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Abstract

Glass may be strengthened by epoxy coatings although the strengthening mechanisms remain unclear. Possible
strengthening mechanisms are reviewed and are used to analyse strength data for both a solvent based and a water
based coating system. The coatings either fill (solvent based coatings), or partially fill (water based coatings) surface
cracks and it is shown that closure stresses arising from the thermal expansion mismatch of the coating within these
cracks can account for the observed degrees of strengthening. It is also demonstrated that other suggested mechanisms
such as flaw healing cannot fully account for the observed degree of strengthening.

© 2003 Elsevier Science B.V. All rights reserved.

PACS: 62.20.Mk; 68.35.Gy

1. Introduction

It is well established that glass may be strength-
ened by use of surface coatings (see, for example,
[1-8]). A number of suggestions have been made as
to how these coatings actually strengthen glass
ranging from residual stresses to flaw healing pro-
cesses. However, despite a number of publica-
tions in this area, questions remain concerning the
strengthening process and it is the intention of the
current work to review the suggested mechanisms
with particular reference to both a solvent based
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and a water based epoxy coating system previously
described [4-7].

2. Background

Glass fails to achieve its theoretical strength
because of the presence of small surface defects.
One way to overcome pre-existing defects (and
possibly to prevent the formation of further de-
fects) is to coat the surface. A number of coating
systems have been developed for this purpose in-
cluding sol-gel based systems [1,2] and epoxy
coating systems [4-7]. In both cases, there is evi-
dence that the flaws are, at least partially, filled
by the coating. Most of this evidence has been
obtained by studying the coating of glass con-
taining large Vicker’s indentations which are used
as model ‘uniform’ defects to give a controlled
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narrow distribution of strengths. However, despite
the evidence that flaw filling occurs, it is much less
clear how filling a crack with material that is dif-
ferent from and, in some cases, has a significantly
lower Young’s modulus than, the surrounding
bulk glass, actually leads to this strengthening.
Suggestions in the literature include crack length
reduction [1,2], Poisson ratio effects [4] and the
generation of closure stresses [9].

3. Experimental

Although coatings described in this work were
primarily developed to strengthen bottles, it is
significantly easier from an experimental point of
view to analyse the mechanics of these coatings
when they are applied to flat glass. Hence, given
that previous work has shown that these coatings
do strengthen containers [5], in the current work,
we have utilised commercial soda-lime-silicate
microscope slides (see Table 1 for analysis). The
slides were initially 76 mm long by 26 mm wide
and between 1.2 and 1.5 mm thick with polished
edges (solvent based coatings work) or 1.1 mm
thick with cut edges (water based coatings work).
The slides were cut in half to produce samples for
coating.

As indicated above, to reduce scatter, con-
trolled defects were introduced into the samples
studied in this work using Vicker’s indents. Fol-
lowing indentation, the samples were aged in air
for 24 h (solvent based coatings work) or 1 week
(water based coatings work). Initial work con-
centrated on quantifying the size and geometry of
flaws produced using different loads and the extent

Table 1
Oxide composition of soda-lime-silicate slides used in this work
(ICP analysis)

Oxide Weight %
SiO, 70.2
Na,0 14.0

MgO 3.76
CaO 7.08
ALO; 1.38
Others 3.58

of the residual stresses around the flaws. Although
allowing the cracks to grow sub-critically after
indentation will have relieved some of the residual
stresses around the indentation, complete removal
of these stresses only occurs on annealing. There-
fore, to assess the extent of residual stresses left
around the indentation site after the aging process,
the mean strength of samples annealed after in-
dentation was compared with that of samples that
had not been annealed.

This initial stage of the research was used to
determine an appropriate controlled flaw size, and
hence, indentation load required to produce the
samples for the subsequent coating study. Based
on the results of these studies, detailed below, it
was decided to use a 10 kg load which resulted in
semi-elliptical cracks with a surface length, 2¢ (see
Fig. 1(a) and (b)). After the 24 h aging process,

2c

P A
v

where:

A = crack initiation point
a = crack depth

2c = surface crack length

()

Fig. 1. (a) Micrograph of semi-elliptical flaws produced by
Vicker’s indentation. (b) Schematic diagram of semi-elliptical
flaws produced by Vicker's indentation.
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¢ =461 £5 pm, whereas, after the 1 week aging
process, ¢ =467 = 19 pm. A number of samples
were used as controls and were not coated after
indentation. The rest of the samples were coated
after the indentations had been allowed to age as
described.

