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Contact residual stress relaxation in soda-lime glass
Part I. Measurement using nanoindentation
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Abstract

The contact residual stress field created by a Vickers indentation is a micro-size region of high and varying stresses. Stress relaxation
studies in such a micro-region may not be accessible to the conventional methods of investigation. In this paper the elastic response during
nanoindentation has been used to study the isothermal stress relaxation of a Vickers residual stress field in soda-lime glass at 540 and 630◦C.
At each temperature, the stress relaxation profile varied from one location of the stress field to the other suggesting non-linear response to
stress. Also, the relaxation profiles at identical positions were different for the two temperatures suggesting that the Vickers residual stress
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. Introduction

When a Vickers indentation is made in soda-lime glass,
esidual stresses are created, because a plastically deformed
egion is formed beneath the surface impression. Around this
lastic region, the material is permanently strained elastically,

hus leaving the surrounding matrix in a state of stress. During
ubsequent testing of a specimen containing a Vickers flaw to
easure the fracture strength,σf , or the fracture toughness,
IC, the residual stresses act together with the applied stress,
a, in determining the fracture mechanics of the material as
xpressed by the following relationship:

= χr
F

c3/2 + φσa
√

c, (1)

hereK is the stress intensity factor;F, the maximum load
n making the Vickers indent;σa, the stress applied during
he fracture testing;φ, a crack geometry factor;χr, a charac-
eristic of the residual stress field.

The residual stresses, represented by the first term o
right hand side of Eq.(1), have been determined1,2 to im-
pact on both the static and dynamic fatigue propertie
brittle solids. Inclusion of the residual contact term in
analysis, however, is not straightforward: as the residual
strength changes due to ageing, so isχr expected to chang
The value ofχr used in a particular analysis must, theref
reflect these varying conditions. A way to avoid the un
tainties that inaccurate determination or choice ofχr might
entail has been to remove the residual contact stresses
by annealing or polishing away the plastic zone surroun
the indentation.3 Salomonson and Rowcliffe4 employed both
methods and found polishing to be the more effective me
of the two. In the case of annealing, they observed full r
of the original tensile stresses after holding at 550◦C for 24 h.
Studies by Marshall and Lawn,1 Chantikul et al.,2 and Roach
and Cooper5 have also shown how annealing can reduc
remove the residual stresses around an indentation th
enhancing the fracture properties.

This paper is about the kinetics and extent of stress r
achieved around the Vickers indent during isothermal an
ing of a sample containing the Vickers defect. The metho
∗ Corresponding author. Tel.: +46 8 7909134; fax: +46 8 207681.
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nanoindentation elastic modulus on the applied (or residual)
stress state in a soda-lime glass. The Vickers residual stress
field is a micro-size region of high and varying stresses. Stress
relaxation studies in such a small region may not be accessi-
ble to the conventional methods of stress measurement. For
example Roach and Cooper,5 Arora et al.,7 and Han et al.8

performed optical retardation measurements at the edge of
the Vickers indent and used it as a measure of the extent of
residual stress decay in the entire stress field. Although very
useful results were obtained, such a method does not permit
a detailed profiling of the stress field as a function of anneal-
ing temperature and time. On the other hand, the high spatial
resolution capacity (∼ ±400 nm) of nanoindentation permits
almost a point-to-point measurement of the entire stress field
after any prescribed annealing treatment.

In sub-micron depth-sensing indentation experiments
(also known as nanoindentation) the loadP, and the depth
of penetrationh, are continuously recorded throughout the
indentation cycle. The depthh, together with the known geo-
metrical shape of the indenter is then used in the subsequent
determination of the area of the residual impression gener-
ated. Oliver and Pharr9 developed a method for determining
the hardness and elastic modulus from data obtained from
depth-sensing indentation experiments. For the Berkovich
tip, the contact area of the indentation is obtained as:
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Fig. 1. Showing the loci of indents as used in this study (θ = 45◦).

glass. That the elastic modulus of soda-lime glass can change
due to the presence of applied stresses was established long
ago by Mallinder and Proctor.10,11

