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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 820 and 630
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
field is not a thermorheologically simple region of material.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction The residual stresses, represented by the first term on the
right hand side of Eq(1), have been determinéd to im-
When a Vickers indentation is made in soda-lime glass, pact on both the static and dynamic fatigue properties of
residual stresses are created, because a plastically deformeldrittle solids. Inclusion of the residual contact term in the
region is formed beneath the surface impression. Around thisanalysis, however, is not straightforward: as the residual field
plasticregion, the material is permanently strained elastically, strength changes due to ageing, sgriexpected to change.
thus leaving the surrounding matrix in a state of stress. During The value ofy,; used in a particular analysis must, therefore,
subsequenttesting of a specimen containing a Vickers flaw toreflect these varying conditions. A way to avoid the uncer-
measure the fracture strength, or the fracture toughness, tainties that inaccurate determination or choicepmight
Kic, the residual stresses act together with the applied stressentail has been to remove the residual contact stresses either
oa in determining the fracture mechanics of the material as by annealing or polishing away the plastic zone surrounding

expressed by the following relationship: the indentatior?. Salomonson and Rowcliffeemployed both
methods and found polishing to be the more effective method
K = Xr% + poav/c, 1) of the two. In the case of annealing, they observed full relief
C

of the original tensile stresses after holding at 56@or 24 h.
. . . . i i 2
wherek is the stress intensity factoF, the maximum load ~ Studies by Marshall and LawhChantikul et al? and Roach
in making the Vickers indents,, the stress applied during and Coopet have also shown how annealing can reduce or
the fracture testingp, a crack geometry factoy;, a charac- ~ remove the residual stresses around an indentation thereby

teristic of the residual stress field. enhancing the fracture properties. _
This paper is about the kinetics and extent of stress relief

achieved around the Vickers indent during isothermal anneal-
* Corresponding author. Tel.: +46 8 7909134; fax: +46 8 207681. ing of a sample containing the Vickers defect. The method of
E-mail address: kese@mse.kth.se (K. Kese). investigation derives from an obserfedependence of the
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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 CoopeArora et al.! and Han et af.
performed optical retardation measurements at the edge of
the Vickers indent and used it as a measure of the extent of 0
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 Array of
almost a point-to-point measurement of the entire stress field Nanoindents
after any prescribed annealing treatment.

In sub-micron depth-sensing indentation experiments
(also known as nanoindentation) the la®dand the depth
of penetration, are continuously recorded throughout the glass. That the elastic modulus of soda-lime glass can change
indentation cycle. The depth together with the known geo-  due to the presence of applied stresses was established long
metrical shape of the indenter is then used in the subsequeng@go by Mallinder and Proctdf:1!
determination of the area of the residual impression gener-  In the present study, firsk; was measured in a stress-free
ated. Oliver and Phatideveloped a method for determining specimen and was found to be constant with a maximum
the hardness and elastic modulus from data obtained fromscatter around the meahs,y, of +£0.5 GPa. The experiment
depth-sensing indentation experiments. For the Berkovich was then repeated, but this time close to a Vickers impression
tip, the contact area of the indentation is obtained as: where residual stresses are known to ekisst, 1. Close to the
A — 245612 ) indent, a systematic changeffvith position was observed,

- e (@) Fig. 2 At far away distances from the impression, where the
whereh, is the depth along which the indenter and the sample influence of the residual stress field is low or approaching
are in contact at maximum load. zero,E became constant with the same scatter as mentioned

The effective modulug”, of the elastic—plastic contact above. In a stress-free soda-lime glass specimen or one with
between the specimen and the indenter then incorporates thé constant surface-stress, the characteristic data scatter about

L N

)
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Fig. 1. Showing the loci of indents as used in this stutly 45°).

