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Abstract 

The residual stress field generated by Vickers 
indentation in an alumina ceramic material was stu- 
died by an X-ray d#raction technique. A speciJically 
designed stress/texture dlflractometer was used to 
measure the residual strain at d@erent locations 
around the indentation site, and the experimental 
values were compared with the theoretical stress field 
calculated on the basis of previous work. A 
compressive stress state was shown to prevail around 
the indentation site, the magnitude being a decreas- 
ing function of the distance from the contact point. 
The indented alumina specimens were then subjected 
to annealing treatments at temperatures up to 
1000°C. The measurement of the stress field by the 
X-ray technique allowed the observation that the 
indentation residual stress can be completely 
removed by heat treatment at temperature around 
900°C. 0 1998 Elsevier Science Limited. All rights 
reserved 

1 Introduction 

Techniques based on the analysis of indentation 
cracks have been extensively used for the mechan- 
ical characterization of ceramic materials.’ For 
example, fracture toughness can be easily calcu- 
lated from the measurement of the length of the 
crack which develop from the corner of the inden- 
tation site, or from the strength evaluation of 
indented specimens. 2,3,4 In addition, the indenta- 
tion test simulates particular events occurring in 
contact processes, thus furnishing useful informa- 
tion regarding the mechanisms which control 
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fatigue, wear or strength loss. In order to analyse 
and quantify these phenomena, knowledge of the 
residual stress generated around the contact site is 
essential. The presence of a residual stress field 
around the indentation site usually complicates the 
interpretation of the results, especially when high 
temperature tests are performed. Some procedures 
have been proposed in order to calibrate experi- 
mentally the residual stress intensity factor 
associated to indentation cracks.4*5>6T7 Never- 
theless, the possibility of working with a stress-free 
controlled surface crack is appealing. In particular, 
it was proposed that indentation cracks could be 
‘unloaded’ from the residual stress field: this can be 
performed either by the removal of surface layers 
of the material or by annealing treatments of the 
indented specimen. 4,7P11 In both cases, the defi- 
nition of the conditions that allow a complete relief 
of residual stress is a formidable task. Measure- 
ment of the indentation residual stress field is a 
complicated issue, due to its localization around 
the contact site and to the contemporaneous pres- 
ence of several stress components. 

X-ray Residual Stress Analysis (XRSA) allows 
the non-destructive determination of residual 
stresses in polycrystalline materials.12 This tech- 
nique, which is commonly used for testing of 
metallic components, is not as popular for cera- 
mics, essentially because of the small magnitude of 
the strains to be measured. This means that a par- 
ticularly reliable instrumentation must be used to 
achieve high precision measurements. 

The aim of the present work was to study the 
indentation residual stress field in alumina (90°/ 
pure) bars. The residual stress was measured by a 
specifically designed stress/texture diffractometer 
which allowed the stress trend around the indenta- 
tion to be determined by measurements at different 
distance from the contact point. The indented alu- 
mina bars were then subjected to several heat 
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treatments at temperatures up to lOOO”C, in order step of 0.0102”. Typical counting time was 360 s for 
to find the conditions of stress relaxation. each pattern. 

2 Experimental Procedure 

Alumina bars (3 mm x4 mmx 45 mm) from a com- 
mercial source (ALUBIT90, 0. Bitossi, Italy) were 
used in this work. The chemical composition of the 
material was (wt%): 91.7 A1203, 6.2 SiOZ, 0.8 CaO, 
0.5 MgO, 0.3 Na20, 0.5 other. The microstructure, 
shown in Fig. 1, mainly consisted of equiaxed 
grains with an average size around 5 pm; however, 
some elongated grains up to 20 pm can be 
observed. Grains were surrounded by an inter- 
granular glassy phase which represents about 10% 
in volume. Residual porosity was below 0.1%. One 
of the 4mm wide faces was polished with diamond 
paste up to 3 pm. Edges were chamfered following 
conventional procedure. 

Vickers indentations were obtained in air using a 
maximum load equal to 294 N. Four indentations 
(4mm apart) were made on the inner region of the 
bars which were eventually subjected to bending 
test. Only one indentation was produced :on sam- 
ples used for X-ray diffraction tests. Care was used 
in order to align the indentations with the specimen 
edges. 