In the present study, first,E was measured in a stress-free
specimen and was found to be constant with a maximum
scatter around the mean,Eav, of ±0.5 GPa. The experiment
was then repeated, but this time close to a Vickers impression
where residual stresses are known to exist,Fig. 1. Close to the
indent, a systematic change ofE with position was observed,
Fig. 2. At far away distances from the impression, where the
influence of the residual stress field is low or approaching
zero,E became constant with the same scatter as mentioned
above. In a stress-free soda-lime glass specimen or one with
a constant surface-stress, the characteristic data scatter about
the mean, was therefore, less than±0.5 GPa in the present
study. The difference between the elastic modulus measured
close to the edge of the Vickers impression and the mean,Eav,
was greater than 16 GPa. Far exceeding the characteristic data
scatter of the method this meant that the elastic response to
stress around the Vickers indent is a real and experimentally
measurable effect.

These preliminary experiments thus assured the relia-
bility of the nanoindentation elastic response as a tool for

F eld
o on
w s not
a

= 24.56h2
c, (2)

herehc is the depth along which the indenter and the sam
re in contact at maximum load.

The effective modulusE* , of the elastic–plastic conta
etween the specimen and the indenter then incorporat
reaA as:

∗ = 1

β

√
π

2

S√
A

, (3)

hereS (=dP/dh) is the contact stiffness calculated at m
mum loadPmax, andβ is an indenter geometry constant
i denotes the elastic modulus of the indenter, then th

he sample,E, may be obtained from the expression

= 1 − ν2

1/E∗ − (1 − ν2
i )/Ei

, (4)

hereνi andν represent the Poisson ratios of the indenter
ample, respectively. The sample hardness,H, is also calcu
ated using the contact area and the maximum load,Pmax,
s

= Pmax

A
. (5)

n a study to investigate the influence of applied or re
al stress on the elastic modulus and hardness, Kese6

ound that the elastic modulus of soda-lime glass meas
y nanoindentation was influenced by the presence o
tresses in the sample. The present paper attempts to
he observed dependence of nanoindentation elastic m
us,E, on stress, in the study of stress relaxation in soda-
ig. 2. Elastic modulus,E, as a function of position in the residual stress fi
f a 45 N Vickers indent in soda-lime glass.E shows a systematic variati
ith distance with approach towards the edge of the indent, while it i
ffected at far away distances from the edge of the indent.
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investigating the stress field around the Vickers indent in
glass. The potential of the nanoindentation elastic response
as a stress probe has already been observed and reported by
other workers.12–14Apart from the elastic response, there are
other features associated with indentation in materials that
can also serve as stress tell-tales. For example, the shape of the
pileup that surrounds an indentation can be used to determine
the level of residual stresses present:15 thus using an optical
interference method Underwood16 was able to measure the
magnitude and sign of residual stress in steel by studying the
deviations in shape of the pileup surrounding spherical in-
dentations in samples of the material. The residual stress field
around the Vickers indent being non-equal biaxial,17–19 the
elastic response measured here may be regarded as relating
to an average stress at each location of nanoindentation.

2. Method

The specimens used in this study were 3-mm-thick float
glass plates (nominally 12.5 mm× 12.5 mm) preannealed at
630◦C for 1 h to remove any existing fabrication surface
stresses. The experimental procedure consisted of three main
parts: (i) generation of residual stress in the specimens, (ii)
taking the samples through annealing schedules with the aim
o ing
n tress
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3. Results and discussion

3.1. Effect of annealing on elastic modulus measured in
the Vickers residual stress field

In the Vickers contact residual stress field, the stresses
are high near the edge of the impression and decrease with
distance away from it. As mentioned in the introduction the
nanoindentation elastic modulus seems to reveal the presence
of stress in a material, a fact that is clearly demonstrated by
the example ofFig. 2, whereE decreases continuously with
approach towards edge of the Vickers indent.

The sample ofFig. 2was nanoindented directly after intro-
ducing the Vickers indent in the preannealed sample, without
any intervening annealing. Further annealing (temperature
and hold time as variable parameters) of the Vickers contact
residual stress field causedE to increase toward the equilib-
rium stress-free value of the glass. As the effect of further an-
nealing is to relieve stresses among other things, this response
of the elastic modulus to annealing can be related to the stress
relaxation around the Vickers indent. That is, stresses cause
E to decrease relative to the stress-free value of the material;
as annealing relieves the material of the stresses,E tends to
revert back to the stress-free value.