aread as: the mean, was therefore, less thafl.5 GPa in the present
study. The difference between the elastic modulus measured
E* — 1 ﬁ i (3) close to the edge of the Vickers impression and the mgan,
B2 VA was greater than 16 GPa. Far exceeding the characteristic data

wheresS (=dP/dh) is the contact stiffness calculated at max- scatter of the method this meant that the elastic response to
imum loadPpay, andg is an indenter geometry constant. If ~ Stress around the Vickers indent is a real and experimentally
E; denotes the elastic modulus of the indenter, then that of measurable effect.

the sampleE, may be obtained from the expression These preliminary experiments thus assured the relia-
bility of the nanoindentation elastic response as a tool for

2
[ e (4)

1/E* — (1 —v?)/E; 100
wherev; andv represent the Poisson ratios of the indenter and aond  WEEEYTEaCeseaas
sample, respectively. The sample hardnésss also calcu- % R B o i
lated using the contact area and the maximum |@agx, 2 601
as 2
= Pmax. 5) ; 7

A £ 201

In a study to investigate the influence of applied or resid-
ual stress on the elastic modulus and hardness, Kesé et al. O 200 400 30 800 1000
found that the elastic modulus of soda-lime glass measured Dist. from edge of 45N Vickers indent (um)

by nanoindentation was influenced by the presence of the _ _ _ L . ,

. ... _Fig. 2. Elastic modulug, as afunction of position in the residual stress field
stresses in the sample. The presen_t paper _attempts_ to Ut'“s%f a 45N Vickers indent in soda-lime glagsshows a systematic variation
the observed dependence of nanoindentation elastic moduwyith distance with approach towards the edge of the indent, while it is not
lus, E, on stress, in the study of stress relaxation in soda-lime affected at far away distances from the edge of the indent.
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investigating the stress field around the Vickers indent in 3. Results and discussion
glass. The potential of the nanoindentation elastic response
as a stress probe has already been observed and reported by1. Effect of annealing on elastic modulus measured in
other workers2-14Apart from the elastic response, there are the Vickers residual stress field
other features associated with indentation in materials that
canalso serve as stresstell-tales. For example, the shape ofthe In the Vickers contact residual stress field, the stresses
pileup that surrounds an indentation can be used to determineare high near the edge of the impression and decrease with
the level of residual stresses presehthus using an optical  distance away from it. As mentioned in the introduction the
interference method UnderwobBtiwas able to measure the nanoindentation elastic modulus seems to reveal the presence
magnitude and sign of residual stress in steel by studying theof stress in a material, a fact that is clearly demonstrated by
deviations in shape of the pileup surrounding spherical in- the example ofig. 2 whereE decreases continuously with
dentations in samples of the material. The residual stress fieldapproach towards edge of the Vickers indent.
around the Vickers indent being non-equal biaxfaf® the The sample oFig. 2was nanoindented directly after intro-
elastic response measured here may be regarded as relatinducing the Vickers indent in the preannealed sample, without
to an average stress at each location of nanoindentation.  any intervening annealing. Further annealing (temperature
and hold time as variable parameters) of the Vickers contact
residual stress field causé&do increase toward the equilib-
rium stress-free value of the glass. As the effect of further an-
2. Method nealing is to relieve stresses among other things, this response
of the elastic modulus to annealing can be related to the stress
The specimens used in this study were 3-mm-thick float relaxation around the Vickers indent. That is, stresses cause
glass plates (nominally 12.5 mm12.5 mm) preannealed at E to decrease relative to the stress-free value of the material;
630°C for 1 h to remove any existing fabrication surface as annealing relieves the material of the stresBasnds to
stresses. The experimental procedure consisted of three maimevert back to the stress-free value.
parts: (i) generation of residual stress in the specimens, (i) A problem with experiments using the Vickers residual
taking the samples through annealing schedules with the aimstress quadrant is that in practice no two quadrants are iden-
of relieving the stresses generated in (i), and (iii) performing tical. Therefore, nanoindentation measurement of properties
nanoindentation tests in order to follow the process of stressat identical positions of different stress quadrants may not al-
relaxation attending to part (ii). Generation of residual stress ways yield exactly the same results. For example tests done on
in the specimens was achieved by introducing a Vickers in- several ‘no anneal’ samples gave results that formed a band
dentation into one face of each specimen using a load of 45 N.of E values,Fig. 3 instead of coinciding into a single-line
The residual stress thus generated was biaxial around theplot. This spread in results is not due to the nanoindentation
Vickers impressiort! One of the samples, which was notto method. Rather it is due to the physical condition of each
be subjected to any further annealing beyond the preannealingvickers indentation and its residual stress quadrants, coming
exercise was glued to an aluminium block and mounted on the possibly from differences in: (i) radial/lateral crack sizes and
nanoindenter (NANO INDENTERII, Nano Instruments, the residual stress relaxation resulting from the slow crack
Inc., Oak Ridge, TN) and allowed to thermally equilibrate for growth of these cracks, (ii) processes occurring at the edge
several hours. A nanoindentation experiment was run along
a chosen radial directiof (=45°) with respect to a radial
crack as illustrated ifrig. L The rest of the samples, each
also containing a Vickers indent were annealed for various
hold times: 0, 4 and 24 h at 54C and 0, 0.25, 0.5, 1.75 and %5
2h at 630°C. The choice of these temperatures was to study
the role of conditions below and abo¥g (=566.5+ 2.5°C
as measured by the DSC method) on the kinetics of stress re-
laxation around the Vickers defect in glass. The heating rate
was~21°C/min while the cooling rate was1.5°C/min. Af-
ter annealing, a nanoindentation experiment was performed
on each of the specimens in the same manner as described 65 -
above Fig. 1L Each nanoindent was made using one cycle of 0 50 100 150 200 250 300
loading and unloading, with two constant-load hold segments Distance from edge of 45N Vickers indent (um)
inserted at peak load and 90% unload. The peak load was
25 mN. The first constant-load hold segment was to measure':ig; 3_. Physical differences between difft.erent.stress.qua_drants may Igad to
. . variation in property values measured at identical points in the stress fields.
and account for creep atmaximum load Wh"e the,second WaSHere the elastic modulus measured along identical loci in the residual stress
j[O measure a'nd account for the thermal drift coming from the gyadrant of different ‘no annear’ samples fall within a band of values instead
Instrumentation. of 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 convert the elastic modulus to stress. For soda-lime glass

