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SECTION 1
INTRODUCTION

1.1 BACKGROUND INFORMATION

A detailed literature search and review on scattered-light
photoelasticity was reported in Reference 1. Some of the earlier
work on scattered-light photoelasticity was performed by Weller
(2,3) in the United States and Jessop [4] in the United Kingdom,
but a systematic study of the analysis and experiments was
initiated by Frocht and Srinath [5-8]. Cheng (9-12] has
described a technique for determining the directions of the
secondary principal stresses and their difference without using a
compensator but still capable of obtaining the same degree of
accuracy. Cheng [12] has reported experiments conducted on an
aircraft windshield sample having a three layer (glass-vinyl-
glass) sandwich structure. Swinson et al. [13-18] have applied
scattered-light methods to transient thermal stress problems in a
solid propellant rocket motor and to three-dimensional dynamic
stress analysis problems; they have outlined methods to determine
the state of stress on a free surface and the direction of the
maximum secondary principal stress axis in a scattered-light

photoelastic analysis.

The application of surface waves to internal stress
determinations has been reported for metallic materials
(Reference 1). Wave velocity is only slightly influenced by
stress level and so very high accuracy in measurements is
required. Furthermore, there are structural factors which
influence the velocity and may mask velocity variations due to
the presence of a stress.

The application to polymeric materials has the additional
problem in that methods for launching and receiving surface waves
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in these materials are not well established. Dean (References 25
and 26) has applied acoustic surface waves to measure the
residual stresses in acrylic plastics. By using a special
surface wave transducer the influences of internal stress,
molecular orientation, physical aging, and water content on the
acoustic surface wave velocity were studied.

In Reference 27 an acoustical-ultrasonic technique was used
to demonstrate that relationships exist between changes in
attenuation of stress waves and tensile stress for an 8-ply 0°
graphite-epoxy fiber reinforced composite. Changes in
attenuation were measured as a function of tensile stress in the
frequency domain and in the time domain.

1.2 PROGRAM OBJECTIVE

Experience has shown that surface crazing of monolithic
plastic transparencies, and surface crazing and delamination of
laminated plastic transparencies, are related to the surface
stress levels in the transparency. It has been theorized that
control of this stress level to a critical threshold value
(during the manufacturing and installation process) may increase
the transparency’s service life by delaying the need to remove
them due to either of these stress induced failure modes.
Therefore, the capability to measure the level of residual
stresses in aircraft transparencies is important. Methods for
determining these stresses need to be nondestructive, thus
permitting measurements on installed aircraft transparencies. At
present, nondestructive methods to quantify the residual stresses
in aircraft transparencies are unknown.

The primary objective of this investigation was the
laboratory evaluation of scattered-light photoelasticity and
surface wave ultrasonics as nondestructive techniques to measure
stresses in monolithic and laminated transparencies constructed




with polycarbonate and/or acrylic materials. A secondary
objective was to evaluate the potential for adapting these
techniques to measuring stress levels in fleet aircraft at
operational bases. Five tasks defined to meet these objectives
are as follows:

e Task 1: Design, fabricate, and set up a scattered-light
photoelastic test facility capable of measuring residual stresses
in aircraft transparencies.

e Task 2: Evaluate the accuracy of the technique by
conducting experiments on four-point bending polycarbonate
specimens having known analytical and experimental solutions.

e Task 3: Establish a scattered-light photoelastic
experimental procedure for monolithic polycarbonate F-16

transparency bv measuring residual stresses at a typical
station.

e Task 4: Evaluate the scattered-light photoelastic
properties of acrylic plastic material.

® Task 5: Measure the residual stresses in the outer ply
of the F-16 laminated canopy using the acoustic surface wave
ultrasonic technique.




SECTION 2
SCATTERED-LIGHT PHOTOELASTICITY

2.1 PRINCIPLES OF SCATTERED-LIGHT PHOTOELASTICITY

When a light ray propagates through a transparent body, a
small portion of light scatters (Figure 1). A particle M,
excited by an electromagnetic vibration, behaves as a secondary
light source that will emit or scatter electromagnetic vibrations
in all possible directions [19,20]. The scattered-light ray M-0O
in the direction perpendicular to the original wave S-M is
polarized; that is, all electromagnetic vibrations are contained
in a single plane. This polarizing effect enables the use of
scattered light in photoelasticity. By placing a polarizer
(light conditioner) P between the light source S and the model,
the photoelastic effect accumulated between points B and M can be

measured.

