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Contact residual stress relaxation in soda-lime glass
Part II. Aspects relating to strength recovery
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Abstract

Strength recovery of Vickers indented soda lime glass was measured and compared after annealing at two temperatures: one below and
one aboveTg. The atomic force microscope was used to study the cracks. At 540◦C, no changes were observed in crack morphology either
below the surface or on the surface relative to the pre-anneal state. At 630◦C, both sub-surface and surface crack morphology changes were
observed. The trends in strength recovery were compared with residual stress relaxation as measured by a new method of stress estimation
based on nanoindentation elastic response. At short hold times at 630◦C, and regardless of the length of hold time at 540◦C, strength recovery
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f only ∼30% was measured while at moderately long hold times at 630◦C, strong recovery of fracture strength,∼132% was measure
rends in strength recovery aboveTg are shown to match those of crack tip radius instead of trends in stress relaxation across the
tress field.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Non-equal biaxial stresses are known to exist around a
ickers indent in glass. Zeng and Rowcliffe1 used an inden-

ation fracture method and measured tangentially directed
ensile stresses and radially directed compressive stresses in
he Vickers residual stress field. These stresses are high close
o the edge of the indent, but decrease with distance away
rom it.2,3 Lawn et al.4 and Roach and Copper5 have de-
ermined that the residual stress field relaxes with time in
umid environment. An important effect of this stress relax-
tion is increased fracture strength, relative to the immediate
s-indented state. The reason behind the residual stress re-

axation is that the tensile stress component of the stress field
auses both the radial and the lateral cracks to grow during
geing.4–6 Salomonson and Rowcliffe6 found that the com-
ressive stress component does not contribute to this post-

ndentation crack growth since it did not significantly change
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in magnitude after a 2-month ageing period. During ann
ing, on other hand, Abe et al.7 have determined that both t
tensile and compressive stress components are relaxe
crack growth driving force of the residual stress field is c
acterised by the dimensionless constant,χ, and in the contex
of strength, applies only to the radial cracks, since the
eral cracks are passive in mode I strength testing. Th
the indentation produces a crack of equilibrium lengthco,
then under the influence of the contact residual stress dr
force, this crack will grow to a non-equilibrium length,c′

o.
Under an applied tensile stress,σa, the crack will experienc
a net stress intensity factor,K, given by8

K = Yσac
1/2 + χ

P

c3/2 , (1)

whereY is a crack geometry factor,P is the indentation load
andc is the crack length under the applied stress. The r
ual stress field constant is not invariant: its value decre
as post-indentation crack growth progresses.6,9 For example
Salomonson et al.6 determined that immediately after inde
tation in soda lime glass with a 45 N load, the value oχ
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.12.018
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was 0.066 but decreased, by about 32%, after crack growth
saturation over 2 months to 0.045.

When the specimen is annealed it is believed that the resid-
ual stresses are completely relieved and thatχ becomes equal
to zero.8 An effect of a decreasing or zeroχ is that the fracture
strength,σf , should increase according to

σf = 1

Yc
1/2
f

(
Kc − χP

c
3/2
f

)
, (2)

by rearranging Eq.(1)and settingK = Kc for equilibrium con-
ditions; cf is the crack length at fracture. Results of previ-
ous studies4,5 have shown, however, that in situations where
full stress relaxation is supposed to have occurred, i.e. when
χ = 0, full strength recovery, commensurate with the existing
crack dimensions, is not achieved. Common to those studies
was that the annealing temperatures were all below the glass
transformation temperature,Tg, of the glass. In another study,
Hrma et al.10 employed a wide range of annealing tempera-
tures from 525 to 725◦C.