A problem with experiments using the Vickers residual
stress quadrant is that in practice no two quadrants are iden-
t rties
a ot al-
w ne on
s band
o e
p ation
m ach
V ming
p and
t rack
g edge

F ead to
v fields.
H stress
q tead
o

f relieving the stresses generated in (i), and (iii) perform
anoindentation tests in order to follow the process of s
elaxation attending to part (ii). Generation of residual st
n the specimens was achieved by introducing a Vicker
entation into one face of each specimen using a load of
he residual stress thus generated was biaxial aroun
ickers impression.17 One of the samples, which was no
e subjected to any further annealing beyond the preanne
xercise was glued to an aluminium block and mounted o
anoindenter (NANO INDENTER®II, Nano Instruments

nc., Oak Ridge, TN) and allowed to thermally equilibrate
everal hours. A nanoindentation experiment was run a
chosen radial directionθ (=45◦) with respect to a radia

rack as illustrated inFig. 1. The rest of the samples, ea
lso containing a Vickers indent were annealed for var
old times: 0, 4 and 24 h at 540◦C and 0, 0.25, 0.5, 1.75 a
h at 630◦C. The choice of these temperatures was to s

he role of conditions below and aboveTg (=566.5± 2.5◦C
s measured by the DSC method) on the kinetics of stre

axation around the Vickers defect in glass. The heating
as∼21◦C/min while the cooling rate was∼1.5◦C/min. Af-

er annealing, a nanoindentation experiment was perfo
n each of the specimens in the same manner as des
bove,Fig. 1. Each nanoindent was made using one cyc

oading and unloading, with two constant-load hold segm
nserted at peak load and 90% unload. The peak load
5 mN. The first constant-load hold segment was to mea
nd account for creep at maximum load while the second

o measure and account for the thermal drift coming from
nstrumentation.
ical. Therefore, nanoindentation measurement of prope
t identical positions of different stress quadrants may n
ays yield exactly the same results. For example tests do
everal ‘no anneal’ samples gave results that formed a
f E values,Fig. 3, instead of coinciding into a single-lin
lot. This spread in results is not due to the nanoindent
ethod. Rather it is due to the physical condition of e
ickers indentation and its residual stress quadrants, co
ossibly from differences in: (i) radial/lateral crack sizes

he residual stress relaxation resulting from the slow c
rowth of these cracks, (ii) processes occurring at the

ig. 3. Physical differences between different stress quadrants may l
ariation in property values measured at identical points in the stress
ere the elastic modulus measured along identical loci in the residual
uadrant of different ‘no anneal’ samples fall within a band of values ins
f forming a single line plot as one would expect in an ideal case.
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of an indent such as piling-up, and (iii) sample surface and
mounting conditions.

This, therefore, leads to an uncertainty when data must be
collated, as in this study, from measurements done in differ-
ent stress quadrants in order to study an effect. In general one
would expect theE-plots for different hold times to be verti-
cally displaced relative to one another, i.e., longer hold times
should shift theE-plot towards the equilibrium stress-free
value. In practice, however, results from some of the different
hold times overlapped: i.e., some of theE-plots crossed each
other. For the 630◦C tests the following assumption was
made in collating the elastic modulus data for the present
study. For hold timest1 andt2 (t2 > t1), theE-plot of t2 should
lie above that oft1 in general agreement with the fact that
longer hold times should lead to more stress relaxation, and
a relative upward shift of theE-plot toward the stress-free
value. The same assumption was made for the 540◦C tests
except that in this case cross-over of data plot was allowed
for the 24 h results since repetition of that test consistently
showed a tendency for part of theE-plot to lie at a position
below the expected. As will be explained in Section3.5, this
behaviour at temperatures belowTg happens to be a subtle
but real effect which, although easily and consistently regis-
tered by the nanoindentation method, would go undetected if
one were only to measure a representative stress decay at the
edge of the impression as in the optical retardation method.

