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Polished and severely ground funy stabilized zirconia samples are examined using primarily x
ray diffraction (XRD). The XRD (111) profile reflections from both samples were broadened 
asymmetrically compared to that of an annealed sample. The asymmetry results from a d
spacing gradient extending from the free surface into undisturbed bulk material. There are two 
possible origins of this depth gradient, i.e., variations in residual strain or chemical 
composition. The latter is eliminated by means of x-ray photoelectron spectroscopy which did 
not reveal a chemical gradient. d-spacing profiles for both samples are obtained 
non destructively using a trial and error fitting procedure. A maximum compressive strain of 
-4% is obtained at the surface of the ground sample which decreases gradually to zero at 
greater depths. The overall zone is -1-2 pm. A similar but smaner compressive zone is found 
in the polished sample which is followed by a zone of tension. The maximum compressive 
strain at the surface is - 5% and the overall zone of residual strain is - 0.1 fl-m. 

I. INTRODUCTION 

The use of x-ray diffraction (XRD) to measure a residu
al strain profile normally requires a systematical removal of 
thin layers from the surface. This is a destructive process 
that requires tedious elastic corrections. In this work, we 
describe a nondestructive in situ measurement of the strain 
profile which requires only one intensity profile. The profile 
appears as an intensity band and results from a gradient of d 
spacings. We have used this approach for diffusion studies 
with materials having a range of solubility and an associated 
variation in lattice parameter. 1 A computer program2 devel
oped previously for diffusion studies was modified so as to 
include asymmetrical diffraction optics and surface rough
ness. The resultant strain profile is calculated from the d
spacing profile which is obtained from trial and error fitting 
of the measured intensity band. 

Carbon deposition on the sample surface was quickly milled 
away and represented normal contamination from the vacu
um system. As the concentration of surface carbon drops, 
the concentrations of other elements rise quickly and reach 
constant values within a couple of minutes. This indicates 
that the samples are homogeneous except in a very small 
surface region contaminated by carbon. Both polished and 
ground samples give very similar depth profiles and do not 
show the large differences found by XRD. We conclude that 
the measured d-spacing gradients cannot be related to a 
chemical gradient. 

II. XPS STUDY 

The fully stabilized zirconia (FSZ) samples examined 
in this work contain 8 mol % Y203 as a stabilizer. These 
samples are completely cubic with some Y atoms replacing 
Zr atoms to form a solid solution. Vacancies are created in 
the oxygen sites to maintain electrical neutrality. Because 
y+3 ions have much larger sizes than Zr+ 4 ions (1.051 A vs 
0.84 A in radii), a composition gradient ofy+3 could pro
duce a lattice parameter gradient and a related peak broad
ening. XPS work was carried out to examine this possibility. 

X-ray photoelectron spectroscopy (XPS) scans from 
both the polished and the severely ground samples showed 
the presence of 0, Zr, Y, AI, and C atoms at the free surface 
of both samples. Ion milling with Ar+ ions, together with 
MgKa radiation, were used to examine the concentrations of 
these atoms at various depths below the surface. The concen
tration of each element is shown as a function of cumulative 
milling time in Fig. 1 for the polished and ground samples. 

::j::==~=======~Zr 

AI 

~~~~t 
00 .. ~.. 6------~-·---·-,Li2:----c'i·5 

TIME (min) 

FIG. 1. XPS depth profiles of atomic concentrations for polished and 
ground FSZ samples. Polished: ., oxygen; +, zirconium; II, aluminum; 0, 
yttrium; A, carbon. Ground: 0, oxygen; <), zirconium; D, aluminum; 0, 
yttrium; t:., carbon. Yttrium points coincide. 
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FIG. 2. (til) intensity bands from polished and ground samples showing experimental data points and computer simulations (solid lines) for (al and (b) 
symmetrical optics with CIlKa, radiation (A = 1.5406 A), (c) and (d) synchrotron radiation with A = 2.4797 A and (e) and (f) 3° asymmetric optics with 
A = 2.4797 A. 