mounting conditions. they found the elastic modulug, to depend on the
This, therefore, leads to an uncertainty when data must bestrain, ¢, as:

collated, as in this study, from measurements done in differ-

ent stress quadrants in order to study an effect. In general ond® = Eo—5.11Eee, (6a)

would expect theé-plots for different hold times to be verti-  ,om which the strain can be solved as

cally displaced relative to one another, i.e., longer hold times E _E

should shift theE-plot towards the equilibrium stress-free ¢ = =2 )

value. In practice, however, results from some of the different 5.11E,

hold times overlapped: i.e., some of thelots crossed each For a material which shows non-linear elastic behaviour,

other. For the 630C tests the following assumption was within a small strain interval,4 a constant elastic modulus

made in collating the elastic modulus data for the present may be assumed to relate the stresdp the strain as:

study. For hold timesg andr, (z2 > 1), theE-plot of r» should d

lie above that ofy in general agreement with the fact that %9 _ E, 7)

longer hold times should lead to more stress relaxation, and de

a relative upward shift of th&-plot toward the stress-free  which gives

value. The same assumption was made for the’BA@sts

except that in this case cross-over of data plot was allowed [ do = / Ede (8a)

for the 24 h results since repetition of that test consistently

showed a tendency for part of ttieplot to lie at a position

below the expected. As will be explained in Sect®?, this

behaviour at temperatures beldy 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

(6b)

o= /(Eo —5.11Eqe)de + C (8b)