Some specimens were annealed at various tem- 
peratures up to lOOO”C, in order to remove the 
residual stress field introduced by indentation. 
Heating and cooling rates as low as 2”Cmin-’ 
were used to this purpose. 

X-ray diffraction (XRD) measurements were 
conducted on a Huber 4030 stress/texture dif- 
fractometer. The instrument is based on a parallel 
beam optic, realised through a graphite flat crystal 
monochromator and a 1 mm diameter collimator 
in the incident beam. The XRD patterns produced 
by the Cu Ka radiation, were collected by a posi- 
tion sensitive detector (PSD-Elphyse), which 
simultaneously detected a 28 range of -lo”, with a 
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Fig. 1. Microstructure of the alumina studied in this work. A 
polished specimen was etched with HF solution to partially 

remove the grain boundary glassy phase. 

XRD patterns were collected on the indentation, 
and at increasing distance from it, by moving the 
beam as shown schematically in Fig. 2. The XRSA 
was performed by the sin* @ method,‘* which 
involves the collection of XRD patterns at different 
+-tilting. The geometry of the measuring system is 
also shown in Fig. 2. 

Bending tests were performed by using a four- 
point bend fixture, with an inner and outer span 
equal to 20 and 40mm, respectively. A constant 
cross head speed of 0.2 mm min-’ was used in these 
tests. 

3 Results and Discussion 

Figure 3 shows a high angle portion of the XRD 
pattern of an alumina bar collected by the PSD, 
with the indication of the Miller indices of the dif- 
fraction peaks. In order to determine the peak 
position with a high precision, which is a basic 
requirement for the XRSA, a numerical profile fit- 
ting program was employed. As shown in Fig. 3(b), 
the (3110) reflection was selected for the XRSA 
measurements, and the relevant X-ray Elastic 
Constants (XECs) were calculated from single 
crystal data, along the measured crystallographic 
direction, using the Hill average.12 

The sin* @ method, used for the XRSA, is based 
on a simple model of biaxial stress field: this 
hypothesis is certainly approximate, but is reason- 
ably appropriate in this case, considering the main 
purpose of our research, i.e. to find a simple ana- 
lytical tool to study the stress relaxation conditions 
in indented samples. In addition, considering the 
shallow X-ray penetration, it must be noted that 
the biaxial stress hypothesis is frequently a good 
approximation. A further discussion on this point 
is reported in the following. 

Figure 4 shows a typical E versus sin* @ plot for a 
measurement on the indentation and 6eOmm far 
from it, respectively. The positive slope of the trend 
for the measurement on the indentation clearly 
indicates the presence of an in-plane compressive 

&x3@@@ . . . . . 

Fig. 2. Schematic of X-ray beam positioning with respect to 
the indentation site, with definition of I/I and 6 angles. 
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Fig. 3. XRD pattern collected by the PSD, with indication of 
Miller indices of the observed alumina peaks (a); profile fitting 
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Fig. 4. Residual strain as a function of sin2 I++ (sin2 $ plot) for 
two positions: indentation site (a) and 6.0 mm aside (0). 

stress. No data ‘splitting’ for positive and negative 
$-tilting was observed within the experimental 
uncertainty, suggesting that the main stress com- 
ponent is in-plane. The residual stress was clearly 
zero far from the indentation, as confirmed by the 
zero slope for the 6.0 mm measurement. Therefore, 
it was possible to use the interplanar distance cal- 
culated from this measurement as the strain-free 
value of the (3110) d-spacing, do. In this way the 
residual strain was entirely calculated from experi- 
mental data, at any q-tilting, as E = (dy - d,)/d,. 

From these measurements and other ones at 
increasing distance from the indentation, it was 
possible to determine the residual stress profile 
shown in Fig. 5. This result is reported here to 
demonstrate the feasibility of such type of mea- 
surements; a better spatial resolution may be 
achieved by using collimators with a smaller dia- 
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Fig. 5. Residual stress profile obtained from XRSA. 

meter (0.3 mm or less), and by increasing the num- 
ber of measurement points around the indentation 
accordingly. 