III. RESIDUAL STRAIN STUDY BY XRD 
A. Measurements of the (111) profiles of the FSZ 
samples 

The ( 111 ) peak profiles of the polished and the ground 
FSZ samples were obtained by point counting using CuKa I 
radiation and symmetrical diffraction optics. Counting at 
each point was stopped at either 8000 counts or 1000 s, 
whichever was reached first. The CuKa 1 component was 
obtained using a diffracted beam quartz monochromator 
and a fine focus eu tube. Results from the polished and 
ground samples are shown in Figs. 2(a) and 2(b). Both pro
files extend asymmetrically toward the low-angle side. The 
ground sample also shows a peak shift relative to that of the 
polished sample. 

The (111) profiles of the polished and the ground sam
ples were also measured using synchrotron radiation of 
2.4 797 A with symmetrical and asymmetrical optics at the 
Oak Ridge National Laboratory beam line (National Synch
rotron Light Source) before annealing. The profiles mea
sured with symmetric diffraction optics are shown in Figs. 
2( c) and 2( d), respectively, for the polished and the ground 
samples. Again intensity bands are observed in the profiles of 
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the ground and polished samples. To emphasize the near
surface region. (111) profiles of both samples were mea
sured wi.th asymmetrical diffraction optics [Figs. 2 (e) and 
2 (f) ]. Asymmetric diffraction optics were obtained by tilt
ing the sample normal toward the diffracted beam by an 
amount such that the incident angle is 3°. The small incident 
angle results in shallower penetration, and as expected in
fluences the peak profile for the polished sample. The peak 
profile of the polished sample obtained with asymmetrical 
diffraction optics enhances the low-angle side compared to 
that found with the symmetrical optics. For the ground sam
ple, no change was observed between the profiles obtained 
with symmetrical and asymmetrical optics. This unexpected 
result will be discussed later. 

After both samples were subsequently annealed at 
1200 °C for 1 h and furnace cooled. the profiles were indistin
guishable (Fig. 3). Considerable sharpening was observed. 
In order to double check our findings, the polished and an
nealed samples were repolished using alumina powder. No 
peak shift was observed and the profile was asymmetric to
ward the low-angle side. This reconfirms the conclusion that 
the polishing process introduces a low-level intensity band 
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FIG. 3. (Ill) peak profile of 
annealed samples (symmetric 
optics, CuKa:!) . • , experimell
tal data; solid line, Pearsoll-VII 
function. 

and remains unshifted at the main peak. The peak shift 
between the profiles of the ground and polished samples be
fore annealing is real and due to the extended range of the 
strain gradient in the severely ground sample. This will be 
discussed later. 

B. Fitting of the experimental intensity bands 

The profile of the annealed sample shown in Fig. 3 is 
fitted with a Pearson-VII function,3 

Y = IYo{1 + [(28 - 2eo)2/ma2J) - m , (1) 

where I and 2eo determine the intensity and the peak posi
tion while a and m describe the peak width and shape. Yo is a 
normalization factor given by 

Yo = (1/a[ffm'){r(m)/[nm - p]) 

with 

r(m) = 1'" xm-1e-Xdx and m>O. 

The full width at half-maximum (FWHM) is 

(2) 

W=2a[m(2 11m _l)]U2, (3) 

when m = 1,2, and oc the Pearson-VII function becomes a 
Cauchy, modified Lorentzian, and a Gaussian function, re~ 
spectively. A value of m = 20 is sufficient to represent a 
Gaussian shape. The Pearson-VII fit for the annealed peak is 
shown in Fig. 3 as the solid line. Fitted a and m values are 
0.032° and 1.8, respectively. Because the annealed sample is 
strain-free, these a and m values are characteristic of the 
instrumental broadening and should represent the minimum 
broadening for the ground and polished samples. 

Profile asymmetry was fitted with the d-spacing profiles 
by using a trial and error procedure. With depth measured 
from a local surface asperity, the sample can be treated as a 
system of thin curved layers located at various depths (Fig. 