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

edge of the impression as in the optical retardation method. , — g (s — 2.55:?). (9)
Substitutings from (6b) into(9) gives a relation between the
3.2. Relating the elastic response to stress stress and the elastic modulus:
The general effect of annealing a mechanically strained o ~ 10W(Eg — E2). (10)
g o]

region of soda-lime glass is thus to increase the nanoinden-
tation elastic modulugy, towards the stress-free value of the Fig. 4 show stress relaxation diagrams obtained after ap-
glass. For example, annealing for 2 h at 880increases the  plying Eq. (10) to E-data measured in the Vickers residual
elastic modulus at a distance of less thapifrom the edge  stress field. A fourth power polyfit curve is applied to each
by about 16 GPa while the corresponding increase at far awayset of data to obtain a continuous stress function for each hold
distances is about 2 GPa. As pointed out above suéhat time across the stress field. The distangéom the edge of
could also be related to the extent of stress relaxation achievedhe indent is normalised with the siz&,of the indent (=half

at those locations due to annealing. The result of Mallinder the length of diagonal of the plastic impression = §in). It

and Proctot®!! is used here as a first approximation to must be pointed out that the stresses calculated in this study

% 4
T=540 °C T=630°C x No Anneal
o 0 hr Hold
—_ % X X =
& 31 ¥ 3 " o .25hr Hold
< Boin % 5 4 0.5 hr Hold
8 D N " 0 1.75 hr Hold
5 = R . | > 2hr Hold
2 2 o// o“-_%‘\ Sai 2
© e — .
= 4. " & I e
k=] T & B .
N * No Anneal e i ol
2 1] T 17 A e *
= 5 0 hr Hold R R - h i) s o
el ] Eeetgeas A o
4 4 hr hold = - = S EI ?-"'@’uf;_"o —
o 24 hr Hold oy
0 z T . T 0 T T
0 1 2 3 4 0 1 > 3 4