In Part I of the present study,11 we introduced a new
method of stress estimation based on nanoindentation elastic
response, which was then used to study the isothermal anneal-
ing of the Vickers residual stress field at 540 and 630◦C. The
purpose of the present paper is to closely study the strength
recovery that results from isothermal annealing of the Vick-
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initial indentation site.10 Although Hrma et al.10 employed
several temperatures in their study, it is important to point
out that no significant strength recovery was obtained at tem-
peratures below 600◦C in that study; when strong increase
in strength occurred, it was only after a certain minimum
hold time at 650◦C. The choice of the two temperatures in
this paper was therefore to give a representative insight into
the role of kinetics on the relaxation of the Vickers residual
stress field on either side ofTg (∼566◦C) and to show how
this ultimately influences the strength recovery achieved in
the material. A further important feature of the present study
is that we have facility, through the AFM, to experimentally
measure the radius of annealed cracks, thus giving us the op-
portunity, as will be shown, to directly relate trends in strength
recovery to those in crack tip radius.

2. Experimental

Sets consisting of 18 or 9 samples of 3 mm-thick, 35 mm
by 35 mm soda lime glass plates were indented, one set at
a time, with a 45 N Vickers indenter, thus creating the well-
known Vickers residual contact system. After indentation,
each of those sets that consisted of 18 samples was divided
into two equal subsets: one was immediately put in the fur-
n for
a . Af-
t ngth-
t g, the
V two
s sisted
o enta-
t arts.
O aged
c aged
s ngth
o nued
i
a
a hold
t nd
1 ule.
S biax-
i speed
o
w ss
w n

σ

F ,
t e
l cope
a both
o y any
rs residual stress field at these two temperatures and
t to the stress relaxation occurring across the stress fie
eported in the companion paper. A special feature then
he present study is that the high spatial resolution o
anoindentation method permits a detailed mapping o
tress relaxation across the residual stress field. This de
nowledge of the relaxation progression across the res
tress field helps us to draw important conclusions reg
ng the actual role of contact residual stresses in stre
ecovery. For completeness, we employ the atomic force
roscope and optical microscopy to study any crack mor
ogical changes that might influence strength properties

Crack morphological changes and strength recover
onnection with heat treatment, is a well-studied subject.12–16

hus, Lange and Gupta,12 Yen and Cobble13 and Gupta14,15

ave studied crack healing in several ceramic materia
luding ZnO, Al2O3, and MgO. There are however two i
ortant ways in which those studies differ from the pre
ne. The first is that, apart from Yen and Cobble,13 crack in-

roduction was through thermal shocking of the sample
he previous studies, which differs from the indentation
uced cracks, with the associated residual stress field,

ed in the present paper. The study of the relaxation o
esidual stress field, and how it affect strength recove
s important in this paper as the study of the influenc
rack morphology changes on strength. The second is
hereas crack morphology changes were followed in the
ious studies until spherical pores were formed, in the pre
tudy, spheroidization was avoided since, at that stage,
s the possibility of fracture starting at flaws other than
ace for annealing while the other half was kept in air
geing for as long as the annealing experiment lasted

er annealing, the samples of the two subsets were stre
ested together. Therefore, at the time of strength-testin
ickers residual contact system in all the samples of the
ubsets had had the same lifetime. Those sets that con
f nine samples were annealed immediately after ind

ion as before but this time without any ageing counterp
n fracturing the annealed samples together with their

ounterpart samples, it was found that the strength of the
amples did not increase significantly after a certain le
f ageing time. The ageing tests were therefore disconti

n some of the tests as shown by the gaps inTable 1. The
nnealing temperatures were 540 and 630◦C. At 540◦C, the
nnealing hold times were 0, 24, and 48 h whilst the

imes at 630◦C included 0, 15 min, 30 min, 2 h, 4 h, 6 h a
2 h.Table 1shows a summary of the experimental sched
trength testing was done by loading the specimens in

al stress using the ring-on-ring method at a cross-head
f 0.2 mm/min. The radius of the support ring,rs, was 7 mm
hile that of the loading ring,rl , was 3 mm. Fracture stre
as calculated using the expression following expressio6:

f = 3F

4πt2

[
2(1+ ν) ln

rs

rl
+ (1 − ν)(r2

s − r2
l )

R2

]
. (3)

is the load at fracture;t, the thickness of the glass plateν,
he Poisson’s ratio of the sample whileR is half the averag
ength of the diagonals of the sample. The optical micros
nd the AFM were used to examine the indentation site,
n the sample surface and the fracture surface, to stud
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Table 1
Schedule of annealing and ageing tests

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 Set 9 Set 10

Sub-set of nine samples for annealing
Temperature (◦C) 540 540 540 630 630 630 630 630 630 630
Time (h) 0 24 48 0 0.25 0.5 2 4 6 12

Sub-set of nine samples for ageing only Yes – – Yes Yes Yes Yes – – –

changes in the indent/crack system as a result of the annealing
exercise.