The scattered-light photoelastic effect can be measured by
placing the transparent model or part in a tank filled with a
liquid of the same index of refraction as the transparent body
(Figure 2). The model is then subjected to the specified loads
and forces. The light emerging from the source S is polarized by
means of the light conditioner P, and conditioned to form a thin
pencil- or ribbon-like beam propagating along SZ. The observer O
sees light scattered in a direction perpendicular to the
direction of propagation. Since every particle M scatters light
and also acts as an analyzer, the observer looking at different

points (Ml’ M ..) along SZ will see the following:

27"

® The scattered light coming from point Ml which contains
the photoelastic effect integrated from B to Ml'
e The scattered light from point M_ which contains the

2
photoelastic effect integrated from B to Mz.
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The difference between the measured values at Ml and M2 is

due to stresses in the M1M2 layer, and therefore is a measure of
stresses in the M1M2 layer. The photoelastic effect (or relative
retardation) that accumulates during the light passage is of the
same nature as in conventional photoelasticity. A polarized

1M2 (AZ)
splits into two waves, propagating at different speeds and

light wave propagating through a layer of thickness M

polarizing in the direction of the secondary principal stresses p
and q. (The secondary principal stresses p and g are the maximum
and minimum normal stresses in the plane perpendicular to the ray
SZ.)

The relative retardation between these waves is
aé = ANX (1)

where ) is the wavelength of light and N is the fringe order.
This produces interferences that are analyzed by the observer,
namely

Lz (2)
C

where C is the stress-optical constant of the material and AZ is
the thickness of the layer crossed.

2.2 SCATTERED-LIGHT PHOTOELASTIC TEST FACILITY

The scattered-light photoelastic test facility used to
conduct the experimental investigation is located at UDRI and
consists of the following elements:

e support fixture
e light source and light conditioning system




e data acquisition system

® specimen

2.2.1 Support Fixture

The support fixture consists of:

e adjustable gantry which supports the rest of the
test fixture (Figure 3).

® X-, Y-, and Z-translation mechanisms which permit
the motions of the light conditioning system and the data
acquisition system in these directions. These motions can be
controlled and measured to an accuracy of 0.01 inch. The X-Y
translation is used to locate X-Y coordinate lines within the
model to be analyzed (Figures 3 and 4) if the shear difference

method is used to separate the secondary principal stresses.

® 0. and ay rotation mechanisms, which permit
rotary motions of the light conditioning and data acquisition
systems in these directions. Motions can bz controlled and
measured to an accuracy of one degree. These rotation motions

were used in the separation of secondary principal stresses.

2.2.2 Light Source and Light Conditioning System

The light source and light coi.ditioning system were
manufactured by the Photoelastic Division of Measurements Group
Inc. The functions of the various components of the system are
described below.

® The light is supplied by a helium/neon laser,
providing collimated light of 632.8 nm wavelength (Figures 3 and
5).

e By means of the lens system Ll/LZ’ one can choose
between a pencil operation (light converging toward a point on
the model) or a ribbon operation (light converging into a plane
cf zcro thickness). A sliding indexed mount enables the
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T

selection of light desired (Figure 5). The position of the
slidiang mount can be adjusted along the light pat'. such that a
converging light beam with a node approximately 15 to 20 inches

below these lenses is produced.

e The ribbon of light can be expanded by
manipulation of the lens system L,/Lg and L./L, in order to
obtain better photographic records and for easier observation of
the fringe patterns. The L4/L5 lens system expands the light
beam to 0.60 inches and the L./L, lens system expands the light
beam to 1.5 inches. The beam generated by the laser is plane-
polarized and the plane of polarization coincides with the

vertical symmetry plane of the laser. Insertion of the quarter-

wave plate Q1 produces circular polarization. A second quarter-
wave plate transforms the light back into plane polarization.