3.1. Solvent based epoxylhardener coatings

Solvent based coatings were prepared by mix-
ing 10.5 parts of triethylenetetraamine hardener
(HY951, Ciba-Geigy) with 100 parts of a plasti-
cised bisphenol A epoxy resin (MY750, Ciba-Ge-
igy). The mixture was stirred at 25 °C in a water
bath for 90 min. The resultant mixture was diluted
to 50 wt% with acetone. The slides were cleaned
by wiping with tissue paper and then dipped into
the coating mixture using a dip coating appara-
tus; with a dipping angle of 90° and a dipping
speed of 1.5 mms™! a coating thickness of 3 pm
was obtained. The resin coating was cured for 24 h
at room temperature and post-cured at 100 °C for
1 h. This cure treatment has been shown previ-
ously [4] to yield a high strengthening effect.
Coatings prepared in this fashion are referred to as
EH,, coatings.

Previous work has demonstrated that use of a
silane primer prior to dip coating improves the
hydrolytic durability of the resultant coating [10].
The silane primer solution was prepared by adding
an aminoethyl aminopropyl trimethoxy silane
(26020, Dow Corning) dropwise to distilled water
at room temperature. The final concentration was
1 wt%. The slides were immersed in the solution
for 1 h at room temperature and then immersed in
distilled water at room temperature for a further
hour (designated S,/Wg1/EH;o in the following).
This procedure was used as Cheng et al. [11] have
shown that water extraction of silane coated glass
fibres removes a weak layer of silane gel. In some
cases, this treatment was followed by immersion in
distilled water at 60 °C for 1 h (designated S,/Wgo/
EH,, in the following). Silane primed coatings for
which the water extraction treatment was not used
are designated S,/EH,. In all cases, the slides were
dried after the priming treatment for 30 min at 120
°C and cooled to room temperature before coating

with the 50% acetone solution of resin with hard-
ener as described above. These coatings were
again cured for 24 h at room temperature cure
followed by a post-cure for 1 h at 100 °C.
Some samples were only coated using the silane.
These samples were left in air at room tempera-
ture for 3 h to ensure gelation and then dried at
60 °C for 1 h. These coatings are referred to as S
coatings.

As the use of a silane primer to improve coat-
ing durability is a lengthy two step procedure,
which would not be commercially viable, addi-
tional experiments were conducted with coatings
that consisted of mixtures of silane, epoxy resin
and hardener. In this case, after the initial pre-re-
action of the epoxy/hardener mixture 7.23 wt%
of silane was added; this amount of silane has
previously been shown to give the maximum
strengthening effect [12]. The resultant mixture was
diluted to 50 wt% with acetone. To hydrolyse the
silane, half the stoichiometric amount of water
(1.03 parts per hundred parts resin) was then
added. The resulting solution was stirred for 4 h
before the slides were dip coated as detailed above.
These coatings are referred to as EH,,)/S coatings.

3.2. Water based coating systems

Water based coating systems were prepared by
mixing 5 g of a proprietory blend of bisphenol A
and F epoxy resin (PY340-2, Ciba-Geigy) with 7.5
g of a polyamidoamine hardener (HZ340, Ciba-
Geigy). An emulsion was created by slowly adding
50, 75, 100 or 200 g of deionised water, to give
solution concentrations of 20, 15, 10 and 5%, re-
spectively, and mixing for 10 min; previous work
[5] had shown that the concentration of the coat-
ing solution is an important variable in the degree
of strengthening that could be achieved with this
coating. The slides were again coated by dipping
with a dipping angle of 90° and a withdrawal speed
of 1.2 mms™! to give a coating thickness of ap-
proximately 10 pm. The coatings were dried at
room temperature for 30-90 min and then cured at
220 °C. Coatings prepared in this fashion are re-
ferred to as EHy, coatings where x =5, 10, 15 or
20, the coating solution concentration.
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3.3. Mechanical testing

Following these treatments, the failure strengths
of the slides were measured using four point bend
on a Mayes SM200 universal testing machine. The
test-jig was mounted on a flexible support stage to
avoid parasitic bending moments due to misalign-
ment of the loading axis. Adhesive tape was placed
on the compressive side of the samples, for reten-
sion of broken fragments after failure. The loading
rate was 2.5 mmmin~!. For the solvent based
coatings work 6-8 samples were tested for each
coating. For the water based coatings work 10
samples were tested for each coating. In both cases,
the results are given as mean failure strengths plus/
minus one standard deviation.

