrast to the feldspathic porce-

lain, the crystalline content dominates the microstruc-
ture of the glass—ceramic (70 vol %). The preform is
manufactured by casting and subsequent controlled
crystallization. The microstructure of an etched Dicor
sample can be seen in Fig. 2, showing plate-like

Figure 1 SEM micrograph of the microstructure of the Vitablocs
Mark II' ceramic (etched 1 min, 5% HF).
TABLE I Residual stress measurements and their characteristics after [25, 26]

Type of measurement Measured quantities Residual stresses determined Character
1st 2nd 3rd kind

Mechanical Macroscopic strains ] Destructive
X-ray diffraction Homogeneous lattice strains (at the surface) Non-destructive

Line Shift ] ]
Line Broadening ] ]

Neutron diffraction Homogeneous lattice strains ] ] Non-destructive
Magnetic ] ] ] Non-destructive
Ultrasonic ] ] ] Non-destructive



Figure 2 SEM micrograph of the microstructure of the Dicor
MGC' glass—ceramic (etched 1 min, 5% HF).

fluormica crystals (KMg
2.5

Si
4
O

10
F

2
) with a mean

size of 1—2lm. The properties of these two ceramics
are summarized in Table II.

The ceramic preforms were machined with
a CEREC 1' system (Siemens AG, Bensheim,
Germany), a dental CAD/CAM machining device
with a high speed diamond grinding wheel. The aver-
age grain size of the diamond particles was 64 lm and
the unloaded surface speed of the grinding disc was
45 m s~1. During operation, the surface speed of the
disc is reduced to 21 m s~1. Surface tension was re-
duced by adding a combined detergent and lubricant
(CEREC' Dentagrind 2000, Siemens AG, Bensheim,
Germany) to the cooling water. The samples were
machined to the shape of a computer generated
rectangular test inlay (10]10]0.4 mm) according to
dental practice. The geometric arrangement of sample
and grinding disc is shown in Fig. 3.

Measurement of the temperature increase on the
surface during the CEREC' machining were per-
formed with thermocolours (Thermal indicating paint,
Thermographics Measurements, MA, USA) on the
upper surface of the ceramic specimen following
the techniques of Vieregge [29]. Machining was
stopped when the contact zone between the ther-
mocolour and the ceramic was exposed. The temper-
ature generated on the surface of the specimen could
be estimated by comparison with standard calibration
samples.

The surface morphology was examined by scanning
electron microscopy (SEM) using a Leitz microscope
(Leitz-ISI SR 50', Akashi Corp., Japan). To evaluate
the microstructure of the ceramics (see Figs 1 and 2),
the samples were etched for 60 s using Vita CEREC'-
etch (5% HF).

The residual stress measurements using X-rays
(method 1) were performed using a Siemens D 5000
diffractometer, equipped with an open Eulerian cradle
and a position sensitive detector. The analysis was
performed with Cr-Ka radiation (wavelength
k"0.2291 nm) according to the widely used sin2w-
method [30—32]. For the Dicor ceramics, the (211)
diffraction peak of fluormica at 2h"122.4°
was chosen, whereas for the Vitablocs no suitable
diffraction peak could be found because of the high
amount of glassy phase. The calculation of the resid-
ual stress values was performed on a personal com-
puter using the ‘‘Stress AT’’ software (Socabim,
Siemens AG, Germany) and the material constants
listed in Table II. More details about this procedure
can be found in the appendix and in the literature
[33].

Residual stress measurements were also performed
using a mechanical strain gauge procedure (method 2).
This method is based on the continuous measurement
of changes in shape due to removal of stressed
material layers on one side by an etching treatment. A
strain gauge element (LY 61 1.5/120, HBM, Dar-
mstadt, Germany) was used for the detection of the
curvature of the sample by amplifying and recording
the changes in resistance versus the etching time
with a scanning rate of 1 Hz. A second sample, covered
with an etch-resistant coating, was used for compen-
sating the temperature drift during the measurement.
Fig. 4 is a schematic illustration of the experimental
setup.