The second quarter-wave plate Q2 is mounted in a rotatable mount,
and its motion is indexed on a large graduated dial indicating

the direction of emerging polarization.

® The compensator is a Babinet-Soleil digital
readout uniform field compensator, and its measuring accuracy
determines the sensitivity of the system. The retardation can be
adjusted by rotation of a lead screw which is connected to a
calibrated counter. The counter indicates the retardation, which
is 105 counts per fringe for the laser light used in the
scattered-light device. The compensator axes coincide with its
length and width.

2.2.3 Data Acquisition System

The data acquisition system, manufactured by the
Photoelastic Division of Measurements Group Inc., was used to
collect the photoelastic information from the model being tested.
Three different methods of acquiring the data were provided
(Figures 6 and 7). They are:

12
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® Visual - the photoelastic pattern is directly
observed on a ground glass screen.

e Photographic - a photographic record of the
observed pattern is made on cut or Polaroid 4x5 film.

® Photoelectric - a photomultiplier tube is
incorporated in the data acquisition system which provides an
electrical output proportional to the *ight intensity emerging
from the observed scattered-light photoelastic fringe pattern.
The distance between fringes can be very accurately determined by
photoelectric measurement. A photometer measures the light
intensity (Figure 7).

2.3 THEORY OF SCATTERED-LIGHT PHOTOELASTICITY

Light emerging from the light conditioning systenm is
polarized and propagates in direction Z. The polarized light
vector can be represented (Figure 8(a)) by equation:

A = A coswt (3)

The reference axes X-Y in the plane perpendicular to Z are
selected as follows.

e The direction X coincides with the analyzer effect (MO
perpendicular to MX)

e The direction of MY coincides with MO.
e g is the angle of the polarizer to OX.

® 9 is the direction of maximum secondary principal stress
p with reference to X.

When the beam of light arrives at the stressed body, it splits
into two waves, polarized and vibrating in the p and q planes,
respectively (Figure 8):

15




*Apog passaxis e ybnoayy uorjebedorg IybIT jJO oT3RWaYOs

@

‘g 9aInbry

(e)

Apog
pessoiss

S

ao01nos ubrq

16




o in the p-plane: A cos(f-#) coswt
o in the g-plane: A sin(f-0) coswt

The two waves propagate at different velocities, and their
relative retardation increases with travel. The increase in
retardation after crossing T=AZ is:

AS = AN = ﬂe (p-q) = Mzé (p-q) (4)

The resulting angular phase shift after crossing thickness AZ is:

_ 218
$ = 2 ()

The components arriving at the analyzer at point M are:

A cos(B-0) coswt (6)
A sin(B-0) cos(wt+¢) (7)

l

>
NP
I

The intensity of light observed at this point will be the same as
if a polarizing filter (analyzer) with its axis coinciding with
MX was placed there. Projecting the two waves on the analyzer
(which is always along the X direction and not rotatable) as in
Figure 8(b), the following equations result:

= A cos(B-8) cosé coswt (8)
A cos(f-8) sind cos(wt+d) (9)

>
oW
|

and the relative phase difference between these two waves is ¢.
The resulting light intensity is then [19,20]:

I = % {1+cos 2(B-0) cos 20 - sin 2((B-0) sin 26 cos¢) (10)

17




2.3.1 Visual Observation and Photoqraphic Recording

For visual observation and photographic recording,
the polarizer and analyzer will usually be crossed so that g=90°.
The light intensity expression will then be similar to a
transmission polariscope operation:

-1 i 2

I = 2(1—cos¢) sin™ 24 (11)

When the illuminated ribbon is observed, dark fringes will be

seen when cos¢=1 or

¢ =0, 2n, 47,...,2N7,
§ =0, X, 2x,...,Nx (12)

where N is the fringe order. Light intensity becomes zero, and
full-order dark fringes are observed. The light intensity
becomes maximum when:

cos¢ = -1 or

é6 =n, 37, S5n,...,(2N-1)x (13)
A 3 5 2N-1

6=E’ EA’ EA,.QQ, A

where N is the fringe order. Half-order light fringes are
observed. When the model rotates, the angle 4§ between the
maximum secondary stress p and the x-y axes changes. When §=0,
the principal directions in the X-Y plane coincide with the X-Y
axes, the light intensity becomes zero, and an isoclinic is
observed. The secondary principal stress direction can thus be
determined. The highest contrast (highest light intensity of
half-order light fringes) is obtained when

18




sin24 = +1 or ¢ = -_t-:-+n.90° (14)

where n=1,2,3,..., that is, when the direction of secondary
principal stresses is at 45° to the axes of polarizer X-Y.