4. Results and initial analysis
4.1. Generation of controlled flaws

In the initial stage of the work, controlled flaws
were produced using indentation loads between 1
and 10 kg (see Table 2). Although most analyses of
the cracks produced under a Vicker’s indentation
assumes that they are semi-circular (see, for ex-
ample, [13-16]), the flaws obtained throughout this
work were approximately semi-elliptical. The flaws
studied in the initial stage of the work all had an
aspect ratio (a/c value) of 0.6 (Fig. 1(a)). Semi-
elliptical flaws have also been observed by other
groups (see, for example, [17,18]). The simplest

Table 2
Mean failure stress and surface crack lengths for indented
samples

Indentation load, Failure stress, Surface crack

P (kg) or (MPa) length, ¢ (um)
0.5 6814 62+1

1.0 63+3 88+3

2.0 52+4 150+ 4

5.0 42+2 28314

10.0 35+2 461 +5

10.0f 30+1 467+ 19

Sample marked * aged for 1 week all other samples aged for
24 h,

semi-circular analysis for Vicker’s indentation
flaws suggests that

1P
KIC:EE/?’ (1)

where P is the indentation load; ¢ is the radius of
the crack; Kj. is the fracture toughness of the
material and y is an empirically determined con-
stant that is independent of the load and the size.
A variety of values have been proposed for y de-
pending on the model used (see, for example, [19]).
Fig. 2 shows a plot of ¢*? versus P is a straight
line, with a slope of 9.98 x 107® £0.12 x 108
Nm~*2, which indicates that the simple model of
Eg. (1) can indeed be used to describe the stress
intensity factor around the approximately semi-
elliptical indentation flaws obtained in this work. y
was evaluated using Eq. (1) and the slope of the
line. Taking Kj, for soda lime glass to be 0.75
MNm*? [20] the value of y obtained was
0.075 £ 0.001. This value does not exactly agree
with any of the values given in Ponton and Raw-
lings’ review [19], although it is close to the value
of 0.0726 given by Marion [21] which is not cited
in [19]. Exact agreement would not necessarily be
expected because the cracks had grown subcriti-
cally by aging which will have affected the value
obtained for y.

Whittle and Hand [22] have shown that the
depth of the median/radial crack, a, is limited
by the presence of lateral cracks under a Vickers
indent. The depth of the lateral crack is deter-
mined by the size of the plastic zone [23} which is
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Fig. 2. Plot of (surface crack length)*/? versus indentation load
for Vicker’s indentation flaws after 24 h aging.
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proportional to the square root of the indentation
load [24]

P x a*. 2
Combining Egs. (1) and (2) suggests that
a=Qc* (3)

where Q is a constant, which suggests that the
aspect ratio should change with flaw size. Fig. 3
shows a plot of a versus ¢ for a number of samples
1.1 mm thick indented with loads between 1 and 16
kg and annealed immediately after indentation.
The solid line is a power law fit to the data giving
a = 2.1453¢%7%5 with an #2 value of 0.9978 which
is essentially the same as Eq. (3). This gives further
support to the idea that the median/radial crack
depth is indeed limited by the lateral cracks as
suggested in [21]. In addition, the results shown
in Fig. 3 lend further support to the use of Eq. (1)
in evaluating stress intensity factors arising from
Vicker’s indentation flaws, because, although the
results indicate that the crack shape and aspect
ratio are not independent of load, the analysis used
to arrive at Eq. (3) assumes that Eq. (1) is valid.
Therefore, although the flaws observed in this
work are semi-¢lliptical, it is reasonable to account
for the residual stresses around the indent using
P
K = 5;75 (4)

where y, is a dimensionless number which is de-
termined by the level of residual stress around the
indentation crack.

300

250
g 20 | a =2.1453¢°™
2
Bl
g 100 -

50|

° . . . . . .
° 10 20 300 40 30 60 70

Crack length /pum

Fig. 3. Plot of crack depth versus surface crack length for
Vicker's indentation flaws annealed immediately after indenta-
tion.