The etching rate of the ceramics using 10% HF was
calibrated independently to be 5 lm min~1 for the
Dicor MGC' and 10 lm min~1 for the Vitablocs,

Figure 3 Geometric arrangement of sample and grinding wheel.
TABLE II Properties of the Vitablocs and Dicor dental ceramics

Vitablocs Mark II' Dicor MGC'

Major components SiO
2

K
2
O, Na

2
O, Al

2
O

3
, SiO

2
, K

2
O, MgO, MgF

2
Crystalline phase content (vol %) 20 70
Major crystalline phases Orthoclase (KAlSi

3
O

8
) Albite (NaAlSi

3
O

8
) Fluormica (KMg

2.5
Si

4
O

10
F
2
)

Young’s modulus E (GPa) 63 70
Poisson’s ratio m 0.23 0.23
Density q (g cm~3) 2.5 2.8
Coefficient of thermal expansion a (K~1) 8.0]10~6 6.5]10~6
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Figure 4 Experimental setup for the detection of residual stresses by
a strain gauge measurement.

respectively. From these data, the profile of residual
stress versus depth of removal can be calculated using
the material constants listed in Table II as well as
numerically solving Equations A5 and A6, as de-
scribed in the appendix.

3. Results and discussion
3.1. Temperature increase during CAD/CAM

machining
During the machining of ceramics, a temperature in-
crease at the surface of the material can occur. The
mechanism of heat generation in the contact zone
between the grinding wheel and ceramic is not fully
understood [14]. In the machining of metals, temper-
atures in the range of 300—500 °C can be calculated
from adiabatic approximations [29].

During the machining of both the Vitablocs and
Dicor ceramics no change in colour occurs, indicating
that the onset temperature of the thermocolour
(300 °C) has not been reached. This is a clear evidence
that thermally activated processes such as viscous
flow, creep or grain boundary slip should be of minor
importance.

3.2. X-ray diffraction
Residual stress measurements using X-ray diffraction
could only be performed on the Dicor MGC' ceram-
ics because of the low crystallinity of the Vitablocs
Mark II'. The data were collected from 4 independent
measurements. The residual stress analysis showed
compressive stresses r

9
"!30$8 MPa in the grind-

ing direction and r
:
"!49$20 MPa in the trans-

verse direction. The lower values for the residual stress
observed parallel to the machining grooves are in
agreement with the results obtained by other authors
[34—36]. These results show a few limitations,
however: (i) Dicor MGC' is a two-phase material
containing both a crystalline and an amorphous
phase. Residual stresses of multi-phase materials can
only be measured exactly by independent evaluation
of the lattice strain for each phase [37]. Since
the glassy phase is amorphous, the measured stress
values only represent the crystalline fluormica phase.
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(ii) Machined ceramic materials typically show steep
gradients in residual stress perpendicular to the sur-
face [34, 38, 39]. The evaluation of the X-ray measure-
ments using the sin2w-method is based on a linear
dependence between the lattice strains and sin2w.
However for large gradients this linear dependence
may change to a parabolic one [35, 40]. (iii) A third
source of error is the anisotropy of the mica crystals.
Most of the residual stress measurements were per-
formed on materials with a high symmetric crystallo-
graphic order (i.e., metals). There is only limited know-
ledge on residual stress measurements of anisotropic
materials such as fluormica, a sheet silicate. Perhaps,
this error could be compensated for by direct deter-
mination of the Voigt’s constants [35]. (iv) The results
from these measurements only represent the weighted
mean value of the residual stresses according to the
penetration depth of the X-rays (see appendix for
details) and does not give any information about the
depth profile.

