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Observation of Dugdale cracks in glass foils
— g method for studying surface plasticity
of soda-lime glass

The physical and chemical properties of subsurface
layers on solids usually differ from bulk properties;
they can considerably influence the qualities of
materials such as strength and corrosion resistance.
Especially in case of alkaline silicate glass there is a
subsurface layer formed by contact with humid air
[1—3] which behaves in a relatively ductile manner
as demonstrated by scratching the surface [4].
Bishop [5] was the first to show the existence of a
500 A thick low refractive layer on the surfaces of
alkaline silicate glass specimens. Characterization
of the composition and structure of a glass surface
was made possible by development of new surface
analysis methods, forexample Auger electron spec-
troscopy, low angle infra-red reflection spec-
troscopy, X-ray microanalysis, etc. [6] . According
to detailed studies of Hench [6] there are different
types of surfaces. In all of them a more or less
thick silica rich film is formed within a few min-
utes by surface hydration and selective alkali ion
removal. Thickness and stability of these films are
essentially dependent on glass composition, tem-
perature, environmental humidity and reaction
time. Glasses used in our work are supposed to
have a chemically changed 500 to 900 A thick sur-
face layer resulting from contact with ordinary
atmosphere, i.e. humid air [7].

To study the elastic—plastic behaviour of such
sub-surface layers we prepared thin soda-lime glass
foils of a thickness of about 1000 A. Thus the two
sub-surface layers forming by contact with humid
air from both sides will penetrate the whole foil
volume. In HVEM (high voltage electron micro-
scope JEM 1000) the regions around the tip of
artificially introduced cracks were studied. Elastic—
plastic behaviour should then give rise to the
formation of plastic zones. On the basis of the
Dugdale model, if measured values of plastic zone
size or COD, respectively, are used, the yield stress
of the material can be determined.

Small plates of commercial container glass of
0.2mm initial thickness were chemically thinned
down to 10um by 40% fluoric acid at room tem-
perature. Then chemical thinning was followed by
ion beam milling in an IBM A 2 apparatus (AR"
ions, 6kV, 50uA). As shown in Fig. 1 thinning
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Figure 1 lon beam thinned glass specimen.

was continued until a small hole in the middle of
the specimen appeared. From visible interference
fringes the thinned area can be deduced to be
wedge shaped. At the border of the hole the wedge
is blunted. There the initial material thickness is
approximately 300 A, and the wedge angle is 0.2°.
The thickness increases nearly uniformly in a radial
direction. Up to a distance of 20 um from the bor-
der of the hole the material thickness is smaller
than 1000 A. Crack tip areas in foils prepared in
this way were examined in a HVEM at 1000kV.
Previous investigations have shown that glass
foils of the above-mentioned thickness cannot be
studied in a 100kV electron microscope. The main
disadvantage is the required high beam current (up
to 701A) causing a strong local specimen heating
up to temperatures of 700° C, leading to structural
changes of the glass. Contrary to this the specimen
temperature in the HVEM at 1000 kV (5 pA beam
current) is less than 100° C [8], i.e. mechanical
and structural properties are not influenced.
Typical features were observed around crack
tips in foil areas of a thickness smaller than 1000
A (Fig. 2). The crack tip is strongly blunted, and
in front of the crack a narrow region marked by
contrast brightening can be observed. The crack
tip blunting indicates plastic deformation accord-
ing to Dugdale’s observation [9] of metal plates
under plane stress conditions. Brightening of the
region in front of the crack tip should charac-
terize the plastic zone according to the Dugdale
model: Plastic flow causes a necking of the foil
material within these zones, i.e. the decrease in
foil thickness leads to a more or less brightening

because of the decreased absorption of the imaging
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Figure 2 Crack with plastic zone in a glass foil.

electrons. Similar electron microscopic observations
of foil necking within plastic zones were made in
metal and polymer foils [10—12].

The orientation of the crack plane could be de-
termined by tilting the glass specimens in the
HVEM stage. Only cracks having a crack plane
orthogonal to the foil plane were used for interpre-
tation. Also, it could be proved that the observed
crack contours were not due to contamination.
Within the observation time (up to 20min at the
most) contamination did not occur in the HVEM
at a magnification of 10000 x and a beam current
of 5 uA.

The yield stress oy of the foil material can be
calculated after Dugdale [13] as

_nE V(c)
% = el (a/c)

(M

using the open crack length ¢, the length of the
crack plus plastic zone length @, the crack tip
opening 2V (c) and Young’s modulus £. The crack
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data, according to Fig. 2, are: ¢ = 8.1 um,a = 11.1
um and V(c)= 0.05um. Taking for E the Young’s
modulus of the bulk glass (E' = 68375 Nmm™?)
one obtains the yield stress o, = 1051.6 Nmm™2
from Equation 1. The finite and special specimen
geometry of the glass foils used in our experiments
might lead to the relationship between oy and the
other quantities deviating from that in Equation 1.
The foil radius r is 1.5 mm. The crack illustrated in
Fig. 2 runs in an outer radial direction from the
border of the hole having a radius R = 26.5 um.
Thus

Rfr = 0.019; ¢fr = 0.0054; Rjc = 3.5.(2)

Kuna [14] has studied the influence of a finite
specimen geometry, similar to our foil geometry,
on Dugdale’s Relation 1. The calculations were
made using a finite element method applied to a
square disk with a central hole and two symmetric
cracks (see Fig. 3). Of particular interest was the
calculated case:

R/d = 0.071 (% RJr); cld = 0.035 (= ¢/r);
Rlc = 24 3

In Kuna’s case the geometry should cause a much
stronger deviation from Equation 1 than in the
experimental case considered, whereas the influence
of the central hole should be nearly the same in
both cases. To study the geometrically caused
deviations the normalized dimensionless crack tip
opening & = nEV(c)[40yd is used, 6* is the dimen-
sionless opening according to Kuna’s values and

- &** that according to Equation 1 (see Fig. 3). The

relative error f=§8* —&**/§** is drawn in the
upper curve of Fig. 3. It can be seen that f ap-
proaches zero for ¢/a > 0.83, while for ¢/a = 0.73,
f is about 70%. Strain and displacement fields in
the crack tip vicinity are independent of the outer
specimen geometry if one considers distances re-
latively small in comparison with the specimen
dimensions. Therefore, to estimate the yield stress
oy on the basis of Equation 1 we used values c/a
>0.73. According to the remarks on Relations
2 and 3 given above the deviations from the
infinite case (Equation 1) should be smaller for
the foils used here than in the case calculated by
Kuna.