It should be noted that, although the aspect
ratio of the flaws used in the solvent based work
was 0.6, the aspect ratio of flaws used in the water
based work was 0.42. This discrepancy partly re-
flects the fact that in the latter case the samples
were aged for 1 week rather than 1 day; whilst the
surface crack length, ¢, continues to increase dur-
ing the aging treatment, the crack depth, a, re-
mains unchanged as growth in this direction is
limited by the already formed lateral cracks.

4.2. Residual stresses

The fracture stress of indented glass slides with
or without annealing is given as a function of in-
dentation load in Tables 2 and 3. The fracture
stress of as received slides was 112+ 13 MPa. It
can be seen from Table 2 that the introduction of
indentation cracks reduced the fracture stress to
63 £ 3 MPa for an indentation load of 1 kg and to
35+ 2 MPa for a 10 kg load (crack aspect ratio of
0.6) aged for 24 h or 30 + 2 MPa for a 10 kg load
(crack aspect ratio of 0.42) aged for 1 week. The
practical strength of glass articles is commonly in
the range of 30-100 MPa [25] and so the fracture
stress of glass indented with even a 10 kg indent is
still within the range of practical strength of glass.

The critical stress intensity factor for failure at
the tip of an annealed indented glass sample is
given by

Ky = Yoi/nc, )

Table 3
Mean failure stress and surface crack lengths for indented and
annealed samples

Indentation  Failure Surface Experimental
load, P (kg) stress, crack length, geometry

a; (MPa) ¢ (pm) factor, ¥
0.5 84+2 63+1 0.63+0.02
1.0 69+2 95+2 0.63 £0.02
2.0 59+2 148 +£2 0.59 £0.02
35 52+1 219+3 0.55+0.01
50 48+2 274+ 10 0.53+£0.02
10.0 4143 443+ 15 0.49 +0.04
10.0t 37+£2 420+ 15 0.56+0.03

Sample marked ' aged for 1 week all other samples aged for
24 h.
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where, as indicated earlier, Kj, = 0.75 MNm~%2,
o is the applied stress at failure and Y is a crack
geometry parameter. Eq. (5) was used to deter-
mine the crack geometry parameter Y from the
measured flaw sizes and the fracture stresses.
These experimentally obtained values are given in
Table 3.

The critical stress intensity factor for failure at
the crack tip of an indented glass sample that has
not been annealed is given by

_ %LP
KIC_YU\/’E‘*'CT/z’ (6)

where the second term accounts for the residual
stresses around the indent (see Eq. (4)). The ex-
perimentally obtained values of Y and the data in
Table 2 were used in Eq. (6) to evaluate x,; values
of y, for different indentation loads are given in
Table 4. The relatively large errors are due to the
fact that the calculations to obtain y, involve
taking the difference between two similarly sized
numbers. However, it can be seen that, with the
exception of the value of y, obtained with a load of
0.5 kg, the values are all very similar. The different
¥, obtained with the 0.5 kg load may be connected
with the fact that a different indenter was used for
this low load. All the values are significantly less
than the value of 0.026 reported by Marshall and
Lawn [15], which is not surprising as they obtained
this value immediately after unloading of the ind-
enter in an inert environment, whereas the 24 h or
1 week aging used here acts to relieve the residual
stresses. With the exception of the 0.5 kg load the
values are also less than the value of 0.014 re-

Table 4
Experimentally obtained values of x, for the indented glass
slides

Indentation load, P (kg) xe

0.5 0.015+0.004
1.0 0.008 £+ 0.004
2.0 0.008 +0.005
5.0 0.008 + 0.004
10.0 0.010+ 0.007
10.0t 0.011 £0.005

Sample marked ' aged for 1 week all other samples aged for
24 h.

ported by Roach and Cooper [16] for soda-lime-
silicate glass after aging in air.

Therefore, the initial analysis shows that we
have slightly differing parameters for the con-
trolled defects used in the solvent based and water
based coatings work. For the solvent based coat-
ings work, the flaw aspect ratio, the a/c value, is
0.6, the geometric factor, Y, is 0.49 £0.04 and
the residual stress factor, yx,, is 0.010 &+ 0.007.
Meanwhile, for the water based coatings work, a/c
equals 0.42, Y equals 0.56 £0.03 and y, equals
0.011 £ 0.005.