@ x/d (b) /d

Fig. 4. Residual stress relaxation around a Vickers indent as function of annealing hold time: (a) results after anneali@yeatcb@f) results after annealing
at 630°C.
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using Eq(10) may only be approximate since Mallinder and the elastic modulus is constant with respect to both position
Proctof? considered only uniaxial stresses in their study. and thermal history. With prolonged hold at the annealing
However, since normalised quantities are used in relaxationtemperature, AD will flatten out as D shifts towards the
studies, any discrepancies in absolute values will not detractright until it coincides with the constant modulus segment
from the qualitative discussion. In addition, the ‘no-anneal’ (EF) at complete residual stress relaxation. This is what
curves ofFig. 4 have a similar form to what has been ob- would happen if transient relaxation of one and the same
tained from experimental stress measurement in the Vickersresidual stress quadrant were continuously studied during
residual stress fielt1° Close to the edge of a sharp indent the annealing exercise. Due to path hysteresis during thermal
in soda-lime glass the theoretical result of Chiang €Pal. cycling of glass, it was deemed inadvisable, in the present
predicts a residual tensile stressy() of ~0.98 GPa (when  study, to re-anneal a particular stress quadrant beyond the
H=5.5GPa) and appreciably high compressive stresggs ( first annealing. Shen et &l.found that thermal history could
The ratiogc/oyy, of the compressive-to-tensile stresses close influence the stress relaxation behaviour of glass.
to a Vickers indentation in soda-lime glass has been deter- Figs. 4 and Xlearly reveal a peculiarity associated with
mined in micro-indentation fracture measuremé&ht8to be stress relief close to a defect: that of a region of fast relieving
~4 and in a nanoindentation fracture measurenffetat be stresses, adjacent to the edge of the defect, leading to an
~6. The stresses measured here for the ‘no-anneal’ indentdnitial dip in the stress relief curve. Such a behaviour was also
shown inFig. 4are, therefore, reasonable approximation av- found by Salomonson and Rowcliffand Jame$? the latter,
erage values. Eq10) means that as the stress tends to low during a study of fatigue stress relaxation in an aluminium
values,E approacheg. Ey can be the elastic modulus of a alloy where the stress relaxation was found to be faster close
stress-free specimen. to the surface. Also, in glass seals, the seal edges have been
In Section3.1we discussed the problem associated with observed to relax more than the bulk mateffalhe reason
measuring mechanical properties using different quadrantsbehind this behaviour in the Vickers residual stress field will
of the Vickers indentFig. 5is an example of stress plots be explained in the next sub-section.
obtained from measurements done in one and the same stress
guadrant of a Vickers indentation. An array of nanoindents
was first made in one of the four quadrants formed by the 3.3. Influence of annealing on the plastic zone
radial cracks of a non-annealed Vickers indentation; the
sample was then annealed for 1 h at 6@0after which a It is instructive to consider the behaviour of the plastic
second nanoindentation measurement was done in-betweegone during annealing since it is the raisotde of the
the nanoindents of the first array. ADEF is the result after residual stress field around the Vickers indent. Getting rid
annealing for 1 h at 630C while CDEF is the results of the  of the plastic zone should remove the strains imposed on the
as-indented experiment. BD is an imaginary stress decaysurrounding matrix and result thus in stress relief. Also, since
path that would be expected from an extension from point the formation of a plastic zone in soda-lime glass involves
D. Why ADEF is the relaxation path, instead of BDEF will elastic deformation, densification and plastic deformation,
be explained below. As may be seen in the figure, the regionremoving the plastic zone should logically involve a reversal
beyondx = 34 shows unchanging elastic modulus after heat- of these forms of material deformation. Of the three, elastic
ing to and holding for 1 h at 630C. Beyondx = 64 (point E) deformation is the one that recovers first, occurring already
in connection with load withdrawal. The other two can
only be reversed through heating ney:*?4 In another
study, by Kese and Tehlé?,the response of the plastic zone
4 to annealing was investigated by examining the fracture
surfaces of samples annealed at different temperatures and
; ST hold times.Fig. 6 shows a sketch of the main points of the
1 hr anneal (630 °C) results that were obtaine#lig. 6a) is an illustration of the
' plastic deformation zone before annealing, showing the shear
A D% deformation flow lines (see Hag&h, while Fig. 6(b) and
e, E (c) illustrate the plastic deformation zone at various stages
0 e | of annealing. The grey areas represent plastically deformed
material, while the white areas below the Vickers impression
represent plastic areas that have been transformed.
Fig. 5. Residual stress plot for two experiments performed consecutively ~ As illustrated inFig. 6, the study showed that the plas-
along the same direction in the same Vickers residual stress field. The firsttica”y deformed region responds to annealing by first ‘dis-
experiment was performed when the sample containing the Vickers SyStemsolving’ itself in its interface region with the Vickers indent.
was not annea_led (plot CDEF). Aft_er this, the sample was annealed 1h atln other words, reverse transformation of the plastic zone
630°C after which the second experiment was performed with the new set of . > .
nanoindents carefully placed in between the indents of the first experiment Starts from the Vickers indent and proceeds radially outwards
(plot ADEF). BD is an imaginary relaxation segment. towards its boundary with the material matrix. The effect of

Residual stress (GPa)
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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 ofig. 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
Fig. 6. Schematic diagram showing the transformation of the plastic zone s thus relaxed, and the stress relaxation curve rises. Segment
beneath the Vickers indent during annealing. (a) The plastic zone is in the DA of Fig. 5 corresponds to this type of relaxation. In the
form of a solid hemisphere with a characteristic size(b) The transfor- b .f th ffect of the t f d plasti " th
mation of the plastic zone begins at its interface region with the indent. absence o e efiect o e trans Orme_ plastc reg'_on' e
As annealing progresses, the solid hemisphere is transformed into a shelPath of relaxation would follow a curve like DB- The influ-

of plastically deformed material containing a mass of transformed material ence of the presence of the transformed plastic zone reaches
within its cavity; the thickness of this shellisut the outer dimension of the a minimum, after which point other relaxation mechanisms
plastic zone remains unchanged. (c) Extended annealing, especially at tembegin to dominate at distances far from the inddig. 7
peratures abovéy results in further thinning out of the shell of the plastic h SEM pict f th It f th )

zone;t thus decreases whittremains unchanged. (d) With prolonged an- shows Som_e pic ures_ 0 e resu S 0 € reverse
nealing at temperatures abdig the plastic zone is completely transformed transformation process for different annealing temperatures

and there is no plastically deformed material surrounding the indent. There and times.
is thus a preferred direction in which the transformation of the plastically
deformed region occur®.