3. Results and discussion

3.1. Crack studies

Table 2summarises the crack lengths measured in this
study. To determine the virgin crack length,co, a set of sam-
ples was indented. In this case the cracks were measured
immediately after each sample was indented, instead of mea-
suring them after all the samples in the set had been indented.
Crack lengths measured under the latter circumstance are des-
ignatedc1 in the notes underTable 2while those measured af-
ter long time ageing are denoted bycs. Crack growth occurred
between the time of indentation and when annealing started,
as a comparison betweenco, c1 and the crack lengths after an-
nealing of sample sets 1–7 may show. It may be inferred from
the same observation that no change in crack length occurred
during annealing. This is however not true for the samples that
were annealed for more than 2 h at 630◦C, where the cracks
decreased in length during annealing. This was accompa-
nied by a change in crack configuration in the surface of the
specimen. The change included crack tip rounding, widening
o rface
t ma e
a tem-
p sively
i en

called crack healing. It is believed10,20 that viscous flow at
the temperatures involved is responsible for the changes in
crack morphology that are observed.

Fig. 1 shows AFM images of crack tips representing re-
sults of some of the annealing schedules employed in this
study. As may be seen the cracks tips are barely resolved for
specimens annealed for less than 2 h at 630◦C. The same was
the situation with the specimens annealed at 540◦C. Even af-
ter 48 h annealing at that temperature the crack tip did not look
different from an unannealed one, when examined with the
optical microscope. Beyond 2 h at 630◦C however, the crack
tip is easily resolved by the AFM. Representative crack-tip
radius measured for the 630◦C tests are plotted against an-
nealing hold time inFig. 2, where a marked increase in crack
tip radius at long (>2 h) hold times at 630◦C may be seen.
Thus whereas the surface trace of the radial cracks are thin
slits emanating from the corners of the indentation at short
hold times at 630◦C and lower temperatures, at longer hold
times at 630◦C, these are transformed into elongated ellipti-
cal apertures with rounded ends.Fig. 3shows AFM sections
of the cracks, near the tip, as a function of anneal time. At
0 and 15 min hold time the crack opening is not very differ-
ent from the surface roughness of the specimen. As the time
increases, the crack widens and obtains raised edges. The
near-surface and surface features thus become resolvable for
t sted
i pe-
c an
t d in
i mple

T
S

S Age

1 24
2 54
3 120
4 29
5 30
6 30
7 33.5
8 30
9 38.5

1 41

C m; crac
c

f crack opening and material pileup adjacent to the su
race of the sides of the crack as has been reported by Hr
l.10 Decrease in crack length especially under elevated
erature and humid conditions, has been studied exten

n the literature for glass,17–20and the phenomenon has be

able 2
ummary of crack length results

amples set Annealing details

T (◦C) Hold time (h)

540 0
540 24
540 48
630 0
630 0.25
630 0.5
630 2
630 4
630 6

0 630 12

rack length immediately (<5 min) after indentation,co = 229.00± 9.40�

rack length after long time (>72 h) ageing,cs = 271.54± 8.54�m.
t
he AFM tip. The sub-surface depth information sugge
n Fig. 3 cannot be correct for the short hold times, es
ially up to 2 h. It is either that the AFM tip is larger th
he size of the crack opening and/or that the tip is limite
ts downward reach. As time increases however, for exa

at fracture (h) Crack length at fracture (�m)

Aged only Annealed only

266.05± 11.91 248.79± 11.04
– 246.14± 7.66
– 245.06± 8.26

266.41± 5.84 241.93± 5.48
267.42± 6.99 247.04± 5.97
268.24± 7.78 246.77± 7.71
267.12± 7.56 247.00± 9.76

