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2. Investigation of Stresses at the Surface of
Chemically-Toughened Sheet Glass*

Morihisa Hara**

A theoretical investigation was made to explain why interference fringes appear
at the boundary of total reflection when the light is reflected at a surface having a
madified layer. The result shows that the stréss-induced birefringence and the
approximate thickness of a stressed layer are measured by surface refractometry,
considering the shift of the fringes due to the change of the polarization direction of
the incident light and the number of fringes. .

Surface stresses of chemically-toughened glass sheets were measured with this
method under various conditions of ion-exchange treatments. The measured values

are related to the tensile strength of toughened samples.

{ Introduction

In recent years a chemical method of strengthening glass by ion exchange
helow the strain point, also known as “crowding” or “ion stuffing”, has recieved
a great deal of attention and has found some practical applications.® In
this procedure the surface compression arises by stuffing larger ions into sites
‘ormerly occupied by smaller ions. The stress profile thus produced is distingui-

<hable from that of thermal tempering by the relatively thin compressed layer and

he very high stresses.

' This paper was presented at the Annual Meeting of ICG held in Toronto (Canada) September 3-6, 1969.
** Production Engineering Div., Funabashi Factory. .
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[ is puwibly to delermine & amess prodle of Lhis kiml by means of & el
galion micrascope with fhe awid of o Herek vnponsatar, whtm oo lwervci 3
o slice, 200 g 1o 300 g thick, cut perpemnlicular to the oulgide surlaca of the
sapaple.  Hrwever, this method has some hoeteomings. It is laborvus, s na
arcarate in derermining the real surtace stress, expeciully when Lhe gtrezserl lwver
is pxtremcly thin, sl worst of al: oocan nol hie appled o a nondesiouctae
TLmnes.

The muodestructive mewsgtcmen ot surase Jress in glass is ascamplished hy
sudace mmclomerry.  An Insirument wolsnited for this ccasuremens, o 1yps o
cotical angle refrcioockers, has Leen develuped by Ansevin'™  The MARTLCLC
ol the surface siress o is determined from e relativeship ;
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whers {7 is the stressoptic coelficient, and m aod #e ure ihe cefractve nnlices o
the gluss sudface for rays polarized in planes parpilel 10 aw perpendscular 10 the
surface, respectively,  The difference is measuiod by phserving the o respuricige
angles of 1on] reflecion for beh polurized compenents.

! Fluwever, Lhe namre of the buundary of otal reflection s infuences| by e
i presence of index variation ac the ulase surface.  ¥Wlhen a clieamically-tonghend!
| glass eurface i viewed with tha nefractomeker, interference fringed ApPeUr hees
e Heht<wk boumlary. R

_ The jmelforence phonomescn at he bounduey of todal peflectioe was Ara
i treated by Fossel™  He ohscrved interffersnce fringes near the total refes:
|l boundary, when the light 16 reflected ar the surduce of a plas plote cvarca wih
an evaporaleld Alm having & smaller refractive index than 1hal of Lhe plass plate.
, The relractive index of the compressed layer of & chemivally-tougheted gloes 1
! always Tiigher than thuk of the interiof, because the loyer bolds darger one stubed.
Therefore, the index myatem of priemeluyeiylass inovor cuse ia identical widls the
svatens of gloss-filoait weeated by Koseel, In che present wiudy che theory of
Kosecl i3 Further develupl in arder to show haw 1o gyplupie suriufe stredsss of
chemically-tnughened glass frum the fnnge partems, Surface sresses ol shest
glass wughened wnder vonous ionxchapge conditions were messurad with this
wnechod snd compored with the results of strength jess
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9 Theory

First, let us considet a case where a prism of index #, is placed on a glass
plate of index #, having a homogeneous. surface layer of thickness d and index
n, (Fig. 1). ¢ is the angle of incidence, p¥ and ¢#* are the critical angles for
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Fig. 1 Total reflection in the system of gla‘ss-éhrface jayer-prism.

the prism-ayer interface and the prism-glass interface, respectively.  When #, is
larger than n,, ¢% becomes larger than ¢%%, The intensity of the reflected light
Ix is given by:

_ rHr+2nrcos d ~
Ie= 14742 rirpcos 4 1
— ( 4 =i)£n,d i/ Ai—nysin® o+f : (2)

where 7 and r, are the amplitude reflectivities at the prism-ayer and layer-glass
interfaces, A is the wave-length of light, 8 is the phase change by total reflection.

If the angle of incidence p exceeds ¢%¥, the reflectivity 7 becomes 1, and then
I,=1 regardless of ¢. Hence the boundary of the total reflection observed is to
be associated with the critical angle 2. It is concluded that no information
concerning the surface layer is available from the light-dark boundary.