4.3. Mechanical testing of coated systems

The mean strengths of the various solvent based
coating systems tested are given in Table 5 and the
mean strengths of the water based coating systems
tested are given in Table 6. The origin of other
parameters given in these tables is detailed below.
It can be seen that different degrees of strength-
ening are achieved with both coating systems. In
particular, it can be seen that the presence of a
silane improves the solvent based coating system
with the S,/Wgrr/EH,, coating being the most ef-
fective. Greater degrees of strengthening are seen
with higher coating solution concentrations with
the water based coating system.

Fractographic studies of the fracture surfaces
showed that failure always started from the tip of
the surface crack (point A in Fig. 1(b)). In addi-
tion, it has been shown that the solvent based
coating system essentially completely filled the

Table 5
Mean failure stresses, equivalent flaw sizes and closure stresses
for solvent based coating systems

Coating Mean fail- Calculated Calculated
system ure stress, equivalent closure stress,

o (MPa)  flaw size, a, (MPa)

ce (m)

Uncoated 35+2 458 + 66 ~0.10+£0.01
EH,o 68+3 121217 -3314
S,/EHq 90+5 69+ 10 —55+7
S/Wri/EH,y 11717 41+ 6 —-82+ 11
Sp/We/EHyy 104+ 11 52+9 —69+9
EH,,/S 89+ 11 7M1+12 —-54+7
S 37 410 -2.1

Mean failure stresses based on 6-8 samples.
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Table 6

Mean failure stresses, equivalent flaw sizes and closure stresses for partially filled cracks obtained with water based coating systems

Coating Mean failure stress, Calculated equivalent Filled length, ¢ — ¢; Calculated closure stress,
or (MPa) flaw size, ¢, (um) (Fig. 6) (um) gy (MPa)

Uncoated 30+1 466 + 46 0 0.12+0.01

EHyw, 40+8 262+ 58 24+6 -49+4

EHw, 56+ 10 134 +27 42+10 -9%+9

EHw,, 88+10 54+8 150+ 6 -105+10

EHw,, 95+ 15 4719 204 +45 —-105+10

Mean failure stresses based on 10 samples.

Fig. 4. Typical fracture surface obtained with the EHw,
coating system; note the limited extent of coating penetration.

cracks [26]. However the filling with the water
based coating system was only partial, with the
coating being largely confined to the near crack tip
region which can be seen on the left in Fig. 4. The
central region of the indent site is on the right in
Fig. 4. In the near tip region, Fig. 4 shows that the
coating penetrated right to the base of the crack
and failed cohesively. There is some evidence of
small amounts of coating elsewhere in the crack,
particularly just above the lateral crack trace,
however, comparison with the other fracture sur-
face (not shown) indicates that the regions where
the coating is not visible are not due to adhesive
failure.

5. Discussion

Previous work has shown that the adhesion of
the coating to the glass as well as coating cohesion
is important in determining the efficacy of the
coating [26]. In this context good adhesion is be-

lieved to arise from chemical bonding of the
coating to a substrate. In the following analyses it
is therefore assumed, unless otherwise stated, that
there is a chemical bond between the coating and
the substrate, i.e. good adhesion of the coating to
the glass with a high interfacial shear strength is
assumed.

5.1. Poisson constraint effect

We have previously suggested that the
strengthening effect arises because the coating in
the crack is only present in a very thin layer and
thus, because of Poisson ratio effects, it behaves
mechanically as if it had properties similar to the
bulk glass [4]. An estimate of the effective modulus
of the layer may be made by considering the
coating in the crack as a thin layer between two
rigid substrates (see Fig. 5). If the layer is very thin
and the interfacial shear strength is sufficiently
high, the application of a stress as shown in Fig. 5
will lead to very limited lateral strains in the
coating. In the limit of completely rigid substrates,

O

z

O

z

where

E =Young’s modulus of coating
v = Poisson’s ratio of coating
o, = applied stress

Fig. 5. Geometry used in analysing Poisson constraint effect.
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the lateral shear strains will be equal to zero i.e.
&x = &y, = 0. In this case the volume expansion, e,
becomes

e=&x+ &y +8; =t (7)
The stress in the layer is given by [27]
vE E
==y —20° T T ®)

where E and v are the Young’s modulus and the
Poisson’s ratio of the layer. Therefore, substituting
Eq. (7) into Eq. (8) and rearranging, we obtain an
effective modulus for the layer given by

Oz 1—v
= A i-mr ®)

For an epoxy resin with Poisson’s ratio of 0.4
and a Young’s modulus of ~3 GPa [28], this gives
an effective modulus of ~6.4 GPa, which is sig-
nificantly less than that of the glass. The effective
modulus would only start to approach that of
glass if v started to approach 0.5. This would
suggest that a rubbery layer should have a high
effective modulus. However, in practice the
Young's modulus of a rubbery material is much
lower (~1 MPa for S coatings [28]) and the re-
sultant effective modulus is therefore low. Hence,
the S coatings provide little or no strengthening
(see Table 5).