3.4. Relaxation mechanisms in a mechanically deformed

region

this preferred direction of plastic zone annihilation is that

the initial solid volume is changed to become a shell of plas-  Comparingrig. 4(a) and (b) it can be seen that the 680
tically deformed material holding within its cavity, a mass of curves are more flattened, whilst the 54D curves are
reverse-deformed material. The size (or outer dimension) of steeper. Two main mechanisms may be considered to operate
this shell remains virtually constant throughout the annealing during annealing of a mechanically deformed region in glass:
process but its thickness decreases constantly. The kineticsnechanical and chemical mechanisms. The mechanical
and nature of stress relaxation that takes place in the Vickersprocesses, which may involve expansion and restoring bonds

X500 10¢m WD1S

X500 18¥m WD15

(d)

Fig. 7. SEM pictures of the plastic zone transformation process for selected temperatures and times as a further illustration of Fig. 8: (ajlasdéndent
annealing, (b) annealed 24 h at 581 (c) heated to 60TC with 0 dwell time, and (d) annealed 24 h at 6@?°
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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) redéiextiafigr
annealing at 540C and (b) relaxation profiles after annealing at 680 The stresses are almost relaxed everywhere in the stress field*& 6/Blle substantial
amounts of stresses still remain in the stress field even after 24 h annealing &t 34 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 3.5. Graphical study of relaxation kinetics of the

energies and operate already at low temperatures. Operanear-field region

tive at temperatures close to and abdyg the chemical

processes on the other hand, are characterised by high As may be seen iRig. 5, the region beyond D~x = 3.2)
activation energies and are responsible for restoring thefrom the edge virtually involves unchanging or constant
system to structural equilibrium. The mechanical processes,stresses after annealing; in what follows, attention will rather
are therefore, the underlying relaxation processes untobe given to the non-constait part of the residual stress
which the chemical processes superimpose according adield, which is here also referred to as the near-field region.
increasing temperatures make the latter more favourable.The polyfit curves oFig. 4enable the kinetics of stress relax-
The difference in form noted above between the 540 and theation to be studied graphically for each location in the defined
630°C curves stems, therefore, from the heightened kinetics stress region. This has been done for a few selected locations
of the mechanical processes at 680relative to that at  in the near-field region at the two temperatures as shown in
540°C, in addition to the chemical processes now operative Fig. 8

at the higher temperature. Bartenev and Schegladantify In Fig. 8 (as well asFig. 9), the lines joining the data
slow and fast processes; REa: ~21 kJ/mol) and R (Ea: points serve only to aid in perceiving general trends in stress
~55 kJ/mol) respectively, predominant at low temperatures, relaxation at the selected locations in the stress field.

and a chemical processzsREaA: ~251kJ/mol), operative Relative stress relaxation is compared hig. 8 at

at temperatures close to and abdige Ea represents the  equivalent distances during annealing of the Vickers residual
activation energy for each mechanism. stress field at 540 and 63C. The shapes of the curves are

1
0.8 1
0.6 1 0.6 A
o/oi
04 4 |--ve---x=0.2d 0.4 4 |---¢---x=0.2d
x=d —x=d
0.2 ———-x=1.4d 0.2 4 ———-x=1.4d
- X = 2d X x = 2d
e x=3.2d T =540°C o x=324| I=630°C
0 +— T T 0 +——mm T
0 1 2 3 4 5 0 1 2 3 4
(a) log t (s) (b) log t (s)