– 234.17± 10.42
– 233.97± 15.35
– 223.97± 15.35

k length less than 1 h after indentation,cl = 247.71± 7.47�m; saturation
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Fig. 1. 3D AFM photo sequence showing how crack tip morphology on sample surface changes with length of hold time during annealing at 630◦C.
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Fig. 2. Plot of crack tip radius as a function of annealing hold time at 630◦C.

for 4 h and upwards, the sub-surface situation could begin to
look like what is shown inFig. 3. When this happens, that
would however not be the entire sub-surface picture since,
as described inFig. 9of ref.,10 such a situation would be ac-
companied by crack bridging, whereby the surface part of the
crack will be separated from the sub-surface part by a region

Fig. 4. Illustrating the bridge formation that separates the subsurface crack
front from the surface crack.

of welded material as illustrated byFig. 4. The width of the
crack opening, the slope of the crack faces close to the zero
line and the pileup dimensions, however, are accurate images
of these features of the crack morphology. No crack tip ra-
dius measurements were made for the 540◦C tests since, as
mentioned above, the AFM was not able to resolve the crack
tips annealed at that temperature.

3.2. Strength studies

The results of the fracture strength measurements are pre-
sented inFigs. 5 and 6for the 540 and 630◦C annealing tem-
Fig. 3. Crack-tip profiles after anne
aling at various times at 630◦C.
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Fig. 5. Fracture strength as a function of annealing time at 540◦C. Also
plotted are strength values of samples that had been aged only; for these
results the time axis represents the length of time the sample aged between
indentation and fracture-testing.

peratures, respectively. In both figures the fracture strength
is normalised to the strength of the glass in the as-indented,
no-ageing, no-annealing state,σo. The value of this refer-
ence strength was measured to be 15.02 MPa. Also plotted
in Fig. 5are the strength values obtained for specimens that
had been fractured after ageing them for various lengths of
time as explained in Section2. For these results the time axis
thus represents the length of time the samples aged between
indentation and fracture testing. InFig. 6 the same informa-
tion is represented by the shaded bar that projects from the
stress axis. These results show that once slow crack growth
has reached saturation after∼24 h, no significant increase in
strength will be obtained however long the residual contact
system is aged. The normalised strength corresponding to this
slow crack saturation is 1.1. This also means that ageing in air,
which is accompanied by contact residual stress relaxation,4,5

results in a maximum increase in strength, relative to the as-
indented state, of∼10%. Salomonson et al.6 obtained 8.4%

F
s rength
o lained
i

Table 3
Comparative results from Roach and Cooper5

Temperature σmax
f (MPa) σmax

f /σo

Room temperature 44 1.1
300◦C 47 1.18
400◦C 52 1.3
500◦C 52 1.3

σo = 40 MPa.

strength increase after ageing for 2 months. For further com-
parison with results from previous studies,Table 3presents
a summary of the relevant results of Roach and Cooper.5 In
Table 3, σmax

f represents the saturation strength values at the
conditions defined in the first column.σo has the same mean-
ing as before.

The room temperature results of Cooper and Roach,5

Table 3, thus confirm our assertion above that the maximum
strength increase to be obtained from slow crack growth is
about 10%. Annealing, on the other hand, results in a larger
relative strength increase. Our annealing study at 540◦C gave
a strength increase of about 33% and, as may be seen inFig. 5,
this value is practically constant irrespective of the length of
hold time at that annealing temperature. As shown inTable 3,
Roach and Cooper5 virtually obtained the same limiting rel-
ative strength increase of 30% when samples were annealed
at 400 and 500◦C for long hold times.

Up to 2 h hold time at 630◦C, practically the same con-
stant relative increase in fracture strength of 30% is obtained,
Fig. 6. Above 2 h anneal time at 630◦C the strength increases
strongly with anneal time as may be seen inFig. 6, where the
strength increase reaches≈132% relative to the reference
strength after annealing for 12 h.