3
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convert the elastic modulus to stress. For soda-lime glass
they found the elastic modulus,E, to depend on the
strain,ε, as:

E = Eo − 5.11Eoε, (6a)

from which the strain can be solved as

ε = Eo − E

5.11Eo
. (6b)

For a material which shows non-linear elastic behaviour,
within a small strain interval, dε, a constant elastic modulus
may be assumed to relate the stress,σ, to the strain as:

dσ

dε
= E, (7)

which gives∫
dσ =

∫
Edε (8a)

σ =
∫

(Eo − 5.11Eoε)dε + C (8b)

after substitution from (6a).
At ε = 0,σ = 0 givesC = 0 in (8b).
The stress is thus obtained as

σ 2

S he
s

σ

r ap-
p ual
s ach
s hold
t f
t f
t
m study

F of anne ng
a

.2. Relating the elastic response to stress

The general effect of annealing a mechanically stra
egion of soda-lime glass is thus to increase the nanoin
ation elastic modulus,E, towards the stress-free value of
lass. For example, annealing for 2 h at 630◦C increases th
lastic modulus at a distance of less than 10�m from the edg
y about 16 GPa while the corresponding increase at far
istances is about 2 GPa. As pointed out above such anE-plot
ould also be related to the extent of stress relaxation ach
t those locations due to annealing. The result of Malli
nd Proctor10,11 is used here as a first approximation

ig. 4. Residual stress relaxation around a Vickers indent as function
t 630◦C.
= Eo(ε − 2.55ε ). (9)

ubstitutingε from (6b) into(9) gives a relation between t
tress and the elastic modulus:

≈ 1

10.22Eo
(E2

o − E2). (10)

Fig. 4show stress relaxation diagrams obtained afte
lying Eq. (10) to E-data measured in the Vickers resid
tress field. A fourth power polyfit curve is applied to e
et of data to obtain a continuous stress function for each
ime across the stress field. The distance,x, from the edge o
he indent is normalised with the size,d, of the indent (=hal
he length of diagonal of the plastic impression = 61.5�m). It
ust be pointed out that the stresses calculated in this

aling hold time: (a) results after annealing at 540◦C and (b) results after anneali
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using Eq.(10)may only be approximate since Mallinder and
Proctor10 considered only uniaxial stresses in their study.
However, since normalised quantities are used in relaxation
studies, any discrepancies in absolute values will not detract
from the qualitative discussion. In addition, the ‘no-anneal’
curves ofFig. 4 have a similar form to what has been ob-
tained from experimental stress measurement in the Vickers
residual stress field.17,19 Close to the edge of a sharp indent
in soda-lime glass the theoretical result of Chiang et al.20

predicts a residual tensile stress (σyy) of ∼0.98 GPa (when
H = 5.5 GPa) and appreciably high compressive stresses (σc).
The ratio,σc/σyy, of the compressive-to-tensile stresses close
to a Vickers indentation in soda-lime glass has been deter-
mined in micro-indentation fracture measurements17,18to be
∼4 and in a nanoindentation fracture measurement19 to be
∼6. The stresses measured here for the ‘no-anneal’ indents
shown inFig. 4are, therefore, reasonable approximation av-
erage values. Eq.(10) means that as the stress tends to low
values,E approachesEo. Eo can be the elastic modulus of a
stress-free specimen.

In Section3.1 we discussed the problem associated with
measuring mechanical properties using different quadrants
of the Vickers indent.Fig. 5 is an example of stress plots
obtained from measurements done in one and the same stress
quadrant of a Vickers indentation. An array of nanoindents
was first made in one of the four quadrants formed by the
r the
s
s tween
t fter
a e
a ecay
p oint
D ill
b gion
b eat-
i

F tively
a e first
e ystem
w 1 h at
6 set of
n iment
(

the elastic modulus is constant with respect to both position
and thermal history. With prolonged hold at the annealing
temperature, AD will flatten out as D shifts towards the
right until it coincides with the constant modulus segment
(EF) at complete residual stress relaxation. This is what
would happen if transient relaxation of one and the same
residual stress quadrant were continuously studied during
the annealing exercise. Due to path hysteresis during thermal
cycling of glass, it was deemed inadvisable, in the present
study, to re-anneal a particular stress quadrant beyond the
first annealing. Shen et al.21 found that thermal history could
influence the stress relaxation behaviour of glass.