3.3. Strain gauge measurements
Because of these limitations, a second method for the
determination of the residual stress was used where
both materials, the almost amorphous feldspathic por-
celain as well as the glass—ceramic, could be analysed.
This method is based on the continuous measurement
of changes in shape due to the removal of stressed
material layers by an etching treatment. All depth
profiles represent the mean of 5 independent measure-
ments. Figs 5 and 6 show the residual stress profiles of
the machined Vitablocs Mark II' and Dicor MGC'

ceramics, respectively. The compressive nature of re-
sidual stress in the outer layer of the machined ceram-
ics, as determined via X-ray diffraction, is confirmed.
Each of the two dental ceramics shows a different
behaviour in CAD/CAM machining, according to
their microstructure. Due to the high amount of glassy
phase (see Fig. 1), the feldspathic porcelain (Vitablocs
Mark II') shows microcracking and extensive chip-
ping. The microcracks can extend up to 50 lm from
the surface [41]. Therefore, plastic deformation is
minor and consequently, the residual stress values for

Figure 5 Residual stress profile of a machined Vitablocs Mark II'

ceramic in the grinding direction (——) and perpendicular
( — — — — — — ) to the grinding direction.



Figure 6 Residual stress profile of a machined Dicor MGC ceramic
in the grinding (——) direction and perpendicular ( — —— — — ) to the
grinding direction.

the machined ceramic are relatively low. The compres-
sive stresses in the outer layer of the machined ceramic
reach a value of r

9
"!85 MPa in the grinding direc-

tion and r
:
"!102 MPa perpendicular to the grind-

ing direction. The compressive stress decreases and is
changing towards tensile stress at a distance of 15 lm
from the surface. No X-ray diffraction data are avail-
able for comparison.

Even though the compressive residual stresses
can reach !100 MPa, the strength of the feldspathic
porcelain is determined by surface cracks. These
surface cracks extend over the compressed regime
of the surface layer (40—50 lm crack extension
in comparison to the 15 lm extension of the
compressed zone). Therefore, removal of the surface
layer by lapping increases the fracture strength
[41, 42].

Dicor MGC', a machinable glass—ceramic, is
a sheet silicate of the fluorine—mica family. The micro-
structure is composed of interlocked plate-like mica
crystals (see Fig. 2) which can be easily delaminated
along their cleavage planes. Therefore, cracks prefer to
solely propagate along these planes. The random in-
tersection of these crystals in the glass—ceramic causes
all kinds of energy dissipating processes such as crack
branching, deflection, and blunting. These fracture
arresting mechanisms enable the glass—ceramic to be
readily machined without extended microcracking or
chipping [43, 44]. This is confirmed by scanning elec-
tron micrographs of machined Dicor ceramics, which
show only small surface damage in a lm scale com-
pared to Vitablocs [41]. The dominating process in
machining this glass—ceramic is crushing and crumbl-
ing with a major contribution of plastic deformation
in a microscopic scale [45]. This is a typical behaviour
for a ceramic with a small grain size and a high
fracture toughness [10].

Due to a higher degree of plastic deformation com-
pared to the feldspathic porcelain, higher but more
anisotropic compressive residual stresses ranging from
r
9
"!48 MPa parallel to r

:
"!140 MPa perpen-

dicular to the machining grooves (see Fig. 6) were
detected. This is in agreement with recent investiga-
tions that have reported a higher degree of residual
stress generation for ceramics that show plastic defor-
mation behaviour in response to grinding machining
[46].

The change from compressive to tensile stress oc-
curs at a distance of 10 lm from the surface. It can be
concluded that the consequences of the grinding pro-
cess for the subsurface region is much more pro-
nounced for the Vitablocs than for the Dicor MGC'

ceramics, both in terms of crack extension [41] and
extension of residual stresses. The surface cracks ex-
tend almost into the region of compressive stresses.
Therefore, removal of the surface layer does not
change the strength of the machined sample signifi-
cantly. Sealing of these surface cracks, however,
increases the fracture strength of machined Dicor
ceramics by 40% [41, 42].