4). The d spacing of each layer i.s treated as a constant and 
the corresponding intensity is calculated using a generalized 
theory presented in the Appendix. The polished sample is 
fiat with the layers parallel to the sample surface, while the 
ground sample is rough and the layers follow the same fluc
tuation as the surface profile. The generalized theory treats 
the intensity from each layer considering the absorption fac~ 
tor for both the fiat and the rough samples under both the 
symmetrical and asymmetrical diffraction optics. Because 
the d spacing changes continuously from one layer to an
other, the intensities are spread over a 28 range according to 
Bragg's law. In order to fit the intensity data, one must sum 
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FIG. 4. Schematic diagram showing layer of constant d spacing in rough 
sample. 

Pearson-VII functions. The computer-simulated intensity 
band is then compared with the experimental data and the d
spacing profile is adjusted accordingly until the simulation 
and the experimental data show agreement. The results of 
these fittings are shown in Figs. 2(a)-2(f) as the solid lines. 
Both the measured and simulated profiles are expanded ver
tically by ten times at the low-angle side to better show the 
final fit. d-spacing profiles have been expressed by the fol
lowing analytical forms: 

(4a) 

4 

d = do + L b.d; erf c - Y/d, • (4b) 
i~l 

For the polished sample, a Gaussian term of the form 

Ad; exp[ - (Y, - Yo)2/d;] (4c) 

was required to put a small hook in the strain profile very 
dose to the surface. These forms should be treated as con
venient for fitting experimental intensity bands, and no theo
retical significance should be attached to them. Strain pro
files are obtained from the d-spacing profiles using 
E = (d - du)/do, where do is the asymptotic d~spacing value 
in the unstrained bulk material, Strain profiles obtained 
from Eqs. (4a)-( 4c) are plotted in Figs. 5 and 6. 

IV, DISCUSSION 

Separate determinations of the average strain profiles 
for the polished sample obtained under widely different 

c 

b 

Or 
_2L~ ___ .L.....-_.l._ 

° 0.1 02 0.3 

Z \,um} 

FIG. 5. Depth profiles of 
strain for polished sample ob
tained under the following 
conditions: (a) symmetrical 
optics using CuKa I 
(J = 1.5406 A.) and 
). = 2.4797 A (synchrotron 
radiation); (b) asymmetric 
optics with A = 2.4797 A 
(synchrotron radiation). 
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FIGo 6. Depth profiles of 
strain for ground sample ob
tained with symmetrical op
tics. (a) CuKu, radiation, 
(b) A. = 2.4797 A (synchro
tron radiation). 

beam absorption conditions are shown by curves (a) and 
(b) of Fig. 5. The differences result from changes in instru
mental conditions and therefore represent the uncertainty of 
the method. A change in radiation from A = 1.5406 to 
2.4797 A did not produce a measurable difference in curve 
(a) although the beam penetration for CuKa1 is twice that 
for the longer wavelength. Asymmetric optics gave curve 
(b), The same agreement between results from different 
measurements made on the ground sample is seen by curves 
(a) and (b) of Fig. 6. Table I summarizes these findings and 
includes penetration distances causing the incident and scat
tered beam to be decreased by e - I. These vary from about 2 
to 0.2 pm depending upon the preceding conditions. 

Results from the polished sample show a large compres
sive strain at the sample surface, which decreases rapidly at 
greater depths. The near-surface compressive zone is fol
lowed by a relatively small zone of tension before the strain
free bulk region is reached. The overall strained zone is limit
ed to about 0.1 /-lm. Strain profiles for the ground sample 
show a much larger compressive zone extending to about 1-
2 pm. No zone of tension is observed probably because the 
measurements are not sensitive to a small amount of tension 
located wen below the surface. Although the maximum 
strain of 5% at the polished surface appears to be iarge, it is 
compatible with a result found in wear debris." It is interest
ing to find that the maximum strain at the ground surface is 
only ~4%. A possible explanation is the top layer of the 
ground sample had probably reached the same high strain of 
5%, but fractured as debris leaving a lower strain in the 
surface. This is reasonable if one looks at differences between 
grinding and polishing processes. 

Figures 5 and 6 illustrate curves that decrease in a sim-

FlG. 7. Absorption path lengths of the symmetric and asymmetric optics 
for a flat sample. 