Figs. 4 and 5clearly reveal a peculiarity associated with
stress relief close to a defect: that of a region of fast relieving
stresses, adjacent to the edge of the defect, leading to an
initial dip in the stress relief curve. Such a behaviour was also
found by Salomonson and Rowcliffe4 and James,22 the latter,
during a study of fatigue stress relaxation in an aluminium
alloy where the stress relaxation was found to be faster close
to the surface. Also, in glass seals, the seal edges have been
observed to relax more than the bulk material.23 The reason
behind this behaviour in the Vickers residual stress field will
be explained in the next sub-section.

3.3. Influence of annealing on the plastic zone
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s nt.
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t t of
adial cracks of a non-annealed Vickers indentation;
ample was then annealed for 1 h at 630◦C after which a
econd nanoindentation measurement was done in-be
he nanoindents of the first array. ADEF is the result a
nnealing for 1 h at 630◦C while CDEF is the results of th
s-indented experiment. BD is an imaginary stress d
ath that would be expected from an extension from p
. Why ADEF is the relaxation path, instead of BDEF w
e explained below. As may be seen in the figure, the re
eyondx = 3d shows unchanging elastic modulus after h

ng to and holding for 1 h at 630◦C. Beyondx = 6d (point E)

ig. 5. Residual stress plot for two experiments performed consecu
long the same direction in the same Vickers residual stress field. Th
xperiment was performed when the sample containing the Vickers s
as not annealed (plot CDEF). After this, the sample was annealed
30◦C after which the second experiment was performed with the new
anoindents carefully placed in between the indents of the first exper
plot ADEF). BD is an imaginary relaxation segment.
It is instructive to consider the behaviour of the pla
one during annealing since it is the raison d’être of the
esidual stress field around the Vickers indent. Getting
f the plastic zone should remove the strains imposed o
urrounding matrix and result thus in stress relief. Also, s
he formation of a plastic zone in soda-lime glass invo
lastic deformation, densification and plastic deforma
emoving the plastic zone should logically involve a reve
f these forms of material deformation. Of the three, ela
eformation is the one that recovers first, occurring alre

n connection with load withdrawal. The other two c
nly be reversed through heating nearTg.4,24 In anothe
tudy, by Kese and Tehler,25 the response of the plastic zo
o annealing was investigated by examining the frac
urfaces of samples annealed at different temperature
old times.Fig. 6 shows a sketch of the main points of
esults that were obtained.Fig. 6(a) is an illustration of th
lastic deformation zone before annealing, showing the s
eformation flow lines (see Hagan26), while Fig. 6(b) and
c) illustrate the plastic deformation zone at various st
f annealing. The grey areas represent plastically defo
aterial, while the white areas below the Vickers impres

epresent plastic areas that have been transformed.
As illustrated inFig. 6, the study showed that the pla

ically deformed region responds to annealing by first ‘
olving’ itself in its interface region with the Vickers inde
n other words, reverse transformation of the plastic z
tarts from the Vickers indent and proceeds radially outw
owards its boundary with the material matrix. The effec
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Fig. 6. Schematic diagram showing the transformation of the plastic zone
beneath the Vickers indent during annealing. (a) The plastic zone is in the
form of a solid hemisphere with a characteristic size,d. (b) The transfor-
mation of the plastic zone begins at its interface region with the indent.
As annealing progresses, the solid hemisphere is transformed into a shell
of plastically deformed material containing a mass of transformed material
within its cavity; the thickness of this shell ist but the outer dimension of the
plastic zone remains unchanged. (c) Extended annealing, especially at tem-
peratures aboveTg results in further thinning out of the shell of the plastic
zone;t thus decreases whiled remains unchanged. (d) With prolonged an-
nealing at temperatures aboveTg, the plastic zone is completely transformed
and there is no plastically deformed material surrounding the indent. There
is thus a preferred direction in which the transformation of the plastically
deformed region occurs.25

this preferred direction of plastic zone annihilation is that
the initial solid volume is changed to become a shell of plas-
tically deformed material holding within its cavity, a mass of
reverse-deformed material. The size (or outer dimension) of
this shell remains virtually constant throughout the annealing
process but its thickness decreases constantly. The kinetics
and nature of stress relaxation that takes place in the Vickers