The strength behaviour reported inFigs. 5 and 6is of a
similar form to that obtained by Hrma et al.10 (see Fig. 8 of
ref.10) The main difference is that whereas theirσf–t diagram
i ures,
h aling
t ent:
4
i ength
t tress
fi s re-
l dation
f w
m
u field
a ed
f an-
n ring
c
t is
n
V ,
x ame
p

ig. 6. Fracture strength as a function of annealing time at 630◦C. The
haded bar protruding from the vertical axis represents the value of st
btained for samples that had been aged only after indentation, as exp

n Fig. 5.
s a composition of results obtained at different temperat
ere, we follow the strength development at each anne

emperature throughout the entire length of the experim
8 h at 540◦C and 12 h at 630◦C. As mentioned in Section1,

n this paper, we seek to relate the observed trends in str
o the progression of stress relaxation in the residual s
eld. In contrast to the previous studies where the stres
axation was measured as a representative optical retar
or the entire stress field,5,9 in the present study, the ne
ethod of stress estimation using nanoindentation11 permits
s to follow the relaxation profile across the entire stress
s annealing progresses.Fig. 7(a and b) are results obtain

rom ref.11 showing stress relaxation as a function of
ealing hold time in the Vickers residual stress field du
onstant temperature annealing at 540 and 630◦C. In Fig. 7,
he distancex (�m), from the edge of the Vickers indent
ormalised to half the length of the diagonal, 2d. For a 45 N
ickers indent,d ≈ 61.5�m. The stress,σ, at any position
, and time is normalised to the initial stress at that s
osition,x, before annealing started.
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Fig. 7. Residual stress relaxation around a Vickers indent in soda-lime glass for (a)T = 540◦C (<Tg) and (b)T = 630◦C (>Tg).

3.2.1. Residual stress relaxation versus fracture strength
It can be seen fromFig. 7(a) that belowTg, stress relax-

ation rate is not very uniform across the stress field even if a
general tendency for increased stress relief with time is evi-
dent. After annealing for 24 h however, the stresses seem to
increase again from a distance of∼x = 1.5d and away from
the indent. This resurgence of stress has also been measured
by Solomonsson and Rowcliffe,21 who, using an indentation
fracture method, discovered that after 24 h annealing at tem-
peratures close toTg, compressive stresses change sign and
become tensile instead. This may therefore explain the cross-
over atx = 1.5d in Fig. 7(a). The figure also shows that after
24 h, the stresses in the region of the field where the radial
crack tips end (x > 3.7d), have increased almost to the initial
value. Following Salomonson and Rowcliffe’s results,21 this
should mean increased tensile stresses, which should lead to
a decrease in relative strength. This however is not the case
in Fig. 5 where the fracture strength as mentioned before is
constant irrespective of annealing hold time at 540◦C; neither
does the strength increase if one, instead, were to attribute the
stress resurgence to increasing compressive stresses. In other
words, the trends in residual stress relaxation do not match
strength behaviour measured after annealing at 540◦C. The
issue is even better clarified by examining the experiment
of 630◦C. Unlike the 540◦C case, here, the relaxation is al-
most uniform everywhere in the residual stress field at each
h re,
t is pro
g The
r and
6 ce
i es at
w The
r ure
s hold
t h of
a

down to room temperature with zero time hold, for instance,
results in between 50 and 60% stress relaxation throughout
the stress field. The corresponding strength increase for the
same annealing treatment, on the other hand, is only∼30%.
After 2 h annealing at 630◦C, the stresses (i.e.∼90% of the
original stresses) are practically relieved around the Vickers
indent. Yet the strength recovery after this period is only the
same 30% as was obtained at lower anneal hold times. The
conclusions from these analyses are that high temperature
annealing indeed causes stress relaxation around the Vickers
indent in glass. However, the stresses released during anneal-
ing are not necessarily converted to restored strength of the
material. The part of the stress relaxation that impacts on
the fracture strength properties occurs probably already dur-
ing the heating up process, at much lower temperatures, and
could even be transient in nature. This part results in a max-
imum strength increase of∼30%. When this has occurred,
practically no strength recovery is likely to be extracted from
annealing unless changes in crack morphology occur. Han et
al.9 and Hirao and Tomozawa22 also came to a similar con-
clusion, who observed that the effect of the contact residual
stress on the strength was minimal.