Fig. 9. Relaxation—log (time) plots on the near-field around the Vickers indent are different during isothermal holds at.Gariti(b) 630 C. The differing
stress relaxation profiles suggest that different mechanisms predominate at the two temperatures. The curves joining the data points sdingenteteing
general trends in relaxation at the two temperatures.
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different for the two temperatures except at the edge whereexperiments in glass (a conventional 1g&m cm sample
fast decreasing stresses give similar relaxation profiles with size gives an area ratio 6f1600:1 with the Vickers residual
time. stress field studied here). By using the Vickers indentation a
At 540°C, stress resurgence occurs-at> 1.5 after 4 h region of material is created that is interesting in at least two
hold. Salomonson and Rowclifffound that compressive  aspects. First, a continuously changing residual stress field is
stresses changed sign and became tensile after long holareated and second, the stresses thus generated are very high.
times at 550C. Scheref® also gives an account of a similar  Such regions are important since they offer the conditions
observation in a glass seal where the stress increased durfor the study of glass behaviour outside the limitation of
ing isothermal hold for 4 h at 46. The stress resurgence small strain and stre¥3and thus afford the opportunity to
in the present study may be due to the tractions exerted onstudy glass in the light of non-linear viscosity. This work
the surrounding matrix by the expansion of the transformed has thus shown that the Vickers residual stress field is not a
material against the plastic shell. After long hold times, the thermorheologically simple region of material. Thus, a glass
volume of transformed material has increased enough for thein its ordinary state may be thermorheologically simple but
tractions to have a significant effect on the relaxation process.a mechanically excited region of it, such as that created by
By contrast no increase in stress was observed anywhere withan elastic—plastic contact event, may not be necessarily so.
T=630°C. Here the reverse transformation of the entire plas- Complete stress relaxation may not be achieved around an
tic zone occurs quickly, implying that the plastic shell disap- elastic—plastic indent in glass at 54D (or at7 <Tg) unless
pears within a relatively short time and is no longer there sufficiently long hold times>24 h) are employed. It may
to influence the relaxation process as at 520l is likely be that the stress relaxation of a mechanically induced stress
that the different points in the residual stress region interact state is tied with structural relaxation such that complete
with one anothef® Under such circumstances a stress relax- stress relaxation will not occur until structural equilibrium
ation profile that repeats itself from one point to another is has been achieved. In situations involving high strains and
not to be expected. Rather, the complex stress interactionsstructural distortions, as around a Vickers macroindent, the
lead to different transient stress profiles as depictédgn9, kinetics for structural relaxation at suly-temperatures may
which ares/oi—log time plots for the two experimental tem- not favour complete return to structural equilibrium and the
peratureso is the stress at the end of the hold time while achievement of stress relaxation as a consequence. AG30
is the stress measured at the end of the heating stage, beforthe mechanical and chemical relaxation mechanisms have
isothermal hold begins. Examinationfif). {a and b) shows  increased kinetics and a large amount of stress relaxation
that the relaxation profile changes from one sub-region of the is achieved within a relatively short time. Stress relaxation
near-field to another, and differs for each temperature. Thisis not uniform across the Vickers residual stress field but is
implies that it is not possible to describe the stress relaxationfastest at the edge of the plastic impression. A substantial
of the Vickers residual stress field with a single master curve amount of the relaxation occurs already during the heating
(see for example, Kurkjiaf® Narayanawasmsf Larsen et process before isothermal hold begins. One may infer from
al. 3! and van den Brink) either for a particular tempera-  the definitions that “stress release occurs within a matter
ture or for a range of temperatures. Stress relaxation must beof minutes at the annealing point” and “within a matter of
described for each point in the stress field or at best for eachhours at the strain poirt® and the results of the present
well-defined sub-region. study that, one effect of large mechanical excitations in glass
On the basis of the foregoing it can be said that the Vick- is to shift the glass transition region to higher temperatures.
ers residual stress field does not fulfil thermorheological sim-
plicity as a region of material. Comparing the shapes of the
curves for the same location at the two temperatures seems t
confirm this, and the observation by Rekhs8ithat glasses
may exhibit non-linear behaviour due to the effect of me-
chanical stresses on structure. In reviewing the subject of
mechanical relaxation in inorganic glasses Mazifrimotes
that glasses show non-Newtonian flow when subjected to very
high stresses.
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