The stress profile in Fig. 5 can be compared with 
the theoretical stress field associated to a Vickers 
indentation. The stress components can be calcu- 
lated on the basis of the results presented in pre- 
vious works; Yoffe proposed that the stress acting 
outside the indentation after the load has been 
removed can be calculated as:13,14 

where /3 represents the strength of the field, p and C#J 
are defined in Fig. 6, and g(4) is an angular func- 
tion.13 Sglavo and Green showed that p should be 
around 12-18 kPamm3 for a better agreement 
between theoretical and experimental stress field in 
soda-lime silicate glass. l4 This factor depends on 
the hardness of the material, H, and on the exten- 
sion of the contact site, a’, through the relation 
i!l= (Ha3, where < is a dimensionless constant.13 
On the basis of the results presented by Sglavo and 
Green, ,$ can be evaluated around O.2O.14 There- 
fore, as the hardness of the alumina bars was equal 
to 10.4 GPa,4 a value of z 1.78 MPa mm3 can be 
used for the calculation of the residual stress field 
generated by indentation in the samples used in 
this work. On the basis of eqn (1) the principal 
stress components can be calculated. Figure 6 
shows the contours of the principal stresses as a 
function of the distance from the indentation site in 
a general plane rotating around the indentation 
axis, y. It is important to point out that eqn (1) was 
determined for an axy-simmetric geometry. 

In spite of the simple approximation involved by 
the sin2 + method, we can qualitatively compare 
the theoretical predictions with the XRSA results; 
a correct comparison, however, must consider that 
the XRSA is relevant to the outer layers only of the 
alumina bar. Moreover, due to the absorption of 
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Fig. 6. Contours of the principal stresses around an indentation: (a) (~11, (b) ~722, (c) ~733, Point 0 represents the initial contact point. 
Distances along the x, y axes are given in mm, stresses in MPa. The dashed plane (x,z) represents the indented surface. 

the X-ray beam, the relative weight of layers at 
different depth decreases exponentially. The weight 
factor is 

(2) 

where y is the depth (see Fig. 6) and Al. is the linear 
absorption coefficient. For our A1203 test bar 
p = 120.66 cm-‘, whereas 8 - 64”. As shown in 
Fig. 4, the +-tilting angle changes from 0 to 70” 
during the XRD measurements, therefore we can 
use a value of cos$ = 0.7(@ = 45”) in eqn (2) to 
evaluate an average residual stress according to the 
theoretical model: the profile of the averaged stress 
components, S,,, S,,, S,, and S,,, is reported in 
Fig. 7. To have a reasonable numerical estimate of 
the thickness of material sampled by the X-ray 
beam, we can consider the equivalent thickness, 
t eq = (sin 0cos *)/2j.~, which is the thickness of a 
hypothetical non-absorbing layer giving the same 
amount of diffracted intensity as the actual 
absorbing (infinitely thick) material. Under the 
same conditions considered above, res M 26 km. 

Figures 6 and 7 show that a compressive stress 
state prevails around the indentation, the 
magnitude of the compressive stress decreasing 
with the distances from the contact site. In addi- 
tion, S,, substantially prevails on the other stress 

components. To this purpose, it is worth saying 
that XRSA refers to the corresponding strain 
component, E,. Therefore, in spite of all the 
approximations, a good qualitative agreement can 
be observed between measured (Fig. 5) and calcu- 
lated stress values (Fig. 7). 

It is important to point out that the calculated 
stress can be compared with experimental results 
only outside the hardness impression. Due to the 
irreversible deformation (compaction and crush- 
ing) taking place beneath the indentation, strain 
can be considered as elastic only for distances from 
the contact site larger than ~200 pm.4 Besides 
approximations already introduced, discrepancies 
between the experimental and calculated trends can 
be imputed to several reasons. First of all, eqn (1) 
does not represent an exact analytical description 
of the stress field around an indentation, but terms 
with higher negative order in p should be taken 
into account for a higher precision in the calcula- 
tions.13 As already pointed out, the relations pro- 
posed by Yoffe13 were derived for an axi-symmetric 
geometry, and therefore problems arising from the 
pyramidal shape of the indenter were neglected. In 
addition, as pointed out by Sglavo and Green, one 
single value of the parameter /? does not allow to fit 
the measured indentation stress field.14 Finally, the 
large spot size used for the XRSA could be another 
reason for the discrepancies between theoretical 
and measured stress values. 
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Fig. 7. Average stress components, calculated according to the exponential weight [eqn (2) in the text], as function of the distance 
from the contact site. (a) S,,, (b) S,,, (c) S,, and (d) S,,. 