Egr =

5.2. Crack shortening

Fabes and co-workers [1,2] suggested that the
coatings partially heal and thereby shorten the
flaws. If a crack is filled by a material that re-
sponds in the same way as the bulk material when
a load is applied, it is reasonable to assume that
the flaw is healed by this material. As Fabes and
co-workers were using sol-gel derived silica coat-
ings, produced via heat-treatments at temperatures
up to 1000 °C, such an assumption is reasonable.
Given the Poisson’s ratio calculations, outlined in
the previous section, it is questionable whether
epoxy coatings can respond in the same way as the
bulk material.

However, assuming that the coatings do impart
a degree of crack healing, we can calculate an
equivalent flaw size for the strengthened samples

and attempt to relate it to features on the fracture
surface. There are two major possibilities: (1) the
widest parts of the crack are not filled so that the
crack is effectively shortened but has a similar
shape to the original flaw and (2) as suggested by
Fabes and co-workers [1,2] the coating does not
reach the tip of the crack so that the flaw becomes
effectively an embedded flaw with a different shape
from the original crack.

For the first case we assume that the flaw both
before and after filling has the same geometry.
Hence an equivalent flaw size, c., may be calcu-
lated using

p
Kie = Yor/fice + % (10)

The residual stress term in Eq. (10) (second term
on the right hand side) is related to the original
flaw size, c, rather than the equivalent flaw size, c.,
because flaw filling does not relieve residual stres-
ses arising from indentation. The equivalent
flaw sizes calculated using Eq. (10) are given in
Tables 5 and 6. As one would expect, the flaw size
decreases with increasing strength. However, as
noted above, with the solvent based coatings,
fractographic evidence has shown that the entire
crack is essentially filled by the coating which
means that the calculated equivalent flaw sizes
cannot be related to any features on the fracture
surfaces. With the water based coatings, fractog-
raphy shows that essentially only the end region of
the crack is filled, and thus, it would seem rea-
sonable that the equivalent Raw size should be
related to the size of the unfilled region. However,
all the calculated equivalent flaw sizes are signifi-
cantly less than the size of the unfilled region (e.g.
for the EHw,, coating the size of the unfilled region
i 425 + 21 pm compared to an equivalent flaw size
of 134 £+ 27 um) which indicates that simple crack
shortening does not explain the increase in
strength,

The alternative approach due to Fabes and co-
workers [1,2] assumes that the coating does not
reach all the way to the crack tip, and thus, there is
an ‘embedded’ flaw with a different geometry from
the original flaw that is responsible for failure.
Fabes and co-workers give stress intensity factors
for failure both from the original crack tip and
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from the deepest point to which the resin pene-
trates. They concluded that, in their system, failure
did not occur from the original crack tip. How-
ever, with the coating systems studied here, frac-
tographic studies have shown both that the resin
penetrates to the ends of the open crack and
that failure always occurs from the site where
the original open crack intercepts the sample sur-
face.

Therefore, flaw shortening would appear not to
explain the strengthening of glass by epoxy coat-
ings. This is because firstly such coatings do not
behave as if they have similar properties to the
bulk glass, even when they are confined within a
crack, and secondly the calculated equivalent flaw
sizes cannot be related to either the observed de-
gree of crack filling or to the locus of failure.

