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Summary

Photomechanics entails experimental techniques that use properties of light propagating
through loaded or deformed components to determine and analyze the relative
displacements in the material in order to establish their strain and stress fields.
Photoelasticity is a branch of Photomechanics. It employs models constructed from
materials transparent to the light being used. These materials display birefringence
under applied stress and are observed under polarized light using an instrument called a
polariscope. The photoelastic response consists of two families of fringes —
isochromatic and isoclinic — which are observed in the polariscope.

Photoelasticity may be applied to models in the laboratory or to prototypes in the field,
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as well as to 2D or 3D studies. Thus, it is a whole field technique. Although the optical
response shows stress distributions over a relatively large spatial dimension, it
nevertheless allows for an accurate determination of stress states in localized areas or at
specific points of a component. Consequently, photoelasticity indicates not only the
most loaded areas of the observed component, but can also provide accurate stress
values at any critical point.

1. Introduction

The area of Photomechanics entails experimental techniques that use properties of light
propagating through loaded or deformed components to determine and analyze relative
displacements in the material in order to establish their strain and stress fields.

Photoelasticity is a branch of Photomechanics. It employs models constructed from
materials transparent to the light being used. These materials exhibit birefringence
under applied stress and are observed under polarized light using an instrument called a
polariscope.

Photoelasticity may be applied to models in the laboratory or to prototypes in the field.
Thus, it is a whole field technique. Although the optical response shows stress
distributions over a relatively large spatial dimension, it nevertheless allows for an
accurate determination of stress states in localized areas or at specific points of a
component. Consequently, photoelasticity indicates not only the most loaded areas of
the observed component, but can also provide accurate stress values at any critical
point. Photoelasticity may be applied to 2D or to 3D studies and can be extended to
non-linear elastic, elastic-plastic and dynamic problems as well. In these cases the
techniques are most appropriately called Non-linear Photomechanics, Photoplasticity
and Photodynamics.

A few examples of photoelasticity are shown below. Figure 1la shows the localized
photoelastic response used to determine the stress concentration factor of a sharp U-
notch. Figure 2b shows the whole field response of a C-shaped model loaded by
compressive forces. Qualitative observation of the optical response allows the
identification of the areas under the most stress, which may be inspected quantitatively
under higher magnification or by using some other experimental technique. Figure 1c
shows residual fringes caused by the fabrication process of incandescent light bulbs. In
this case photoelasticity is used as an inspection tool in the production of glassware.

The photoelastic response consists of two families of characteristic lines that are
observed in the polariscope: isochromatic and isoclinic fringes. The isochromatic
fringes correspond to the geometric locus of material points that present the same
principal stress differences. The stress-optic law (1) relates the principal stress
differences o, —o,, with the measured isochromatic fringe order N, where t is the

thickness of the model at the point under analysis and f_is the stress fringe value that

depends on the photoelastic material and the wave length of the light used in the
observation.
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Figure 1. Examples of photoelasticity. (a) stress concentration area of a sharp U-notch,
(b) whole field stress distribution image of a C-shaped model, (c) residual stresses in
light bulbs caused by the fabrication process.
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N

The isoclinic fringes correspond to the geometric locations of the observed material
points which make 0° or 90° with the polariscope axes.

™ Light source (white or monochromatic light)

Linear polarizer (P)
¥ Waver retarder (Q,)

Transparent loaded birefringent model: o,
and oy, are principal stresses at the
observed material point and a, is the
Ipal stress direction

N
gr-oy= T.fn'

¥ Waver retarder (Q,)
Linsar polarizer - analyzer (A)

Observer or Image grabber and
analyzer device

Figure 2. A loaded model inserted into the working field of a light transmission
polariscope consisting of a light source, two linear polarizers, two wave retarders and an
observer.

The polariscope is the basic instrument used in the photoelastic experiment. Essentially,
it consists of a light source, two plates of linear polarizers and two plates of wave
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retarders. Besides other possible arrangements, polariscopes are generally employed in
one of two configurations: the plane polariscope, which uses linear or plane polarized
light and shows the families of isochromatic and isoclinic fringes; the circular
polariscopes, which uses circularly polarized light to show the family of isochromatic
fringes. A sketch of a polariscope that involves a loaded model is presented in Figure
2.

