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The experimental determination of x-ray elastic constants are performed byin situ
measurements of the dependence of the strain state in selected crystallites for different
applied external compressive stresses. The use of compressive applied stresses instead
of tensile applied stresses is of interest for x-ray elastic constant determinations for
materials which exhibit brittle crack-like behavior, which cannot be loaded to high tensile
stresses in, for example, four-point bending devices. The x-ray elastic constants for
h146j a –Al2O3 are determined with the pressing device and compared to calculated as
well as experimentally determined values which were tested in tensile loading devices.
e

i

fi

t

n

n

a

c

r

, a
out

n
va-
ts
tic
is
ts.

a
tic
e
, the
n;
ed

er
i-

ies

lar

to

is
X-ray residual stress measurements are based on
determination of elastic lattice strains in polycrystallin
materials, which are to be converted to macroscop
stress states using linear elasticity theory.1 In this con-
version, material elastic constants are required. For th
material elastic constants often the macroscopic elas
constants, Young’s modulus, and Poisson’s ratio, a
used. However, this procedure does not necessarily le
to accurate results for the determination of the abs
lute values of the residual stress state in the mater
since the macroscopic elastic constants are an aver
of all the single-crystal elastic constants for differen
lattice planes in the material.2,3 For instance, if a speci-
men is textured, the macroscopic elastic constants
not correspond to the crystallographic plane speci
x-ray elastic constants. Consequently, it is not possib
to determine absolute values for the residual stress s
in the material. More accurate values of the absolu
residual stress state are determined when the crysta
graphic plane specific x-ray elastic constants1y2s

hhklj
2

ands
hhklj
1 are used instead. These x-ray elastic consta

can be determined when a specimen is loadedin situ
inside a diffractometer and the lattice spacing deviatio
are measured for different specimen orientations a
applied loads.

Uniaxial tensile loading or four-point bending are
usually employed in x-ray elastic constant determin
tion.4,5 In the determination of x-ray elastic constants o
materials which exhibit brittle crack-like behavior, thes
techniques run into problems because of mechani
failure of the specimen.

In compressive loading, in contrast to experimen
which make use of four-point bending devices, the
is no gradient in the applied stress as a function
depth from the surface. Especially for materials whic
have larger penetrations depths, like ceramics, the m
terials volume sampled by the x-rays should contain
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homogeneous stress state. With the pressing device
homogeneous uniaxial stress state is applied through
the sample.

Determining the x-ray elastic constants from a
applied compressive stress state should deliver equi
lent values as determining the x-ray elastic constan
from an applied tensile stress state, since the elas
response of an atom around its equilibrium position
equivalent for positive as well as negative displacemen
The fracture toughness, however, is typically,10 times
larger in compression than for tensile loads. This is
consequence of the resistance of the material to plas
flow and the insensitivity of defects to compressiv
stresses. Because of the larger compressive strength
specimen can withstand larger loads in compressio
hence, a larger range of applied loads can be employ
in the determination of the x-ray elastic constants.

Since the specimen is produced by sintering powd
compacts, the distribution of crystallites in the spec
men is random, ensuring the isotropic elastic propert
of the specimen.

In x-ray diffraction, lattice spacingsd of hhklj lattice
planes in crystallites are measured from the angu
position u of diffraction profiles through Bragg’s law
nl  2d sin u.6 The measuredd-values correspond
to the lattice plane set with orientationf and c , as
presented in Fig. 1. When a specimen is subjected
internal or applied stresses (IS andAS, respectively), the
measured lattice spacingd will deviate from the values
measured for unstressed specimens. This deviation
normally expressed as the straine33 and described by
e33  (df,c2d0 )yd0. Transformation ofe33 from the
laboratory to the specimen system results in

e33,f0,c 
1
2

s
hhklj
2 ssIS

11 1 sASd sin2 c

1 s
hhklj
1 ssIS

11 1 sIS
22 1 sASd . (1)
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FIG. 1. Definition of the laboratory coordinate systemLi , sample
coordinate systemSi , and the anglesf, c.

Differentiation of this relation with respect to the applie
stress and for the specific specimen orientation deliv
readily the x-ray elastic constants1y2s

hhklj
2 ands

hhklj
1 for

the lattice planes of interest.

d2e33,w0,c

d sin2 cdsAS


1
2

s
hhklj
2

de33,w0,c0

dsAS
 s

hhklj
1 . (2)

If an external load is applied to a specimen o
specific dimensions, the uniaxial stress exerted can
calculated from the dimensions of the specimen. T
measuredd-values for crystallites can be plotted again
their orientationsin2scd. Doing so for several applied
loads delivers a set of relations between measu
d-values, crystallite orientations, and applied load. T
curves that describe the relation betweend-values and
specimen orientation for different applied loads a
intersect in one single point,hsin2scd, d0j, which gives
the stress-free lattice spacing and orientation. Using
determinedd-values and the stress-free lattice spaci
d0, the strainse33,f0,c can be calculated. The derivative
of the lines plotted against the specimen orientation th
deliver the x-ray elastic constants.

The material of interest isa –Al2O3, 99.7% chemi-
cal purity. Dry pressing is used to mold the powde
into beam-shaped green products which are sintered
high density. The specimens are texture-free and ha
straight and parallel edges. The lattice planes from wh
the lattice strains are determined are theh146j planes,
which have their Bragg diffraction angle at 136.30± 2u

for Cu Ka radiation. This reflection is chosen becaus
of the high 2u angle and the isolation of the reflectio
from other peaks, which makes it possible to perfor
background correction andKa2-stripping.