5.3. Thermal stresses

Wang and James [3] suggested that thermal
expansion mismatch stresses between a coating
and the glass substrate would lead to stresses in
the surface coating layer that could explain the
strengthening effect of coatings. For the low
expansion coefficient coating system that they
developed, they were able to show that this
mechanism was plausible. However Chen et al. [29]
have previously shown that, for the solvent based
coatings studied here, tensile rather than com-
pressive stresses are generated within the coating.
The stresses in the coating are given by
o= I8 (4, — ) AT, (11)

I~ vy
where Eg, v, and o, are the ‘glassy’ Young’s
modulus, Poisson’s ratio and thermal expansion
coefficient of the resin, o, is the thermal expansion
coefficient of the glass, and AT is the difference in
temperature between the curing temperature and
room temperature; this makes the reasonable as-
sumption that the glass transition temperature of
the coating is approximately equal to the curing
temperature. To obtain the balancing compressive
stress in the glass, we assume that the stresses in
both the coating (which coats both sides of the
glass) and the substrate are uniformly distributed,
in which case the stress in the substrate is given by

o= —igﬁ(arg—ag)u, (12)
I~vy &

where ¢, and ¢; are the thickness of the coating
and the glass, respectively. For the solvent based
coatings, taking the thermal expansion coefficient
of the glass to be 9 x 1076 °C™! and that of the
resin to be 150 x 106 °C~! [29], and noting that
the system was (post-)cured at 100 °C, the coating
thickness was ~3 pum and the glass thickness
was 1.2-1.5 mm, the tensile stress in the coating is
~56 MPa and the compressive stress in the glass is
~0.2 MPa. With the water based system, assuming
the same coating properties but noting that the
coating was cured at 220 °C and was ~10 um
thick, with a glass thickness of 1.1 mm, the tensile
stress in the coating is ~140 MPa and the com-
pressive stress in the glass is ~2.5 MPa. In both
cases, the compressive stresses in the glass are
clearly insufficient to explain the strengthening
effect that arises from epoxy based coating sys-
tems.

5.4. Closure stresses

Roach et al. [9] have suggested that, when ma-
terial completely fills and thereby bridges a crack,
this material exerts a closure stress, o, which re-
tards crack propagation when the crack is sub-
jected to a tensile force. This stress is assumed to
be uniformly distributed over the whole crack. In
this case, the stress intensity factor at failure in
coated glass must be given by

P
KIC=Yon/1‘rE+f;7+Kd, (13)

where K is the stress intensity factor due to the
restraint or closure stress produced by the coating.

With the solvent based coating system, the
cracks are completely filled by the coating. Thus,
assuming that complete filling leads to a uniformly
distributed closure stress over the crack walls, and
that the same geometric factor can be used as for
the applied bending stress, we have

-6
Ky = 0.496¢+/nc + —0'98123; 10

+ 0.4904+/7c, (14)
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where o is the closure stress in MPa. The fracture
stress, oy, is also in MPa, the fracture toughness,
Ky, is in MNm™32 and the crack length, ¢, is in
metres. The closure stresses evaluated using Eq.
(14) are given in Table 5. The negative sign indi-
cates that the closure stresses are compressive,
which is necessary if they are actually going to act
to close the crack. The closure stress for the un-
coated system is essentially zero as expected. As
can be seen by a simple rearrangement of Eq. (14),
the closure stress is linearly related to the mean
failure stress, and thus, the largest closure stress
was obtained with the S,/Wgrr/EH,, system, which
we have previously demonstrated gives the best
strengthening results.

With the water based epoxy system, crack filling
is only partial, with the coating essentially being
confined to a region near the end of the cracks.
The degree of filling, expressed as filled length
from the crack tip, depends on the concentration
of the coating solution (see Table 6). Given that
failure always starts at the crack tip, an estimate of
the closure stress may be made using a centre
cracked plate model. As shown in Fig. 6, it is as-
sumed that partial filling of the centre cracked
plate leads to uniform closure stresses being dis-
tributed over the partially filled region. In this case
the closure stress intensity factor is given by

c

, 12 ¢ gdx
Kcl=2Ya'c|(E) -/c;ﬁ’ (15)

Gcl l
)
o | o

where
¢ = crack length
¢, = unfilled crack length

o, = closure stress

Fig. 6. Geometry used in calculating closure stresses in the case
of a partially filled crack.

where Y’ is a geometric constant that accounts for
the finite width of the plate (see, for example, [30]).
Integrating Eq. (15) gives

K. =2Y’ac|(§)l/2[g_

A difficulty arises here because the value of Y’ is
unknown, However, again we assume that the
same geometric factor as that used for the applied
bending stresses can be used (0.56 + 0.03 in this
case), which gives

sin™! cc—‘] (16)

1.0791 x 10—
32

+2x 0.56acl(%)l/2[g — sin”! %‘] (17)

ch = 0560’\/E +

Once again, the closure stress, 64, and the fracture
stress, g7, are in MPa; the fracture toughness K. is
in MN'm~%/2 and both the crack length, ¢, and the
unfilled crack length, ¢; are in metres. Values of
closure stress calculated in this fashion are given in
Table 6. It can be seen that the calculated closure
stresses are similar for all but the most dilute
coating solution (EHw,) which suggests that,
above a certain minimum value, the concentra-
tion of the coating solution only really effects the
amount of crack filling, and has little further effect
on the mechanical properties of the resultant
coating.