2.4 METHOD TO SEPARATE THE SECONDARY PRINCIPAL STRESSES

The method of separating the secondary principal stresses
[13] (Figure 13) can be illustrated for the case of bending
stresses in a four-point bending specimen. The equation for the
stress optic law is given by (Figure 9):

_zan
p-q = C §; (15)

When the laser is directed at 4 to the vertical (Figure 10), the
equation for the stress optic law takes the following form:

t(p*-q) = C 4., . (16)
The direction cosines of 0X’ are
21 = cosf

m, =0 (17)
-sing

3
fu
i

Equation 16 takes positive values if p*>q and negative values if
p*<q, which can be evaluated by noting the direction of the
maximum secondary principal axis which is discussed next.

2 2 2 ?

p* = o 1 + o m + o_n + 2

x 1 y 1 z'1 “xy 1™

(18)
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Figure J. The Secondary Principal Stresses in an Element at '0'
Near the Top Edge When the Light is Directed Vertically.
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' Direction of Light
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Specimen
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The Secondary Principal Stresses in element at '0Q’ Near the
Top Edge When the Light is Directed at an Angle '8' with the
Vertical.
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At the surface of the bean,

92 = %%z = 9z = O
(19)
ax=p, ay=q, axy=0
Therefore, the value of p* reduces to
_ 2
p* = p cos™ 4 (20)
Solving Equations 15, 16, and 20 for p and q,
= ,dN - dN
c (— g _l)
p = - dz z_dZ 121)
sin“¢
= dN
qa=pC 55 (22)

Positive values of p and g obtained from solving Equations
21 and 22 indicate the stresses are tensile while the negative

values indicate the stresses to be compressive.

2.5 METHOD TO DETERMINE THE DIRECTION OF MAXIMUM OR MINIMUM

SECONDARY PRINCIPAL STRESSES BY USE OF COMPENSATOK

The direction of secondary principal axes can be determined
by rotating the model until the fringe patterns disappear
completely, but this technique does not indicate which of the
axes is maximum or minimum. A method [18] to determine the
direction of maximum or minimum secondary principal stress is
presented in the following paragraphs.

When a compensator such as the Soliel-Babinet is introduced
into the light path and aligned with its axis along the direction
of maximum secondary principal axis p, the equations for the two
components of light waves as they arrive at the stressed body
become (Figure 8):
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cos(B-6) cos(wt+Ag) in the p plane
(23)
sin(g-6) coswt in the gq plane

where A¢ is the small amount of angular phase shift introduced by
the compensator. These two waves propagate at different
velocities, and their relative retardation increases with travel.
The fast axis for many photoelastic materials is the maximum
secondary principal stress axis. Then the components arriving at
the analyzer at point M are

cos(f—-§) cos(wt+ad)
sin(8-0) cos(wt+¢) (24)

The phase difference between these two waves is ¢-A¢. The
intensity of light can be expressed as

1 =2 (1-cos(s-24)) sin® 24 (25)

If the angle of observation is fixed at 45°, Equation 25 reduces
to
A

I =7 [1l-cos(¢-4¢)] (26)

Differentiating Equation 26 with respect to A¢, we get

dI . _ A _.. ,._

d(A¢) = 4 Sll’l(¢ A¢) (27)
which gives the change of light intensity at a point due to
angular phase shift A¢ introduced by the compensator along the
direction of the maximum secondary principal stress. For

constant intensity,
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dI = 0 (28)
Then,

sin(¢=-a¢) = 0 (29)
Equation 29 implies that

¢-Ap = 0, n, 2n,...,Nn (30)

but the function ¢(2) is strictly an increasing function of Z,
the distance of light path (Figure 8), so that