pie way giving strains that vanish at depths of several tenths 
to several microns depending upon the surface treatment. 
There are no results suggesting that the strain profiles result
ing from surface deformation should be more complex with 
additional maxima and minima. If this were the case, the x
ray technique must be combined with a suitable mechanical 
model. And, the fitting procedure should be carried out in a 
way that is consistent with both the observed intensity and 
the model (see Ref. 5). When high spacing gradients are 
observed that are nearly uniform over the lateral dimensions 
of a sample, oscillations may appear in the diffraction pat
tern.6 These were not observed probably because small fluc
tuations along the lateral directions caused them to cancel 
out. 

As expected, the intensity in the low-angle portion of the 
peak profile of the polished sample is enhanced when the 
diffraction optics changes from the symmetrical to asymme
tric condition. This absorption enhancement is purely opti
cal and due to the small angle of the incident rays as they 
impinge upon a flat surface. The corresponding enhance
ment is not observed for the ground sample. This can be 
explained qualitatively by the following argument. Consider 
a horizontal layer located at a depth !Z I below a fiat surface 
(Fig. 7). A signal generating element C belonging to this 
layer has an absorption length of A C + CA ' with symmetri
cal diffraction optics. The total absorption length is greatly 
increased to BC + CB f when asymmetric diffraction optics 
is used. For the present case, the incident angle is changed 
from - 25° to 3", which gives an intensity decrease of e- 1 at 
depths of 0.9 and 0.2 ,urn, respectiveiy, for A = 2.4797 A. A 
similar path change does not occur with the ground sample. 
The ground sample was roughened to give a (T standard devi
ation of 6.2 ,urn for excursion heights measured from the 
mean surface. The surface may be considered as roughness 
mountains and valleys. With a small incident angle of 3°, the 
valleys become somewhat hidden in the shadow of the 
mountains and contribute little intensity. Therefore, the in
tensity from the mountain tops becomes weighted heavily in 

TABLE I. Results, conditions, and data locations for a FSZ sample deformed by polishing and severe grindingo 

e-' Surface Maximum % Near-surface Near-surface 
FSZ A (A) penetration roughness Profiles XRD compressive compressive zone tension zone 
sample optics (pm) a (/Hn) strain Figs. strain size (j.lm) size (j.lm) 

Polished 1.5406 symmetric 2.1 0.027 2(a),5(a) 5.0 0.07 Small (0.07-0.11 +) 

Polished 2.4 797 symmetric 0.9 0.027 2(c),5(a) 5.0 0.07 Small (O.07-O.11 +) 

Polished 2,4797 3' symmetric 0.2 0.027 2(e),5(b) 5.0 0.06 Small (0.06-0.11 r ) 
Ground 1.5406 symmetric 6.2 2(b),6(a) 3.7 2.0 Not observed 
Ground 2.4797 symmetric 6.2 2(d),6(a) 3.7 1.5 Not observed 
Ground 2A797 3" symmetric 6.2 2(f),6(b) 3.7 1.5 Not observed 
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FIG. 8. Absorption path lengths of the symmetric and asymmetric optics 
for a curved sample. 

the averaging process. A layer below the free surface is de
picted in Fig. 4. As is seen in Fig. 8, when the surface is 
curved downward, tilting the sample to give a low incident 
angle gives nearly the same path lengths. This would result 
in a smaner reshaping of the intensity bands relative to an 
ideally flat sample. AHhough sizeable changes in path 
lengths are expected at the valleys of a surface, these points 
are de-emphasized for the present conditions by a shadow 
effect. 