The computed o, values lie between 1020.2N
mm~2? and 2403.4Nmm™ for ¢/a values between
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Figure 3 Plot of normalized crack
opening & versus ratio of open

6‘76” 1 '(5‘-6“
// i N Feges
0,7‘ / a \ 2
05' < c / !
d
L
5 l TR T
y --- 8** DUGDALE
041 — 6% KUNA
03
02
011
0 a1 G2 03 G4 45 G5 07 @8 Q9 1§

0.73 and 0.87. Because of the large scatter a mean
value was not determined. Several factors respons-
ible for such large changes are to be considered:
(i) The properties of glass surface layers are depen-
dent on reaction time and environmental humidity
(temperature and glass composition are constant)
as mentioned above. Reaction time and humidity
were different for different foils*. (if) Changes of
wedge angle and foil thickness could influence the
yield stress determination. This, however, could be
controlled on a large scale so that factors of point
(i) are probably of greater importance. Besides, the
true value of the Young’s modulus of the sub-
surface layer is unknown. For estimation the
Young’s modulus of the surface layer is about 75%
of the modulus of bulk quartz which will be about
55917Nmm 2 [15]. Thus the yield stress oy
might even be smaller than the values determined
above.

In 1964 Marsh [16] estimated a yield stress of
oy =4905Nmm™ for bulk glass of similar com-
position. It should be mentioned that the problem
of plastic flow of bulk glass is not yet solved (see
for example Ernsberger [17]). Marsh used DPHY
values for determining the yield stress, while Grau
et al. [18, 19] carried out microhardness experi-
ments for determining DPH values of upper glass
layers, and reported that the DPH values of these
layers were up to 30 to 40% lower than those of
bulk glass measured in the same way. Comparing

crack length to crack length with
plastic zone, c¢/a.

the surface yield stress determined in this work
with that of Marsh one finds a relative change of
the subsurface versus bulk property comparable to
that noticed by Grau (see also our previous report

[201).
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Thermal decomposition of CaCO; and
formation of 3-Ca,SiO,

B-Ca,; SiO4 is an important cementing mineral of
ordinary Portland cement (OPC) and has the
potential to improve the quality of OPC by suit-
able modification of its structure, leading to
partial or complete replacement of the most
important high temperature cementing material,
Ca; Si0s, in OPC. Examples are available where
OPC of Indian and other origins show high early
strength properties in spite of its low Ca3SiOs
content, mainly due to the presence of reactive
B-Ca, SiO,, which was formed rather accidentally
and thus could not be produced under controlled
conditions.

Synthesis of $-Ca,SiO4 of reactive nature have
recently been reported [1, 2]. In this communi-
cation it is intended to report the preliminary
results on the decomposition of CaCO; and on the
formation of p-Ca,Si04 in the presence of NaF
under different thermal treatments. The main
objectives are:

(1) to improve the kinetics of the reaction
between Si0, and CaO and increase the yield of
the reaction product at a lower temperature with
a low retention time

(2) to synthesize reactive p-Ca,SiO, using
normal raw materials

In doing so, the important steps taken consisted
of (i) decomposing CaCO; at a lower temperature
in the presence of SiO, + NaF and (ii) firing the
products thus obtained to different temperatures
adopting different heating schedules as suggested
in [3, 4].
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Reagent grade CaCO; and NaF were used with
silica gel of fairly high purity for the synthesis of
B-Ca, SiO4. The ratio of CaCO;:Si0, was main-
tained approximately at 2:1. The materials were
ground to powder (—325 mesh) before and after
firing. Pelleting to a pressure of about 700 kgem ™2
was done for some of the mixes. The mixes were
fired in a Pt-crucible in an electric furnace. The
analysis of the materials was performed using
differential thermal analysis (DTA apparatus,
MoM, Hungary), X-ray diffraction (XRD appar-
atus, Phillips, Holland), and infra-red spectroscopy
(i.r. apparatus, Perkin Elmer 621).

The effect of the addition of NaF on the de-
composition of CaCO; can be seen in Figs. 1 and
2. The decrease in the decomposition temperature
of CaCO; with increasing amount of NaF is con-
siderable, although there is a sudden change in the
mechanism of formation of compounds as is
evident from Fig 2. The change in the slope of
the curve at 10% NaF indicates the change in
the compound formation or solid solution, the
exact nature of which is yet to be established.
The mix samples containing 6% or 12% NaF
heated to 530 or 510°C (below the decompo-
sition of CaCQO;, an endothermic DTA peak
has been observed at this temperature, the in-
tensity of which increases with increasing NaF
content in the mix) showed quite interesting
XRD patterns compared to that obtained at room
temperature (Fig. 3). The XRD lines (20) at
26.1°, 27.1°, 459°, 50.1°, 52.4° and 52.9° of
the mix at room temperature disappear completely
from those of the heated samples. These lines are
due to the presence of aragonite. The NaF line
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