¢ = ¢(2)

(31)
ds
az 2 ©

This follows from the fact that ¢ is proportional to the non-
negative difference in secondary principal stresses (Equations 4
anda 5). Now, let an observer view a specific point in the
specimen and note the scattered-light intensity at that point.
In order for the noted intensity to remain the same as angular
phase shift A¢ introduced by the compensator, the observer must
move his observation point along the light path. Mathematically
expressing this view,

I = constant (32)
then é$-A¢ = constant (33)

as indicated by Equation 30. Now, if the retardation is
decreased by the compensator corresponding to A¢, then ¢ must
increase, but recalling that ¢ is an increasing function of Z,
then Z must increase also. This gives the appearance of the
fringes moving down and away from the light source.
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When the compensator axis is aligned along the minimum
secondary principal stress axis q (slow axis), then the equation
for the light waves as they arrive at the stressed body becomes
(Figure 8):

cos(8-0) coswt in the p plane
(34)
sin(f-0) cos(wt+Ad) in the q plane

These two waves propagate at different velocities, and their
relative retardation increases with travel. The components
arriving at the analyzer at point M are

cos(f-4) coswt
(35)
sin(f-0) cos(wt+s+ag)

The phase difference between these two waves is ¢+4¢4. Therefore,
the retardation is increased by the compensator corresponding to
A¢$, therefore ¢ must decrease. Because ¢ is an increasing
function of 2, then Z must decrease. This gives the appearance
of fringes moving up and towards the light source.

Secondary isotropic points being points of zero retardation
will remain stationary and will take the appearance of source (or
3ink) out of (or into) which fringes will move and can easily be
observed as the retardation is changed. This effect exists for
the case where the directions of the maximum and minimum
secondary principal stresses interchange their identity on
opposite sides of the secondary isotropic points such as in the
case of a four-point bending beam.
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2.6 CALIBRATION OF POLYCARBONATE AND ACRYLIC PLEX II MATERIAL

An accurate determination of stresses in a photoelastic
model requires a careful calibration of the photoelastic model
material. Although the value of C found in the technical
literature is reasonably accurate, the stress-optical constants
of photoelastic materials vary with the supplier, the batch of

resin, temperature, and age of the plastic.

The calibration tests were conducted in the Stress Analysis
Laboratory of the Civil Engineering and Engineering Mechanics
department of the University of Dayton School of Engineering
using their transmission photoelastic polariscope. The circular
disc loaded in diametral compression (Figure 11) was employed as
a calibration model for both the polycarbonate and acrylic
material. The principal stresses 0, and 0, at the center of the

disc are given by (Reference 21):

o, = —=28
1 mhD
(36)
g = -—9Q
2 mhD
The difference in the principal stresses
g - -89 _ NC
917% T anp h
Therefore, the stress-optical constant is
=~ _ _890
c= 7 DN (37)
where
Q = diametral compression load, lbs.
= diameter of disc, inches
h = thickness of disc, inches
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Figure 11,

|

|
j

Circular Disc Loaded in Diametral Compression.

27




The calibration model was loacded in increments, and the
fringe order N at the center of the disc and the applied loads
were noted. A curve of the load Q was plotted as a function of N
(Figure 12) and the slope of the straight line drawn through
these points was used as the value of Q/N in Equation 37 to
average out small errors in the reading of the load Q and the
fringe order N. The value of stress-optical constants are given
in Table 1. The scattered-light photoelastic technique cannot be
applied to acrylic plastic material due to the poor light
scattering properties and the high value for the stress-optical

constant C.
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Q
toad |

Q N at center

190/~

h=0.25 in.
(o}

Q

1.00
in. dia

140f—

Fringe Order N at Center of Disc

Figure 12. Typical Calibration Curve for Polycarbonate
Material Obtained Using a Circular Disc Specimen
in Diametral Compression.
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TABLE 1