The x-ray elastic constant measurements are p
formed on av-goniometer equipped with thein situ
pressing device, which can deliver and register loads
1758 J. Mater. Res., Vol. 1
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to 106 N, using a piezo electric transducer. Such high
loads may cause the pressing device to deform elas
cally, but this does not affect the actual measurement
since the load is measured in line with the specimen.

The specimens that are used need to be plan pa
allel. However, slight deviations are cancelled out by
the self-aligning properties of the pressing device. Th
dimensions of the specimens used are maximum 103

3 3 3 mm, whereas the width of the specimens must b
3.0 mm. This is to ensure the compressive stress sta
in the specimen is uniaxial.

Since the nature of the experimental determinatio
requires measurements to be compared, accurate cont
of the sample displacement from the optical axis o
the diffractometer becomes an important issue. If th
height of the sample is not correctly adjusted, an erro
in 2u determination is made, resulting in erroneous
values for the measuredd-values. As a check on correct
height adjustment, a layer of stress-free silicon powder o
appropriate grain size is put onto the specimen. Theh311j
silicon reflections are used as a check on displaceme
before and after the successived-value determinations
for the different applied loads.

The x-ray elastic constant measurements are carrie
out on a beam-shaped specimen with dimensions 93

3 3 3 mm. Four different applied stresses are used
ranging from 243 MPa up to2170 MPa. For five
different specimen orientations,c, the corresponding
Bragg-diffraction angle 2u is determined. The 2u range
over which the profiles are measured is chosen in suc
a way that at both sides of the profile some backgroun
is measured. This makes it possible to subtract the bac
ground and applyKa2-stripping in order to determine
the Bragg reflection as accurately as possible.

To check whether the stress state in the specime
is uniaxial, as assumed from the design of the pressin
device, the diffraction angle 2u should be determined
as a function ofc and f, delivering the principal
stresses and their direction. However, due to geometric
limitations in the design of the pressing device,f tilting
is not allowed.

With the correctly aligned specimen, the lattice
strains as a function of applied stress and specime
orientation are determined. The measuredd-values are
depicted in Fig. 2. From this graph, the strain-free lattice
spacingd0 can be determined as the intersection poin
of the four lines. The correct value ford0 can be found
using a method proposed in Ref. 7. The intercept a
sin2 c  0 of the tangent to thed

hhklj
f0,c versussin2 c

curves is plotted versus the corresponding slope, as
depicted in Fig. 3. For the straight line through these
data points, it holds that

d
hhklj
f0,c  d0 2 sin2 c0 . (3)
3, No. 7, Jul 1998
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FIG. 2. d-values as a function of specimen orientation for differe
applied loads.

FIG. 3. Determination of the intersection point.

From the slope and intercept of this line, values f
sin2 c0 and d0 can be found; see Table I.

With the strain-free lattice spacing, the measur
d-values are then converted to the lattice strai
e33,f0,c . Plotting the measured strains against th
applied stresses for the different specimen orientatio
Fig. 4, delivers the relation described in Eq. (2).

The slopes of the curves depicted in Fig. 4 a
plotted against the specimen orientation, as display
in Fig. 5. The intersection of this line with the strai
axis delivers thes

hhklj
1 value. The slope of the line repre

sents the1y2s
hhklj
2 value. Both values are summarized i

Table II together with the averaged values calculat
according to Voigt and Reuss as well as valu
determined in four-point bending and tensile loadin
experiments.2,8

Using the derived value for1y2s
hhklj
2 , the stress state

in the specimen is derived from the slopes in Fig.
Correcting the derived values for the applied stre
delivers an average value for the residual stress s
in the specimen,sIS  57 6 3 MPa.
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FIG. 4. Lattice strains as a function of applied stress for different
crystallite orientations.

FIG. 5. X-ray elastic constants determination.

TABLE I. Stress-free lattice spacing.

d0 (nm) 0.08309356 0.0000004
sin2 c0 0.2726 0.006

TABLE II. X-ray elastic constants.

Method S1 (*1026 MPa21) 1y2s2 (*1026 MPa21)

Measured here 20.83 6 0.02 2.976 0.07
Calculated 20.76 3.75
Four-point bending 20.42 3.06

20.92 6 0.15 3.366 0.12
Tensile loading 20.56 6 0.02 3.086 0.14

From Table II a large difference is observed among
the various experimental configurations. In addition,
neither of the values calculated by the Voigt or Reuss
hypotheses correspond to the values measured. Thes
calculations, however, assume the material to be texture
free, with a theoretical density and without second phases
involved.

From the literature it is known that microstructural
properties of the material under investigation may have
3, No. 7, Jul 1998 1759
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a significant influence on the determined x-ray elas
constants.8 The determined values for the x-ray elast
constants depend, for instance, on the porosity of
specimen under investigation, and also the presenc
a second phase influences the values measured.
materials used in this study were 99.7% pure and sinte
to 99% density. Therefore, it is expected that the det
mined x-ray elastic constants deviate from the consta
for pure, theoretically dense alumina. However, cons
ering the relatively small error in the values determine
residual stress measurements on this type of alumina
be accurately performed using the x-ray elastic consta
determined.

The determination of the x-ray elastic constants
brittle materials can be performed accurately with t
in situ pressing device described In contrast to measu
ments which are performed under tensile loading,
compressive loads that can be applied to the specim
may reach high values before mechanical failure of
specimen.
1760 J. Mater. Res., Vol. 1
ic

e
of
he

ed
r-
ts
-
,
an
ts

r
e
e-
e
en
e

The residual stress state in the material, as dete
mined from the loading curves using the derived x-ra
elastic constant, delivered comparable results for th
different applied loads, indicating that the x-ray elasti
constants determined hold for this type of alumina.
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