\Ve obtained the same values of a and In using the Pear
son-VII function in fitting the full profiles from polished, 
ground, and annealed samples provided the data are collect
ed with the same x-ray optics. This means that neither po
lishing nor grinding operations generate sufficient defects to 
give measurable line broadening. One should not infer from 
this finding that those particles lost from the surface as de
bris are like that surface material that remains intact. In fact, 
it has been found that wear debris collected from a partially 
stabilized zirconia is highly defective, displaying high levels 
of nonuniform strain and a small x-ray particle size.4 Both 
findings are indicative of a high dislocation density. Highly 
strained asperities susceptible to fracture represent a small 
volume fraction of surface material, whereas aU debris parti
cles originate from such localized regions. It appears that the 
averaging taking place in the diffraction process favors the 
large volume fraction of material having highe: crystalli~e 
perfection. Also, the large surface to volume ratIO for debns 
particles offers a special quenching mechanism allowing the 
defect structure to be retained. The thermal environment of 
residual material remaining in good contact with the surface 
is very different because of slower cooling rates. The latter 
would give a less disturbed or an annealed crystalline struc
ture. 
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APPENDIX 

Figure 9 is a schematic diagram showing the ray optics 
of the x-ray measurement. For a single-phase flat sample 
without a texture, the diffraction intensity contributed by a 
small horizontal. layer of thickness AZ is given by 

AI = 10 Qe-p[lzI/Sin(e+<o) -+ IZl/sin(O-(o)l]AV, (Al) 

where 10 = the incident intensity; 

- . ~} + cos
2
2Bcos

2
(28') 'F2 CA2) 

Q - canst X .2 . r. . (2{}) 1 
y_ SlUu sm c 

with A = wavelength of the incident beam, Vc = volume of 
the unit cell, 28 = Bragg angle, 28' = Bragg angle for the 
diffracted-beam monochromator, j = muitiplicity, and 
F = structure factor. The exponential term is the absorption 
attenuation factor with Ii = the linear absorption coeffi
cient, Izl = the depth of the signal generating layer, (U = the 
tilt angle of the sample normal toward the incide~t ~eam 
from the symmetrical position, 8 + (U = 8 i = the meldent 
angle, () - w = Os = the signal angle, and A V = the volume 
of the smalHayer = Ao~Z fsin( e + (U) withAo = the cross
sectional area of the incident beam. The parameters defined 
above also appear in corresponding expressions for the 
rough sample. . 

While the intensity calculation for a flat sample IS 

straightforward, the corresponding calculation for a rough 
sample is complicated by variations in beam lengths for rays 
entering and leaving the sample. The diffracted inten~ity 
from a rough sample of uniform d spacing was develope~ 1n .a 
separate work. 7 This statistical model uses a normal dIstn
bution to describe the heights of surface excursions and all 
exponential function to describe the ~oIT~!ation ofth~ exc~r
sion heights along the horizontal dIrectIOn, W~ begm ~l1th 
this model and extend it so as to include a d-spacmg gradIent. 

Figure 4 illustrates a rough layer with the following two 
vertical locations: ( 1 ) Z Os, the scaled layer position from the 
mean plane; (2) Ys , the scaled depth of the sig~al elem~nt 
from the free surface. The scaling factor is v2<7 wtth (T deSIg
nating the standard deviation of the height distribution. Zs 
ranges from negative to positive values, while Y, is always 
positive. A thin curved layer located at a depth y:, is assumed 
to have the same d spacing and varies only with y:" . 

Consecutive layers of spacing dj are at a depth Y{ and 
contribute intensity I j • The intensity profile from each layer 

FIG. 9. Diffraction optics illustrating quantities defined in the Appendix. 
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is described by a Pearson-VII function which accounts for 
the instrumental and sample broadening. An intensity band 
is due to all layers and is obtained by summing the individual 
contributions, i.e., 

( 
(2e-2e.)Z)-m 

PB (20) = t:l;yo 1 + ma2 J' (A3) 

While thelj's need to be calculated from the roughness mod
el, a, m, and 20j 's can be adjusted by trial and error to the fit 
of the measured intensity band. The quantities a and mare 
usually obtained at the extremities of an intensity band. In 
the present samples a and m are constants while the 20j 

values are determined from Figs. 4(a)-4(c) and Bragg's 
law. 