residual stress field should be linked with what happens at and
inside this shell. The ‘dip’ (or the fast relieving stresses) in the
relaxation curves close to the edge of the Vickers indent (for
example, path ADEF ofFig. 5) can thus be explained to be
due to the quick reverse transformation back to undeformed
material that occurs in the interface region adjacent to it. The
mechanism here could be that of volume restoration, which
is favoured by proximity to the region of fast transforming
material. With increasing distance from the edge, the effect
of the transformed region on relaxation decreases, less stress
is thus relaxed, and the stress relaxation curve rises. Segment
DA of Fig. 5 corresponds to this type of relaxation. In the
absence of the effect of the transformed plastic region, the
path of relaxation would follow a curve like DB. The influ-
ence of the presence of the transformed plastic zone reaches
a minimum, after which point other relaxation mechanisms
begin to dominate at distances far from the indent.Fig. 7
shows some SEM pictures of the results of the reverse
transformation process for different annealing temperatures
and times.

3.4. Relaxation mechanisms in a mechanically deformed
region

ComparingFig. 4(a) and (b) it can be seen that the 630◦C
c ◦ e
s erate
d lass:
m nical
p onds

F selecte indent
a e, and (d) annealed 24 h at 600◦C.25
ig. 7. SEM pictures of the plastic zone transformation process for
nnealing, (b) annealed 24 h at 550◦C, (c) heated to 600◦C with 0 dwell tim
urves are more flattened, whilst the 540C curves ar
teeper. Two main mechanisms may be considered to op
uring annealing of a mechanically deformed region in g
echanical and chemical mechanisms. The mecha
rocesses, which may involve expansion and restoring b

d temperatures and times as a further illustration of Fig. 8: (a) as-ed, no
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Fig. 8. Showing the influence of temperature on the kinetics of residual stress relaxation in the near-field of a Vickers indentation: (a) relaxation profiles after
annealing at 540◦C and (b) relaxation profiles after annealing at 630◦C. The stresses are almost relaxed everywhere in the stress field at 630◦C while substantial
amounts of stresses still remain in the stress field even after 24 h annealing at 540◦C. The curves joining the data points serve only to aid in perceiving general
trends in relaxation at the two temperatures.

to their original mechanical equilibrium, have low activation
energies and operate already at low temperatures. Opera-
tive at temperatures close to and aboveTg, the chemical
processes on the other hand, are characterised by high
activation energies and are responsible for restoring the
system to structural equilibrium. The mechanical processes,
are therefore, the underlying relaxation processes unto
which the chemical processes superimpose according as
increasing temperatures make the latter more favourable.
The difference in form noted above between the 540 and the
630◦C curves stems, therefore, from the heightened kinetics
of the mechanical processes at 630◦C relative to that at
540◦C, in addition to the chemical processes now operative
at the higher temperature. Bartenev and Scheglova27 identify
slow and fast processes, R1 (EA: ∼21 kJ/mol) and R2 (EA:
∼55 kJ/mol) respectively, predominant at low temperatures,
and a chemical process R3 (EA: ∼251 kJ/mol), operative
at temperatures close to and aboveTg. EA represents the
activation energy for each mechanism.

3.5. Graphical study of relaxation kinetics of the
near-field region

As may be seen inFig. 5, the region beyond D (∼x = 3.2d)
from the edge virtually involves unchanging or constant
stresses after annealing; in what follows, attention will rather
be given to the non-constantE part of the residual stress
field, which is here also referred to as the near-field region.
The polyfit curves ofFig. 4enable the kinetics of stress relax-
ation to be studied graphically for each location in the defined
stress region. This has been done for a few selected locations
in the near-field region at the two temperatures as shown in
Fig. 8.

In Fig. 8 (as well asFig. 9), the lines joining the data
points serve only to aid in perceiving general trends in stress
relaxation at the selected locations in the stress field.

Relative stress relaxation is compared inFig. 8 at
equivalent distances during annealing of the Vickers residual
stress field at 540 and 630◦C. The shapes of the curves are

F inden
s te at th
g

ig. 9. Relaxation–log (time) plots on the near-field around the Vickers
tress relaxation profiles suggest that different mechanisms predomina
eneral trends in relaxation at the two temperatures.
t are different during isothermal holds at: (a) 540◦C and (b) 630◦C. The differing
e two temperatures. The curves joining the data points serve only to aid in perceiving
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different for the two temperatures except at the edge where
fast decreasing stresses give similar relaxation profiles with
time.