Usually, the plane polariscope uses the linear polarizers in a crossed arrangement. A
common arrangement of the circular polariscope also uses crossed wave retarders. The
polariscope depicted in Figure 2 works in a plane polariscope mode since the principal
axes of wave retarders were placed parallel to the axes of the linear polarizers in order
to be ineffective.

2. Light

The electromagnetic theory of light propagation is used to explain the photoelastic
effect adequately. The wave Eq. (is presented in Eq. ((2). The solution of the wave Eq.
(is the space of harmonic functions. These functions can be represented by a series
combination of sine functions with arguments given by multiples of the basic frequency
w (rd/s) or f (Hertz).

If white light is used, all visible wave lengths A will make up the harmonic function. If
only one wave length is used (monochromatic light), the solution of the unidirectional
wave Eqg. ((3) with light propagating in the positive direction is given by Eq. ((4). In this
last equation, E is the propagating light vector, which is parallel to a given plane; its
amplitude is given by E,. Vector E can be seen as the sum of two orthogonal vectors

that propagate in the planes xandy .

1 0%E
VEE=—"— )
c? ot?
PE_10%E @)
oz c? at?
E = E, cos(wt + ¢) w=2rf T:% A=Tc 4)

3. Linear Polarizers

Light generated at a diffuse light source propagates in all possible directions. For each
direction the electrical vectors have components in all possible planes. Figure 3 shows
light propagating in a specific direction and passing through a polarizer filter. After
crossing the polarizer the light wave will be represented by the components of the
electrical vector that propagates parallel to the plane of the filter’s polarization.
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Propagation of the light wave
/ along different planes

Polarized light propagating
glong plane P

Figure 3. Propagation of light across a plane polarizer filter

When light propagates parallel to a given plane it is called plane or linearly polarized
light. Light may be linearly polarized by being reflected from a flat surface if an
adequate angle of incidence is chosen for the incident light ray. Equation (5) and Figure
4 depict the E00 (parallel) E900 (orthogonal) components of the incident and reflected

light rays that strike a reflective surface. Equation (5) shows that the reflected and
incident light intensities 1, and I; are related by the reflection coefficientR, which is

different for the parallel and orthogonal waves. For the air-glass media interface there is
a critical angle a, =57%such that the reflected component Ey is zero. Figure 4
illustrates this phenomenon.

Incident WW
A

Reflacted wave -
interface air-glass: parallel
component vanishes if g=57°

/mutmpmm 0e

M > Orthogonal component §0e

* ' Refracted wave

Figure 4. Incident, reflective and refracted waves
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Another way of generating large fields of view of polarized light is accomplished by at
first using a transparent plastic sheet of polyvinyl alcohol saturated with iodine. The
necessary orientation of the molecules is achieved by stretching (for example, sheets
fabricated by Polaroid Inc. as types HN22, HN32 and HN38), as is shown in Figure 5.
The filter classified as HN22 is the most appropriate for use in photoelasticity.

Figure 5. Polarizer filters used in a demonstration of photoelasticity: (a) an overhead
projector is used as the light source. Polarizer filters are superposed with axes crossed.
A loaded C model is placed between the filters; (b) a laptop screen, which emits linearly
polarized light, is used together with a polarizer filter to show an arrangement of a plane
polariscope and isochromatic and isoclinic fringes generated in a loaded C-shaped
model.

4. \Wave Plate

The wave plate transmits the components of the light through two orthogonal planes
called F (fast) and S (slow). The components E. and Eg of light vector E cross the

filter thickness at different velocities, causing a relative retardation between E. and Eg

and consequently an elliptic propagation of the light after emerging from the filter. This
behavior is depicted in Figure 6, where the relative linear retardation & (or angular
retardation A =276/ 1) is schematically shown between components E. and Eg.
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Figure 6. Light crossing a wave plate where F and S are, respectively, the fast and the
slow directions of propagation of the electrical light vector.

Equations (6a) and (6b), respectively, establish the conditions for the resulting elliptic
light propagated as either circular or a linear polarized light.

Circular polarized light if: (6a)

Linear or plane polarized light if: 6 =0 (6b)

A wave plate with a phase shift of 7z /2 is often used in photoelasticity and is called a
quarter-wave plate.