In order to explain the appearance of the interference fringes, Kossel assumes
that in practice 7 never reaches 1 because there is loss of light due to absorption
or scattering in the surface layer. Hence the intensity of the reflected light varies
with the value of cosd, that is, with the incident angle, and has maxima and
minima. When cos 4=—1, the intensity has a minimum value and a dark fringe
appears. The position of fringes is given by the relation: i
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2 avi—rsmp=tt, k=1, 3,5, o

if B is neglected as a small yalue*,

The ion-stuffed layer of the chemically-toughened glass has not a uniform
refractive index. The index varies gradually from the surface value to the value
of the bulk glass with the concentration of stuffed ions. The theory should be
extended to the case of inhomogeneous layers. Then, the interference condition

becomes :

(S S —
2! Y@ g de =5 k=1, 3,5, (0

where 7, is a function of the depth from the surface . For convenience, we
assume in further calculations that the index is a linear function of z, as shown
in Fig, 2, where d denotes the thickness of the surface layer. The left hand
side of Eq. (4) is numerically calculated as a function of the incident angle, if
we assign a set of values 7,, 7, and 7% An example of calculated results is
illustrated in Fig. 3. ' :

The patterns of interference fringes can be constructed from these theoretical
curves. Examples for layers of thickness 54, 254 and 50 ¢ are presented in
Fig. 4. The lightdark boundary is associated with the critical angle ¢% and
gives the bulk index of the glass. The first fringe at the top is related to the

s

Refractive Index {n)

Depth from Surface (z)
Fig. 2 Inhomogeneous liyer model.

* [n case of inhomogeneous layers, § becomes exactly O.
** The value of n, is determined by experiments. In practice =, varies with the progress of ion-exchange

treatments.
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interfererice condition k=1, the next k=3 and then successively k=5, 7 and so
on. When the index of the layer is uniform, the fringes become denser at the
top and seems to converge to the boundary associated with the critical angle of.
On the contrary, the interval of the fringes increase with parting from the dark-
bright boundary in case of the inhomogeneous layer. The exact value of ¢f
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Fig. 3 Numerical values of the optieal path differences
4s 8 function of the incident angle.

Pattern of Interference Fringes : C}\Pg
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- Left $Homogeneous Layer

¢ Right ¢ Inhomogeneous Layer
Fig. 4 Patterns of interference fringes for homogeneous
and inhomogeneous layers.
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must be sought at the point which corresponds to the condition k=0.

If the direction of polarization is converted, all the fringes are shifted because
of birefringence. The stress values associated with this shift are plotted against
£ number, as illustrated in Fig. 5. The real stress value at the surface is found

Rea} Value

55

T e AT

Measured Stress Value {kg/mm?)

e K

Determination of Surface Stress

Fig. 0 Determination of surface stress from
the fringe shifta observed.

#pe=15407

ety E GoOrs

Number of Fringes

0510k 50N 100k
Thickness of Compressed Layer
Fig. 6 Relation between the layer thickness
and the number of fringes.
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on the point where the extrapolated curve crosses the axis of k=0. Therefore,
at least the measurement for two fringes is recessary for estimating the surface
stress, preferably the measurement for three ot more. The accuracy of the
measurement will be raised with the increase of the number of fringes.

If we give the values of n,, n; and #, as a function of depth from the
surface, the relation between the number of fringes and the thickness of the
comptessed layer can be obtained, as shown in Fig. 6. By the use of this curve
we can estimate approximate thickness of compressed layer from thé tumber of
fringes observed in a nondestructive manner. Adversely, the pattern of fringes
observed will give us some knowledge of the distribution of refractive indices or
stresses at the surface layer.

3 Experimental Results and Discussion

Pieces of ordinary sheet glass were dipped ih molten potassium nitrate for
various periods at fixed temperatures. After the idh-exchange treatment the
surface of specimens were examined by a surface refractometer. The pair of
photographs in Fig. 7 shows a fringe pattern observed fot a specimen treated for

O-ray E-ray

o e s

b e ke es

Fig. 7 Images of interference fringes for & sample treated
for 10 hours at 460°C in potassium nitrate.
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10 hours at 460°C. The image on the left is formed by the light polarized parallel
to the sample surface and the other is formed by the light polarized perpendicular
to the sample surface. As theory predicted, the position of the light-dark
boundary does not change by converting the polarization direction of the incident
light, but the shift of the interference fringes are ohserved.

The number of fringes increases with the progress of the ion-exchange treat:
ment. The thickness of the compressed layer obtained by use of the relation
illustrated in Fig. 6 was plotted against the treating time as shown in Fig. 8
The thickness is nearly proportional to the square root of the treating time as
expected by the diffusion theory.
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i

Fig. 8 Thickness of compressed layer determined
from number of fringes.
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Figure 9 shows how the surface compression measured varies with the treatingf
time. The stress decreases monotonically with the progress of the ion-exchange
procedure. This means that the stress arises at the very beginning of the treat
ment and gradually relaxes by redson of viscous deformation. ’

The mechanical strength of the samples, however, daes not behave in th
same manner. We measured the modulus of rupture for specimens damaged b
indenting a Vickers diamond under a load of 1000 g before or after ion-exchang
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and arrives the maximum before the thickness of compressed layer exceeds the depth
of the crack. Thereafter the strength decreases gradually corresponding to the
decrease of the surface stress. On the other side, in case the sample is damaged
after jon-exchange treatment, the enough thickness of compressed layer is required

for preventing the drop of the strength.

4 Conclusion

The interference phenomenon at the boundary of total reflection was theore-
tically discussed and applied to the measurement of surface stress of chemically-
toughened sheet glass. The interference fringe patterns gives us information
upon the surface layer whose thickness is fairly larger than the wave length of
the light. . Supposedly, the application of this phenomenon to investigations of
surface films or layers will not be limited to the case of chemical strengthening.
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