STRESS-OPTICAL CONSTANT C FOR POLYCARBONATE'
AND ACRYLIC PLEX II* MATERIAL

_ VALUE OF C
EXPERIMENTAL VALUE OF C | From Ref. 21, pp 486
MATERIAL (psi/fringe/inch) psi/fringe/inch
Polycarbonate 41 40

Acrylic Plex II 600 -

t Commercial grade, manufactured by General Electric Company
* Supplied by Sierracin/Sylmar
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SECTION 3

EVALUATION OF SCATTERED-LIGHT PHOTOELASTIC TECHNIQUE FROM
TESTS ON FOUR-POINT BENDING SPECIMENS
The four-point bending experiments were conducted in order
to evaluate the accuracy of the scattered-light photoelastic
technique. A brief description of the four-point bending
specimens and loading device is given in the following
paragraphs. The tests performed during this program are
summarized later in this section. Experimental procedure is
described and the experimental results are presented and
discussed.

3.1 TEST SPECIMENS

The dimensions of the test specimens are shown in Figure 13
and summarized in Table 2. These specimens were made from
commercial grade polycarbonate manufactured by General Electric
Company. One edge parallel to the length direction was polished,
and the scattered-light photoelastic fringes were viewed and
photographed through this edge. The opposite edge had strain
gages as shown in Figure 14.

3.2 FOUR-POINT BENDING LOAD DEVICE

The four-point bending load device used in this
investigation has features shown in Figures 15 and 16. The
description of the four-point bending loading device is given in
Reference 22.

3.3 STRAIN GAGE INSTRUMENTATION

Seven Micromeasurements WA-13-060WT-120 2 element 90° ‘Tee’
stacked rosettes were installed on the edge, and in the center
back-to-back on the front and rear surfaces of the test specimen
shown in Figures 14 and 15. These strain gage circuits were
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Loading
Screws

0.75 in

% Tj

TO LOAD
CELL
56 in 12 in 6 in ]
.
L d
Figure 13. Four-Point Bending Specimen.
TABLE 2
FOUR-POINT BENDING SPECIMEN DIMENSIONS
Y
Specimen Geometry
Designation Material Length-L | Width-w Thickness-T
A Poiycarbonate | 26.00 in 3.5 in 0.82 in
B Polycarbonate | 26.00 in 6.00 in 0.46 in
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Loading Points
Dial Gage Polycarbonate

Specimen

Load Cell
Strain Gages

Figure 15. Four-Point Bending Specimen with Strain Gages.
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Light
Directed
vertically

Four-Point
Bending
Specimen

Load Cells

(a) Light Directed Vertically

Light
Directed
at 15° to
Vertical

Loading
Screws

{ “5 . -

(b) Light Directed at 15° to Vertical

Figure 16. Four-Point Bending Apparatus.
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balanced on a 20-channel bridge balance and were read using a
microprocessor and printer of the Micromeasurement Strain Data
Handling Sytem 4000. A dial indicator gage whose sensitivity was
0.001 inch was used to measure the deflections at the center of
the specimen.

3.4 MATRIX FOR FOUR-POINT BENDING EXPERIMENTS

The experimental effort conducted is summarized in Table 3.

3.5 EXPERIMENTAL PROCEDURZ

3.5.1 Scattered-Light Photoelastic Tests

The basic data measured in the scattered-light
experiments were:

o The direction & of the secondary principal
stresses

o The difference of secondary principal stresses,
(p-q)

The direction 6§ was established visually. With the
direction of polarization of light and analyzer crossed (8=90°),
the loaded model was rotated until the light intensity became
zero (and the ribbon darkened completely). Then the secondary
principal stresses and the X-Y direction coincided. This
determined the direction of one of the secondary principal
stresses. The loaded model was then rotated until maximum light
intensity was observed. Maximum contrast of the photoelastic
fringes was seen when the secondary principal stress was at 45°
with the X-Y axes (Figure 17). The bright and dark fringes would
be parallel to the top and bottom edges of the plate at Section
GG (Figure 17(b)). However, these fringes were seen through the
edge CD, Figure 17(a), and hence the actual magnification of the
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TABLE 3
MATRIX OF SCATTERED-LIGHT PHOTOELASTIC AND STRAIN GAGE
TESTS ON POLYCARBONATE FOUR-POINT BENDING SPECIMENS