5. Plane Polariscope

The plane polariscope consists of a light source and two linear polarizer plates, which
are usually employed with their polarization axes crossed (Figure 7). The light intensity
I perceived by the observer is zero if there is no stressed model in the working field.
The plane polariscope is used for observing isochromatic and isoclinic fringes.

P

N gal
L ~ E
m*"“/
N
Polarizer wi;

Polarizer -
Analyzer

Figure 7. Plane polariscope with crossed polarizer plates.
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6. Circular Polariscope

The circular polariscope is used for observing isochromatic fringe orders. The name
‘circular’ comes from the fact that it uses circular propagating light in its working field
(Figure 8). The light wave is generated in the light source and crosses the polarizer plate
to be plane polarized. A ¥4 wave plate is placed with its fast and slow axes making a 45°
angle to the polarizer. This angle enables both amplitudes Es and Er to become equal.
The second wave plate is arranged to be crossed to the first one. This arrangement
regenerates the initial plane of polarization. The observer does not perceive light
intensity in this arrangement unless a loaded birefringent model is positioned in the
working field. The zero light intensity is caused by the placement of an analyzer with
axes crossed to the first polarizer. Other arrangements of axes of polarizers and wave
plates are possible and are used in some applications.

P

L

=
T
diraction

Polarizer

Figure 8. Circular polariscope in a crossed-crossed arrangement

7. Model of Birefringent Material

Figure 9. Effect of the state of stress at a point in a loaded model of birefringent
material on incident light vector E.
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Photoelastic models are built from birefringent materials. These materials behave as
ordinary general wave plates. They cause retardation between the components of the
light vector that passes through the deformed material. The relationship between
incident light vector Eand the state of stress in the observed point of a sample of
birefringent material is illustrated in Figure 9.

The stress state causes retardation o between the components of the electrical light
vector that are parallel to the principal directions of stress (defined by angle a).

The relative retardation o caused by the stress state depends on the principal stress
difference o, -0, the thickness of the component being observedt, the wave length
A of the incident light and the birefringence constant of the material, K (Eq. (7)). The
stress fringe value f_ and the strain fringe value f_are also used and their relationship

is defined by the material elastic constants - the Young modulus E and the Poisson
coefficient u« (Eq. (8)).

t t.A t 2rt
N 1+
e -en =", fg=?ﬂf0 ®)

8. Loaded Model in a Plane Polariscope

Figure 10 shows a loaded model (disk under a diametrical compression) in the working
field of a plane polariscope. The intensity of light perceived by an observer or image
grabber device is proportional to the square of the amplitude of the electrical vector that
passes through the analyzer. Light intensity is given by Eq. (9 (see the development in
section 10 - Jones Calculus). The black fringes (zero light intensity) observed in the
whole field image of the model are the isochromatic and the isoclinic fringe families.

Polarizer

Figure 10. Loaded model (disk under diametrical compression) in a plane polariscope
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| o E2 o E2.sin’ 2a.sin2% ©)
Light intensity will be zero when:

1=0 if: sin2¢=0 < =02 (10)
2

or
: . 2 A
=0 if: sin E:O = A=0,2r,4r,... (11)

The geometric loci of such fringes are the isochromatic and isoclinic fringes. These
fringes are shown and numbered in Figure 11. It can be seen that the isoclinic fringes
are the loci of all points whose principal stress directions coincide with the polariscope

axes, forming angles of o= 0° or90°. Figure 10 shows material points whose
principal stress directions form a 30° angle with the original polariscope axes. In order
to observe these points with light intensity zero, the model or the polariscope must be
rotated at an angle equal to 30°. The points where light intensities become zero in this
position define the 30° isoclinic.

The isochromatic fringe orders N are defined by the ratio of relative retardation and
wavelength 6/ or A/2x. Equation (11) shows that whenever retardation corresponds to a
full wavelength, the light intensity becomes zero. Full fringe orders are multiples of the
light wavelength. They are numbered in Figure 11 for the diametrically compressed
disk. Finding full or partial fringe orders and differentiating isoclinics from
isochromatic fringes are the job of a photoelastician.
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