3.2.2. Strength recovery beyond residual stress
relaxation

In this sub-section we take a closer look at the results
o h.
A es
i 32%
i , after
1 ation
p 2 h of
a ry of
s tress
r rack
m
t rked
old time,Fig. 7(b). Moreover, at the higher temperatu
here is no significant stress resurgence and the stress
ressively relaxed with time throughout the stress field.
eason behind the different relaxation profiles for 540
30◦C, as explained in,11 can be attributed to the differen

n the kinetics of the plastic zone transformation process
ork on either side of the transformation temperature.

esults ofFig. 6 show that, unlike stress relaxation, fract
trength does not increase progressively with annealing
ime but rather remains constant throughout the first 2
nnealing. Just heating the sample up to 630◦C and cooling
-
btained here at 630◦C for annealing times exceeding 2
s may be seen inFig. 6this region of annealing hold tim

s characterised by strong recovery of strength—up to 1
ncrease relative to the as-indented reference strength
2 h annealing. This region is beyond the stress relax
hase since all stresses are essentially relieved after
nnealing at that temperature. Thus, the strong recove
trength here cannot be attributed to residual contact s
elaxation. Rather it could be due to the changes in c
orphology that occur there. It can be seen fromFigs. 1–3

hat strong crack tip rounding occurs in this region of ma
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Fig. 8. A schematic representation of the Vickers indent-crack system show-
ing changes in surface crack morphology after annealing at hold times ex-
ceeding 2 h at 630◦C. The changes include reduction of crack length and
widening of crack opening. The rather faint outline of the edges of the indent
are made to depict the real blurred appearance of the indent edge as a result
of the high temperature viscous processes taking place.

strength recovery. Associated with this crack tip rounding is
crack length shortening as can be seen for sample sets 8–10
in Table 2.

Fig. 8 is a typical representation of the indent/crack sys-
tem beyond the stress relaxation phase, where reduction of
crack length and widening of crack opening are illustrated.
Let a be the crack length before annealing, then after a hold
time exceeding 2 h at 630◦C, the tip of the crack at the sur-
face has reached a point which is displacedd �m from the
centre of the indentation. InTable 2this is the crack length
given for tests 8–10 under ‘crack length at fracture’.Fig. 8
also shows that crack pinch-off10 occurs at the zone of de-
parture from the corners of the Vickers indent. This leads to
the creation of another tip to the crack, resulting in what ap-
pears to be a complete surface segmentation of the original
crack.

Thus, although fracture did originate from the site of the
indent-crack system, the fracture-originating crack could be
eitherb or d, as defined inFig. 8. This is because, whereas
a single crack extended on either side of each diagonal of
the Vickers indent before annealing, it could be, after anneal-
ing, that these now are four separate cracks surrounding the
indent.

This is illustrated inFig. 9, which is a photomicrograph
of a fracture surface containing the indent/crack system. The
specimen had been annealed for 4 h at 630◦C. The solid ar-
r sys-
t f the
r sub-
s ether
w rtant
c ngth
p can
o tures
a ack
h

Fig. 9. Fracture surface of a 4 h anneal specimen showing the indent/crack
site. Solid arrow shows radial/median crack front, while dashed arrow shows
site of healed radial/median crack front.

3.3. Relating strength recovery to crack morphology
changes

Comparison betweenFigs. 2 and 6shows that crack tip
radius varies with time in a way that is similar to the trend in
fracture strength variation with time at 630◦C. That is, the
fracture strength is practically constant in the region where
the crack tip radius also does not change much; as the crack
tip radius increases after 2 h hold time, the fracture strength
also increases in a similar fashion. The fact that no crack
growth occurred during the constant strength segments of
Figs. 5 and 6means that the stress relaxation that occurred
through annealing did not involve crack growth unlike the re-
laxation caused by ageing (i.e. slow crack growth). This also
means that contact residual stress relaxation at elevated tem-
peratures does not necessarily translate into strength recovery
of the material. The increase in strength at 540◦C and up to
2 h at 630◦C relative to that of the fully aged state thus cor-
responds to the residual stress relaxation that occurs before
constant holding at these temperatures began, i.e. during the
heating stage of the annealing cycle. (Note that the constant
stress part at 630◦C has the same value of relative strength
recovery as the 540◦C case.) Roach and Cooper5 obtained
the same relative strength recovery values after annealing at
400 and 500◦C. It therefore appears that the contact residual
stress has a component that influences strength. The temper-
a well
b ery is
t h all
t t al.
c ta-
b ual
s r an-
n ere
c