Direction Load (1bs)
Specimen of Light 30 50 75 100 125
A Vertical 1 1 1 1
15° to Vertical 1
t .
B Vertical 1
15° to Vertical 1

t Strain gage tests were not conducted on Specimen B,
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4-Point
Bending
Specimen

Sheet of Light
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Viewing Edge
of Specimen

Camera

Figure 17. Schematic View of Four-Point Bending Specimen Illustrating
the Propagation of Light and Film Magnification of the
Scattered-light Photoelastic Fringes.
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Figure 17 (continyed)
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fringes formed on photographic film was as shown in Figure 17 (c).
Fringes formed near the line DD’ had greater magnification than
the fringes formed near the line CC’. This was because the point
D was nearer to the camera lens than the point C (CE>DF). The
film magnification factor for reducina +the test data for locating
the fringe positions along the thickness direction of the

specimen was arrived at by equating the distance 0,0’ CC’ or

1'
DD’ to the actual thickness of the four-point benaing specimen,
and measuring the fringe positions using these scale factor< at

any one of these sections.

The film magnification was also obtained by another
method which consisted of placing a scale with two lines ruled at
0.5 in. distance apart at the position AB (Figure 17(a)) and
photographing these ruled lines from the same distance as that
used for photographing the fringes. The film magnification
tactor determined by this method was slightly different as the
camera focusing for the fringes would be different from the
focusing needed for the ruled scale. The difference in
magnification factors between these two methods was due to the
small changes in the magnification of the image whenever focusing
of the object changed. For evaluating experimental results, the
film magnification obtained directly from the fringe photographs

was used.

The scattered-light photoelastic fringe patterns
were photographed corresponding to the two positions of the
directions of light. 1In position 1, light was directed
vertically (Figures 9 and 16(a)), and in position 2, light was
directed at angle 15° to the vertical (Figures 10 and 16(b)).

The scattered-light photoelastic fringe patterns
were photographed using two different cameras. The first camera
was a part of the data acquisition system. The camera had a

150mm lens with f=5.6. The camera lens was 18 inches from the
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sheet of lighc entering the four point bending speci..en. Three
types of film were used to photograph the fringes:

o Photographic Film 1, Polaroid 4 inches x 5 inches
Land film, type 57/high speed, ASA 3000. Good
photographs of the fringe patterns were obtained
with f=64 and an exposure tim: of 5 minutes.

o Photographic Film 2, Polaroid 4 inches x 5 inches
Land film, Type 52, ASA 400. Good photographs of
the fringe patterns were obtained with f=64 and

an exposure time of 15 minutes.

o Photographic Film 3, Polaroid 4 inches x 5 inches
Land film, Type 51/high contrast, ASA 125. The
light provided by the laser was insufficient to
obtain any photographs of the fringe patterns.

Enlargements (4 inches x 5 inches) of the area of fringe patterns
were obtained by copying the Polaroid photographs of the fringe
patterns by a camera equipped with a macrolens. The copied film
was processed by three separate procedures: (1) Acufine method,
increased the speed to ASA 250 but normal time (8 minutes was
used to develop the film); (2) D-76 double solution doubled the
processing time to increase the contrast; and (3) standard
method, used the normal processing time of 8 minutes and normal

speed.

The second camera used for photographing the
scattered-light photoelastic fringes was a Nikon 2020 with a
50mm, f=1.8 lens. A closeup lens (Number 4) was used to
photograph the fringes from a distance of 8 inches from the sheet
of light entering the four-point bending specimen. This
procedure enabled the camera to focus on the region of the fringe
pattern only.
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Two types of 35mm roll film were evaluated: (1)
Kodak Tri-X pan roll fiim for black and white prints, ASA 400,
with typical exposure time of one minute for f=22; and (2) Kodak
Plus-X pan roll film for black and white prints, ASA 125, with
typical exposure time of 3 minutes for f=22.