At 540◦C, stress resurgence occurs at∼x > 1.5d after 4 h
hold. Salomonson and Rowcliffe4 found that compressive
stresses changed sign and became tensile after long hold
times at 550◦C. Scherer28 also gives an account of a similar
observation in a glass seal where the stress increased dur-
ing isothermal hold for 4 h at 460◦C. The stress resurgence
in the present study may be due to the tractions exerted on
the surrounding matrix by the expansion of the transformed
material against the plastic shell. After long hold times, the
volume of transformed material has increased enough for the
tractions to have a significant effect on the relaxation process.
By contrast no increase in stress was observed anywhere with
T = 630◦C. Here the reverse transformation of the entire plas-
tic zone occurs quickly, implying that the plastic shell disap-
pears within a relatively short time and is no longer there
to influence the relaxation process as at 540◦C. It is likely
that the different points in the residual stress region interact
with one another.28 Under such circumstances a stress relax-
ation profile that repeats itself from one point to another is
not to be expected. Rather, the complex stress interactions
lead to different transient stress profiles as depicted inFig. 9,
which areσ/σ i–log time plots for the two experimental tem-
peratures.σ is the stress at the end of the hold time whileσ
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experiments in glass (a conventional 1 cm× 1 cm sample
size gives an area ratio of∼1600:1 with the Vickers residual
stress field studied here). By using the Vickers indentation a
region of material is created that is interesting in at least two
aspects. First, a continuously changing residual stress field is
created and second, the stresses thus generated are very high.
Such regions are important since they offer the conditions
for the study of glass behaviour outside the limitation of
small strain and stress35 and thus afford the opportunity to
study glass in the light of non-linear viscosity. This work
has thus shown that the Vickers residual stress field is not a
thermorheologically simple region of material. Thus, a glass
in its ordinary state may be thermorheologically simple but
a mechanically excited region of it, such as that created by
an elastic–plastic contact event, may not be necessarily so.
Complete stress relaxation may not be achieved around an
elastic–plastic indent in glass at 540◦C (or atT < Tg) unless
sufficiently long hold times (�24 h) are employed. It may
be that the stress relaxation of a mechanically induced stress
state is tied with structural relaxation such that complete
stress relaxation will not occur until structural equilibrium
has been achieved. In situations involving high strains and
structural distortions, as around a Vickers macroindent, the
kinetics for structural relaxation at sub-Tg temperatures may
not favour complete return to structural equilibrium and the
achievement of stress relaxation as a consequence. At 630◦C,
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s the stress measured at the end of the heating stage,
sothermal hold begins. Examination ofFig. 9(a and b) show
hat the relaxation profile changes from one sub-region o
ear-field to another, and differs for each temperature.

mplies that it is not possible to describe the stress relax
f the Vickers residual stress field with a single master c
see for example, Kurkjian,29 Narayanawasmy,30 Larsen e
l.,31 and van den Brink32) either for a particular temper

ure or for a range of temperatures. Stress relaxation mu
escribed for each point in the stress field or at best for
ell-defined sub-region.
On the basis of the foregoing it can be said that the V

rs residual stress field does not fulfil thermorheological
licity as a region of material. Comparing the shapes o
urves for the same location at the two temperatures see
onfirm this, and the observation by Rekhson,33 that glasse
ay exhibit non-linear behaviour due to the effect of

hanical stresses on structure. In reviewing the subje
echanical relaxation in inorganic glasses Mazurin34 notes

hat glasses show non-Newtonian flow when subjected to
igh stresses.

. Conclusions

The elastic response following the Oliver–Pharr metho
nalysing nanoindentation data has made it possible to
tress relaxation in the Vickers residual stress field. The
f material region studied is diminishingly small compa
ith sample sizes used in conventional stress relax
ehe mechanical and chemical relaxation mechanisms
ncreased kinetics and a large amount of stress relax
s achieved within a relatively short time. Stress relaxa
s not uniform across the Vickers residual stress field b
astest at the edge of the plastic impression. A substa
mount of the relaxation occurs already during the he
rocess before isothermal hold begins. One may infer

he definitions that “stress release occurs within a m
f minutes at the annealing point” and “within a matte
ours at the strain point”36 and the results of the prese
tudy that, one effect of large mechanical excitations in g
s to shift the glass transition region to higher temperatu
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