The relaxation of the residual stress was acti- 
vated by heat treatment, taking advantage from 
the presence of a 10% of amorphous phase. In 
order to find the suitable conditions for stress 
relief, several thermal treatments were tested. All 
treatments were performed with a low heating and, 
specially, low cooling rates (z2”C min-‘). As 
shown in Fig. 8, temperatures up to 800°C were 
ineffective: a complete stress relaxation was 
obtained only after a 2 h heat treatment at 900°C. 

Therefore, in spite of the approximation in the 
stress analysis which adopted a simple biaxial 
stress model, the stress relief conditions could be 
determined as well as the stress profile near the 
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Fig. 8. Relief of residual stress on the indentation site after 
heat treatments: percentage reduction with respect to the as- 

indented alumina bar. 

indentation. Concerning the adequacy of the sin2 @ 
method, the strain was observed to slightly deviate 
from the linearity in the sin2 @ plot. This effect was 
increasingly visible for higher $-tilting and was 
easily detectable for sin2 1,4 > 0.7. Above this value 
the slope decreased, thus indicating an overall cur- 
vature of the sin2 I+G diagram. This effect can be 
attributed to the presence of a stress gradient in the 
sampled volume, 12,i5 with decreasing compression 
(and even a tension) towards the surface of the 
sample. The curvature could be used to calculate 
this gradient and the method is interesting when 
several measurements with different wavelength 
(i.e. different penetration depth) can be collected.15 
Further work, possibly employing synchrotron 
radiation, would be necessary to develop this 
methodology. 

In order to understand the importance of a 
proper annealing procedure, bending strength of 
as-indented specimens was compared with the 
resistance of specimens annealed at 900°C. Results 

Table 1. Strength, of, initial surface crack length, CO, and 
length at instability, c,, in as-indented and annealed speci- 

mens 

01 W’4 
CO (m) 

cm (pm) 

as-indented 

83.2zt6.4 
475zt 16 
956 =t 80 

Annealed 

130.1*4.1 
448 =t41 
465 f 25 
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are reported in Table 1. The strength (af> for as- 
indented bars is sensibly lower than for annealed 
samples. As a further and more specific proof of 
the residual stress removal by thermal treatment at 
900°C ‘dummy’ indentation cracks were analysed 
using a decorating technique described in a pre- 
vious work.4 As a matter of fact, the presence of 
the residual indentation stress field is responsible 
for a stable crack growth as the crack length dou- 
bles from CO to c,,, (Table 1). Conversely, no evident 
stable crack growth could be detected in annealed 
specimens.4 Therefore, stress-free defects can be 
produced in the alumina ceramic studied in this 
work by annealing at 900°C. 

The data presented so far involve another 
important technological consequence regarding the 
presence of residual stress in ceramic materials. For 
example, it is well known that industrial grinding 
can be responsible for the formation of residual 
stresses on the surface of ceramic materials.t6 Such 
residual stresses can account for an increase in the 
strength and apparent fracture toughness of the 
material.16 From this point of view, the XRSA 
technique presented in this work represents also a 
powerful tool for non-destructive measurement of 
machining-induced surface stresses in ceramic 
materials. 

4 Conclusions 

The residual stress field around Vickers indenta- 
tions was measured on 10% glassy phase contain- 
ing alumina by an X-ray stress analysis. The 
stresses were calculated on the basis of the residual 
strains of the (3 120) Al203 peak shift. A compres- 
sive stress state was shown to prevail around the 
indentation, the magnitude of the stress being a 
decreasing function of the distance from the 
contact site. The analysis of the stress field on 
specimens annealed at different temperatures 
allowed to point out that the indentation stress 
field can be completely removed by a heat treat- 
ment at 900°C. 
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