Residual stress values in the grinding direction are
generally lower than those measured in the transverse
direction [34—36]. This can be explained by the fact
that the machining impact, resulting in plastic defor-
mation of the ceramic, is extending mainly perpen-
dicular to the grinding grooves. This anisotropy in the
residual stress is much less pronounced for the
Vitablocs Mark II' than for the Dicor MGC' ce-
ramic. The diffuse microcracking of the feldspathic
porcelain does not induce any strong directional de-
pendency to the machined sample. This is confirmed
by the fact that no grinding furrows can be observed
after the machining of the Vitablocs Mark II' ceramic
[41].

3.4. Comparison of X-ray diffraction
and strain gauge measurements

The residual stress profile from the strain gauge
measurements on the Dicor ceramics was combined
with the calculated penetration depth of the X-rays in
order to compare these two types of stress analysis (see
appendix). Using mass-absorption coefficients for
Cr-Ka radiation obtained from the literature [47—48]
and interpolating these data for phlogopite
(KMg

3
AlSi

3
O

10
F
2
), the mean penetration depth (de-

fined as the thickness of the surface layer which con-
tributes to 63% of the diffracted intensity) can be
estimated to be zN"10 lm. A numerical approach,
where the residual stress profile of the strain gauge
measurement is weighted by the remaining X-ray
intensity, yields a mean value of r

:
"!21$7 MPa

for the residual stress; a figure which is directly compa-
rable to the value of r

:
"!49$20 MPa from the

X-ray diffraction measurement. This calculation can

Figure 7 Intensity loss of monochromatic X-rays diffracted at
a depth z of a material.
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only be taken as a rough estimation to compare these
two methods, but it can be concluded that the strain
gauge procedure results in smaller residual stress
values compared to the X-ray diffraction method.
Differences up to a factor of two for the determination
of residual stress profiles using different measurement
techniques is not uncommon [49].

4. Conclusion
Residual stress analysis is important if an understand-
ing of the strength and fatigue behaviour of ceramic
dental materials is to be obtained. X-ray diffraction is
a commonly used method, but it can only be applied
to materials containing a significant content of crystal-
line phases. Therefore, an alternative method was ad-
ditionally applied, namely using a strain gauge to
measure the deformation of a sample during etching
to remove the stressed surface. The strain gauge data
were compared to the data obtained by X-ray
diffraction.

The depth profile of the residual stresses for both
ceramics could be evaluated, showing compressive
stress in the outer layer of the ceramic. The micro-
structure of the ceramic dominates the machining
behaviour as well as the generation of a residual stres-
ses. Ceramics which exhibit plastic deformation be-
haviour, show higher residual stress levels as well as
more pronounced stress anisotropy compared to
brittle ceramics after CAD/CAM machining, respec-
tively. For the glass—ceramic, both surface cracks and
residual stress contribute to the strength properties of
machined samples.

Due to the high amount of glassy phase, the brittle
feldspathic porcelain shows extended chipping and
microcracking. The compressive stress in the outer
layer is more isotropic, compared to the glass—
ceramic, but lower in absolute value. Even though the
compressive residual stress can reach 100 MPa for the
feldspathic porcelain, the strength is dominated by
surface cracks. This can be explained by the correla-
tion between the residual stress profile and the exten-
sion of microcracks caused by CAD/CAM machining.

Appendix
X-ray diffraction
The fundamental equation for the residual stress
analysis using X-rays can be written as [18, 21—23]:

euw"!1
2
cot h

0
(2huw!2h

0
)

"1
2
s
:
[r

99
cos2u#r

9:
sin(2u)#r

::
sin2u!r

;;
]

sin2w#1
2
s
:
[r

9;
cos u#r

:;
sinu] sin(2w)

#(1
2
s
:
#s

9
)r

;;
#s

9
[r

99
#r

::
] (A1)

where euw is the lattice strain determined in azimuth
u and distance angle w; h

0
is the diffraction angle of

the unstrained sample; h is the diffraction angle of the
strained sample; r

9:
is the residual stress tensor in the

direction (0, 0) to (x, y) and s is Voigt’s constant
(1
2
s
:
"(1#m)/E and s

9
"!m/E ) where m is the
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Poisson’s ratio and E is the Young’s modulus. The
assumption of a biaxial residual stress, parallel to the
surface, can be stated to be valid for the surface layer,
accessible via X-ray diffraction. Assuming r

