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The stress distribution in automotive
glass is an important parameter for
quality control, particularly in tempered
products. While measurement of stress
throughout the thickness of the glass is
a challenge, stress measurement at the
surface can be performed with currently
available information. This article looks at
the measurement of surface stress in five
tempered glass samples manufactured
by the Ford Motor Company.
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ENERAL POINTS
Measurements of surface stress

were made for five samples of tempered
auto glass using a grazing angle surface polarime-
ter sensitive to the optical birefringence produced
in stressed glass. The glass samples were
curved in one direction and were of dimensions
30cm by 30 cm by 0.3 cm. Measurements were
performed along the direction at right angles to
the curvature and also along the two directions
at 45° to the perpendicular. Nine measurements
distributed across the surface were performed with
each sample. The two in-plane principal stress-
es were determined from these measurements
using the Mohr’s circle approach. The stress
was typically fifty per cent greater perpendicular
to the curvature than along the curvature.  

The difference is believed to be due to com-
pression or tension which occurs during bend-
ing of the glass. An average value for the prin-
cipal stress perpendicular to the curvature was
170 MPa (24,000 PSI).   

INTRODUCTORY COMMENTS
The sheet samples used in this particular

experiment are similar to products used for
side and rear windows in automotive vehicles.
Measurements were performed using a grazing
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angle surface stress polarimeter
manufactured by Strainoptics Tech-
nologies, Inc.

This optical device uses the
stress birefringence introduced into
tempered glass as the measure-
ment parameter. Measurements
were performed at nine separate
locations on each sample and were
only possible on the tinted side of
the glass. Measurements were not
possible on a darkly tinted privacy
glass sample due to strong absorp-
tion of the probe light. The results
showed that surface stress was fair-
ly uniform over most of the surface.
The samples had a simple curvature.
They were curved along one dimen-
sion and flat along the direction
perpendicular to the curvature. Stress along
the planar direction was about sixty per cent high-
er (on average) than stress along the curved direc-
tion for the outer curved surface. The opposite
was true for the inner curved surface, consistent
with the notion that material sag which occurs
during forming contributes to the total residual
stress. An average value for all samples for
the surface compressive stress along the planar
direction was 165 MPa, or about 24,000 PSI.

EXPERIMENTAL DETAILS
The refractive index of glass is known to

be affected by residual stress. If a glass sample
has principal stresses which are different, then
the glass exhibits a birefringence, with the
refractive indices being correspondingly different
in different directions. Stress-induced bire-
fringence, and therefore stress differences, can
be determined by observing the velocity dif-
ferences between light waves with the elec-
tric field vector oriented along different direc-
tions within the glass material.  

The most convenient method for measurement
of stress birefringence is to observe the change
in polarization which occurs when a suitably pre-
pared light beam traverses the sample. An ini-
tially linearly polarized light beam which enters
a birefringent material has its polarization cycle
periodically between elliptical and linear polar-
ization as it traverses the material. The polar-

ization state at any location can be determined
through the use of a quartz wedge compen-
sator such as a Babinet compensator used
together with a polarizing filter.

Equipment
The polarimeter manufactured by Strainop-

tic Technologies contains components and oper-
ates as shown in Figure 1. Light from a helium-
neon diode laser is first collimated and passed
through a polarizer before reaching the entrance
prism. The device rests atop the sample under
test. The refractive index of the entrance prism
(and exit prism) must be greater than that of the
glass sample and an index matching fluid is used
to couple light into the test piece. Adjustment
of the location of the assembly holding the
light source results in the refraction of light along
the surface of the test piece, and this refraction
occurs at the critical angle of incidence for the
light beam leaving the entrance prism. An
opaque metal divider is placed between the
entrance and exit prisms in order to block
reflected light from the prism/test piece inter-
face. Light refracted at the critical angle trav-
els in the glass test piece within a few wavelengths
of the glass surface. As it travels, some of the
light is refracted out of the glass and into the exit
prism. This light is collected and passed through
the quartz wedge Babinet compensator and
through a polarizer1.  

The image viewed through the eyepiece is of

SURFACE STRESS POLARIMETER USED 
IN EXPERIMENTAL STUDIES

FIG. 1
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117light escaping the glass sample from the region
under the exit prism (see Figure 1). When
viewed through the eyepiece, dark fringes are
seen in the image wherever the light, after
passing through the compensator, is linearly polar-
ized at 90° to the final polarizer. For the case
where there is no birefringence, the fringes are
parallel to the direction of the light beam, since
there is no change in light polarization as it trav-
erses the sample, and the wedge compensator
is perpendicular to the direction of travel of the
beam. When birefringence is present, the fringes
are at an angle to the direction of the light
beam, and this angle can be measured with the
protractor and cross hairs which are part of
the instrument (see Figure 1). 