sid-
u
σ k tip
r ome
ow shows the trace of the initial radial/median crack
em, while the dashed arrow shows the site of the part o
adial/median crack front that had been healed. Thus
urface changes to the crack front during annealing, tog
ith those occurring at the surface, can lead to impo
rack morphological changes that can influence the stre
roperties of the glass.Fig. 9 shows that these changes
ccur when long time annealing takes place at tempera
boveTg, where viscous flow becomes important for the cr
ealing process.
ture at which this begins to be rendered ineffective lies
elowTg. Once this has been passed, no strength recov

o be gained from residual stress relaxation even thoug
he stresses are not yet completely relieved. Pajares e23

ame to a similar conclusion for 4 mol% yttria partially s
ilised zirconia (4Y-PSZ), noting that even though resid
tresses were not available to drive radial cracks afte
ealing at 1000◦C, that did not mean that the stresses w
ompletely eliminated around the Vickers indent.

Thus, beyond the regime of influence of the contact re
al stresses, the similarity in shape between theρ–t and the
f /σo–t plots suggests a correlation between the crac
adius and the fracture strength. Although results of s
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of the previous studies24 of the subject have suggested a
connection between strength increase and crack tip blunt-
ing, it is the present study that thus provides the experimen-
tal evidence of the correlation, through physical measure-
ment of the crack tip as made possible by the AFM. On the
discussion regarding sharpness or bluntness of the indenta-
tion crack tip4,5,24 the results of the present study lead us to
conclude that (i) in the regime defined by room temperature
ageing and the heating segment of an annealing cycle, the
observed strength increase can be attributed to the release of
residual stress that occurs, as described by Lawn et al.,4 (ii)
beyond this regime, crack morphology changes take place,
whose nature are such as to influence the fracture mechanics
through crack healing, and by making the crack tip radius
now important, as was suggested by Tomozawa et al.24 In
this connection, Kurkjian25 suggested a modification of the
Griffith equation to include the crack tip. Such an exercise
was carried out in the present study using the experimen-
tally measured tip radius, but the resulting plot varied much,
in relative quantitative terms, from the experimental plot of
Fig. 6.

3.3.1. Ultimate strength recovery
Once a sample is indented, it is not likely that ultimate

strength recovery, corresponding to the as-received, unin-
dented material can be achieved in practice since, as reported
b an
t with
p ress-
f h an-
n r
b hen
p pera-
t ve
a ough
a lains
t in the
a
a on of
t ut as
a per-
t nder
c then
e above
T

4

may
b is
c
h ases
a slow
c ions
s e as-

indented state. During annealing at elevated temperatures the
contact residual stress factor decreases further, resulting in a
further increase in relative strength. The relative strength in-
crease at this stage is about 30%. It appears, from the present
study, that this stage could be transient and occur well be-
low Tg. (ii) During the initial part of the second regime, there
is still residual stress to be relieved, but its component,χ,
that impacts on strength has become zero. For temperatures
below Tg complete stress relaxation may take a very long
time while the time may be relatively short at annealing tem-
peratures aboveTg. No increase in strength occurs during
this initial part, until the stresses are completely relieved and
clear crack morphological changes begin to occur. After 12 h
at 630◦C for example the relative strength increase measured
was about 132%.

The strength recovery trend in the second regime, beyond
the influence of the contact residual stress factor,χ, has been
experimentally shown to have a good correlation with the
crack tip radius as a result of the crack tip blunting that occurs
during annealing.
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