An obvious question concerns the origin of such
closure stresses. As the resin is cured at tempera-
tures of 100 or 220 °C one possibility is thermal
expansion mismatch stresses between the resin and
the glass generated within the crack rather than
those generated on the sample surface, which were
discussed above (Section 5.3). Consider a region of
the coating in a crack as shown in Fig. 7. On
cooling from the cure temperature, the resin in
the crack will not be able to contract as much as
if it were unconstrained because Ey,i > Eren.
This gives rise to a strain in the resin given by

wcrack _ waesin
Eresin = —‘W, (18)

where wi™* and wi™®® are the widths of a given
segment of the crack and the unconstrained resin
at room temperature. wy™® is related to the width
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where
crack __ .
w, = crack width

Fig. 7. Geometry used in analysing thermal expansion mis-
match stresses within the crack.

of the same segment of crack at the curing tem-
perature, w*k, by

Wi = W (1 — 0y AT), (19)

where oy, is the glassy thermal expansion coeffi-
cient of the resin and AT is the difference in tem-
perature between the curing temperature and
room temperature. But wi™k is given by

wz(::rack — c(:)rack(l + o AT), (20)

where «, is the thermal expansion coefficient of the
glass. Hence the strain in the resin is given by

1
frosin = 1 T g AT)(1 — g AT)

Unfortunately the thermal expansion coefficient
of the resin is not a well characterised quantity for
the various coating systems studied, and thus, only
a rough estimate of the strains in the coatings
studied can be obtained.

For the solvent based coatings, taking the
coating properties as above (Sections 5.1 and 5.3),
gives Ergn = 0.011 and a closure stress of ~34
MPa. This value is very similar to the calculated
closure stress for the EH,, system although it is

1. 1)

lower than the values for the more effective coating
systems (see Table 5). This suggests that, although
thermal stresses may be the origin of the closure
stresses, because of the interlayers that are present
when a silane is present (especially in the primed
system), the analysis is over-simplified for the si-
lane containing coating systems.

The same calculation can be carried out for the
case where just the silane was applied. In this case,
the coating was cured at 60 °C and we take the
thermal expansion coefficient of the silane coating
to be 3 x 10~* °C™! [28]. Thus, &gage = 0.012, and
using the modulus given above (Section 5.1), the
closure stress is ~0.012 MPa which is significantly
smaller than the calculated value given in Table 5.
However, both values indicate that the strength-
ening effect is negligible.

For the water based coating systems, again
taking the coating properties as detailed above (see
Sections 5.1 and 5.3), and noting that in this case
the coating was cured at 220 °C, ggn = 0.029 and
the closure stress is 87 MPa. This value is similar
albeit a bit lower than the calculated values for all
the water based coatings examined apart from
coating EHy,,. This suggests that crack closure
arising from thermally induced strains in those
regions of the crack bridged by the coating are
indeed responsible for the observed strengthening
effects.

Given the approximate nature of these cal-
culations, the agreement between the calculated
thermal expansion mismatch stresses within the
crack and the calculated closure siresses strongly
suggests that it is thermal expansion mismatch
stresses within the crack, rather than in the surface
layers, that give rise to the observed strengthening
effect.

6. Conclusions

The strengthening of glass by epoxy based
coatings depends on penetration of pre-existing
defects in the glass surface. However an increased
effective modulus due to Poisson’s ratio effects or
crack shortening due to coating penetration do
not explain why the coatings are effective. Instead
we have shown that closure stresses generated by
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thermal expansion mismatch stresses within the
flaws, not in coating surface layer, are a plausible
explanation for the observed degree of strength-
ening. Therefore to strengthen glass, epoxy based
coatings must penetrate the flaws; this may be
problematic with some naturally occurring defects
[31]. The actual coating on the surface is thought
to be less important except that sufficient coating
penetration is unlikely to occur unless the coatings
are laid down on the surface.
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