Principles of the experiment
The birefringence is directly proportional

to the magnitude of the stress differences2;
na - nb = (σa - σb) CB,
where CB is the material Brewster constant,

na - nb is the birefringence, and σa - σb is the dif-
ference in principal stresses. For thin glass
plates, the through thickness stress, σb, is very
nearly zero. The retardation, R, of one compo-
nent of the beam is given by the product of
the distance travelled, t, and the refractive
index difference, or;

R = t(na - nb) = CB σt
If the stress in the glass is constant, then

the retardation of the light entering the exit
prism will vary in a linear fashion with travel
distance and the angle, α, of the fringes observed
through the eyepiece will be constant. The tan-
gent of the angle is then proportional to the stress
with a material dependent proportionality con-
stant, K, or;

σ = K · tan α.

Procedure
The experimental procedure consisted of

placing the measuring instrument on top of the
glass sample and observing and recording the
fringe angle for each measurement location.
The glass samples were all glass plates of an aver-
age thickness of about 3 mm and 30 cm width
and length. The radius of curvature for each plate
was approximately 155 cm. Nine distributed
measurement locations were chosen for each plate.
Three measurements were obtained at each
location, one at right angles to the direction of
curvature and two others at 45° on either side
of this direction. Measurements at right angles
to the curvature were fairly straightforward since
the instrument could lie flat on the sample. Due
to the large gap between instrument and sam-
ple, measurements could not be performed
along the direction of curvature. With these
measurements we could determine the two
remaining in-plane principal stresses of each
sample at each of nine locations. Repeat meas-
urements were performed for each plate in
order to establish confidence in the measure-
ment accuracy.

This method worked only on the tinted side
of the glass samples, which apparently pro-
vides some guiding of the light along the mate-
rial interfaces. Most of the samples were tint-
ed on the outer side of the glass curvature.

RESULTS AND DISCUSSION
Typical results for the principal stresses are

shown in Figure 2 for one of the samples,
where the lengths of the arrows are propor-
tional to the stress magnitudes and the arrows
are positioned at the measurement locations. 

The principal stresses were determined from
the three measurements obtained at each loca-
tion and the use of a Mohr’s circle representa-
tion3. The principal stresses were neither always

Principle 
stress
measurements
on Ford glass
sample

FIG. 2
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along nor perpendicular to the curvature,
but in most cases they did not deviate large-
ly from these directions. 

The stress along the curvature direction was
less than the stress perpendicular to the cur-
vature in all but one case. Since the surface
stress is compressive, the relative reduc-
tion of stress along the curvature can be
attributed to the tension which is added as the
glass plates sagged during formation. The aver-
age values for both principal stresses are
shown in Table 1 for all of the samples. We
were able to obtain measurements for all sam-
ples except one, called a privacy glass, which
was so darkly tinted that insufficient light was
available at the eyepiece to observe any fringes.

The values shown in Table 1 are averages of
the nine separate measurements performed on
each glass sample. 

The associated RMS deviations indicate the
variations observed within a single glass sam-
ple. The reported deviations are not necessar-
ily related to experimental measurement uncer-
tainties. For any single measurement the uncer-
tainty in determination of the fringe angle was
about 1°, which corresponds to about a five
per cent relative error in the determined stress
in most cases. It is interesting to note that, for
Sample B3, the stress along the direction of cur-
vature is greater than the stress perpendicular
to the curvature. 

This sample was tinted (and therefore meas-
ured) on the inner surface of the curvature,
while in all other cases the measurements were
performed on the outer surface of the curvature.
The values shown are typical of the stresses pro-
duced in tempered automotive glass products.

CONCLUDING REMARKS 
AND FUTURE OUTLOOK

The method described here is simple to apply
for measurement of surface stress in glass sam-
ples. It is quite time consuming, however, and
will not work in all cases. Three separate meas-
urements are required in order to obtain the
two in-plane principal stresses. It was only
possible to apply the method on the tinted side
of glass samples. Severely curved surfaces will
also present measurement difficulties except in
a direction at right angles to the curvature.

Finally, it is worth mentioning that only surface
stresses can be obtained with the instrumenta-
tion detailed in this article.

The method is ideal for use in laboratory
testing of glass materials for surface stresses,
but is probably not suited for on-line meas-
urements of glass products. A truly useful
method should allow for the rapid determina-
tion of stresses throughout a glass product in a
non-contact manner. Efforts are presently under-
way to develop such a method. The data obtained
using the grazing angle surface stress polarime-
ter will be used to help verify results obtained
with this new method.
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AVERAGE VALUES FOR BOTH PRINCIPAL STRESSES
SAMPLE NUMBER AVG. PRINCIPAL STRESS σ1 AVG. PRINCIPAL STRESS σ2

(MPa) (MPa)

A1 125  +/-    7 178  +/-  59
B1 124  +/-  14 173  +/-  15
B3 138  +/-  17 97 +/-  10
C1 103  +/-  16 166  +/-  47
C3 90  +/-  24 169  +/-  39

TABLE 1
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