The intensity Ij from a general layer at Y { for a rough 
sample has been treated elsewhere. 7,1l Layer Y, (see Fig. 4) is 
divided into like groups, For example, elements A and B 
belong to the same group at Zs and depth Y{ designated by 
(Zs,Y{). The surface excursion corresponding to the ele
mentsofgroup (Z"Y{) is located at ZOs = Zs + P,. In the 
present model, the incident and signal rays are assumed to 
intersect the surface profile only once. If the intersecting 
point is located at a scaled height of Zss, the corresponding 
absorption length for the signal ray from (Z"Y'~) group is 

Is = "'20'[ (Z,,, - Zs )/sin Os] . (A4) 

A similar relation is required for the incident path, i.e., l;. 
The average absorption factor for group (Z" y~) involving 
both paths is defined by 

(A5) 

with Ii and Is coupled through the intermediate location of 
the signal element. 

The first and second terms on the right-hand side ofEq. 
(AS) are the average attenuation factors for the coupled 
incident and signal rays. (e - fl

l
,) is obtained from the func

tion p (Ii) dl, giving the probability of finding an absorption 
length in the incident beam between Ii and Ii + dlj : 

(e - 1,1,) = i'" e-f.'i'p(l;)dl
i 

• 

Writing this in terms of the Z coordinate,7.!! 

(e -/ll,) = _1_ f4 e [ ,'2 (TI' (Z, •. - Z,)/sin e,) 
f'rr z, 

Xe - [(Z,,- pZo,)'/(l-p'l] 

The corresponding term (e -- 1'1,) is evaluated, by a similar 
expression. 

For the signal generating elements in (Z"Y{) group, 
Zj" ranges from Zs to infinity. The upper limit of Z" in Eq. 
(A6) is truncated at 4 because only 0.01 % of the surface 
profile is located above Zs = 4, Each point absorber along 
either l; or l, is related to the surface asperity at the signal 
element (Z os) through p, the autocorrelation coefficient 
function, 

(A7) 

It should be clear that the relative distance 'Tss or 'Tis are 
projections along the x axis (Fig. 4). 'Tc is the correlation 
distance which, along with 0', is obtained from profilometer 
measurements. Similarly, < e - 1'1,) can be obtained from Eqs. 
(A6) and (A7) with OJ and 7 j replaced by as and'Ts . 

The intensity from a general layer with thickness 
At

j 
is7 ,s 

I = loAoQ (Ii e'r[ <lihin O,l + (p/sin 61)]'12 - .J2<T Y~[(fl/sin O,l of (!<lsin 8.,l] 

J 2 

X {I + erf[3 + Y{ - J20'(-!!- + ~)/21} + i J-f 

4 A(Z"Zo,,)e- (2, +- yJ,)' dZs)Atj • (AS) 
sm a, sm as J f'rr sin 0i - 4 

Zs extends over the range ± 4. However, for Zs < - 4 a fiat 
sample calculation is used. Equation (AS) is integrated nu
merically and this result is used in Eq. (A3) to construct the 
intensity band. 

'e. R. Houska, Treatise Mater. Sci. Techno!. 19A, 63 (1980). 
2J. Unnam, D. R. Tenney, J, A. Carpenter, and e. R. Houska, College of 
Engineering, VPI, SU, and NTIS Report No. VPI-E76.9 (1976). 

5356 J. Appl. Phys., Vol. 63, No. 11, 1 June 1988 

.ltv!. M. Hall, V. G. Veeraraghavan, H. Ruben, and P. O. Winchell, J. AppL 
CrystaHogr.19, 66 (1977). 

'5. Rao and e. R. Houska, Acta Crystallogr. A 42,14 (1986). 
'J. Unnam, J. A. Carpenter, and e. R. Houska, J. App!. Phys. 44, J957 
(l973 ). 

"s. Rao and e. R. Houska, Acta Crystallogr. Sect. A 41, 513 (1985). 
7B. Hwang and C. R. HOllska, J. App!. Phys. 63, 5346( 1988). 
"B, Hwang, Ph. D. thesis (Virginia Polytechnic Institute and State Univer
sity, 1987). 

Hwang eta!. 5356 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

128.173.126.47 On: Wed, 06 May 2015 21:17:22