;;
"0, it

can be written that:

euw"1
2
s
:
ru sin2w#s

9
(r

99
#r

::
) (A2)

and

ru"r
99

cos2u#r
9:

sin(2u)#r
::

sin2u (A3)

From Equation A2, the lattice strain euw (or equivalent
2huw) can be measured in different directions w and
plotted versus sin2w. From the slope of the linear fit,
the integral residual stress value ru can be calculated
as:

ru"
2­euw/­ (sin2w )

s
:

(A4)

Strain gauge measurements
The residual stress profile can be derived from the
strain gauge measurement by calculating the
mechano-elastic fundamentals. Using Hook’s law,
the biaxial residual stresses r

9
and r

:
can be written as

[24]:

r
9
(z)"

E

1!m2 C z2
d

dz
(P

9
#mP

:
)#4z(P

9
#mP

:
)

!2 P
z0

z

(P
9
#mP

:
) dzD (A5)

r
:
(z)"

E

1!m2 C z2
d

dz
(P

:
#mP

9
)#4z(P

:
#mP

9
)

!2 P
z0

z

(P
:
#mP

9
) dzD (A6)

where: r
9,:

(z) are the residual stresses in the x or
y directions at a depth z; z is the actual thickness of the
inlay in the course of the etching process; z

0
is the

starting thickness of the inlay and P
9,:

is the curvature
in the x or y direction.

These equations are uncertain for the starting thick-
ness z

0
, but can be solved for infinitesimally small

increments of z using numerical procedures [12].
Therefore, a residual stress profile can be calculated
from the strain gauge data, where r(z) represents the
residual stress at a depth z of the machined test inlay.

Comparison between X-ray and
strain gauge data
The penetration depth of the X-rays into the Dicor
ceramics can be estimated from:

dI"!lI(p) dp (A7)

where l is the linear absorption coefficient and I(p)
the intensity at a distance p. The loss of intensity dI
compared to the initial intensity I

0
is due to absorp-

tion, scattering, and diffraction (see i.e., [50]). In this
paper, the linear absorption coefficient of phlogopite



(KMg
3
AlSi

3
O

10
F
2
) is calculated for Cr-Ka radiation

according to:

l

q
"+

i

c
*
K

*
(A8)

where K
*
is the mass-absorption coefficient of the ith

element [47—48]. Integration of Equation A7 yields:

I(p)"I
0
exp(!lp) (A9)

Equation A9 can be written as a function of the dis-
tance from the surface z:

I (z)"I
0
exp(!lz/z*) (A10)

where z* is the penetration depth for which
I(z* )"(I

0
/e). z* is determined by the geometric ar-

rangement of the diffractometer and is dependent on
w and h. For a w-diffractometer, the relation between
the distance from the surface z and the distance travel-
led by the X-rays, p, can be expressed as:

z"
p

2
sin h cos w (A11)

Therefore, the penetration depth can be calculated
from Equations A9 and A10

z*w"
sin h cosw

2l
(A12)

In this measurement, the minimum distance angle of
w was 10°, the maximum angle 60°. Therefore, both
a minimum and maximum penetration depth z

.*/
and

z
.!9

could be calculated. The mean penetration depth
is zN"(z

.*/
#z

.!9
)/2.

To calculate a mean residual stress value r
:
(zN ), the

residual stress profile from the strain gauge measure-
ment is expressed by a numerical function and added
as r

y(z)
to the following equation [21—23, 36]:

r
:
(zN )"

1

zN P
=

0

r
:
(z) expA!

z

zN Bdz (A13)

Using the residual stress profile r
y(z)

from the strain
gauge data, r

:
(zN ) can be calculated that represents the

expected residual stress value that would have been
measured by X-ray diffraction.
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