Better clarity and contrast were obtained with the
Nikkon 2020 and Kodak Plus-X film and hence this combination was
used to photograph the fringe patterns of the four-point bending
specimen. The camera was supported on a tripod stand with an

extension arm.

3.5.2 Strain Gage Tests

The strain gages were zeroed without any load. A
preload of 10.85 pounds was applied to firmly position the
specimen against the supports. The initial strain gage readings
were recorded. Loads of 60.85 pounds, 85.85 pounds, 110.85
pounds and 135.88 pounds were applied to the specimen and strains
were recorded at each load. The strains at each load were
obtained as the difference between the strain gage reading at
that load and the preload. The stresses in the beam were
computed from these strains, using the modulus determined from
the rosette gage WA-13-060WT-120 (Appendix).

A dial gage was positioned to measure the
deflection at the center of specimen. The initial reading of the
dial gage was recorded at the preload. The dial gage readings
were also recorded at the same loads as were applied for strain
measurement. The deflection at each load was obtained as the
difference between the dial gage reading at that load and the
preload. These deflections were used to compute the Young’s

modulus for the four-point bending specimen material (Appendix).
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3.6 EXPERIMENTAL RESULTS

The scattered-light photoelastic fringes, the curves of
birefringence, and a comparison of the secondary principal
stresses in the four-point bending specimens A and B are
presented in the following paragraphs.

3.6.1 Scattered-Light Photoelastic Fringe Patterns

The scattered-light photoelastic fringe patterns
are presented in Figqure 18 for Specimen A, which was subjected to
a load of 50 pounds. Figure 18(a) shows the fringe patterns when
the compensator was not used. Figures 18(b), (c), and (d) show
the fringe patterns when 1/4, 1/2, and 3/4 wavelength retardation
was introduced by the compensator with its axis aligned parallel
to the direction of the known maximum secondary principal stress
axis. The fringe order was increased uniformly by the amount of
retardation introduced and the fringes moved down. In short,
this defines a method of determining the direction of maximum

secondary principal stress, as discussed in Section 2.

Figures 19(a) and (b) present the scattered-light
fringe patterns in Specimen A when the specimen was subjected to
a load of 75 pounds and the light directed vertically and at an
angle of 15° to the vertical, respectively. Figures 20(a) and
(b) present the fringe patterns in Specimen A subjected to loads
of 100 and 125 pounds, respectively. Figures 21(a) through (g)
present the fringe patterns in Specimen B without the compensator
and for various values of retardation introduced by the
compensator aligned along the directions of maximum and minimum

secondary principal stress axes.

3.6.2 Curves of Birefringence

Figures 22 through 26 show typical curves of
birefringence for Specimen A subjected to various loads. A

computer program was used to fit the experimental points by




(a) No Compensator

N=1/4
—_———— N=141/4
N=2+41/4

N=341/4

(b) Compensator Axis Parallel to Maxm. Secondary
Principal Axis
Retardation: N=1/4

Figure 18. Scattered-Light Fringes from a Sheet of Light
" Passing Through the Specimen A, (Load=50 1lbs)
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N=1/2
N=1+1/2

N=2+1/2

N=3+1/2

(c) Compensator Axis Parallel to Maxm. Secondary Principal
Axis
Retardation: N=1/2

N=1+3/4

N=2+3/4

(d) Compensator Axis Parallel to Maxm. Secondary Principal
Axis
Retardation: N=3/4

Figure 18 (continued)
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(a) Light Directed Vertically

(b) Light Directed at 15° to Vertical

Figure 19. Scattered-Light Fringes from a Sheet of Light Passing
Through the Specimen A (Load = 75 1bs)
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(a) Load = 100 1lbs
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(b) Load = 125 lbs

Figure 20. Scattered-Light Fringes from a Sheet of Light Passing
Through the Specimen A.
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N=1+1/4
N=2+41/4

(b) Compensator Axis Parallel to Maxm. Secondary Principal Axis
Retardation: N=1/4

-

N=1+41/2

N=2+41/2

(c) Compensator Axis Parallel to Maxm. Secondary Principal Axis
Retardation: N=1/2

Figure «:. Scattered-Light Fringes from a Sheet of Light Passing
Through the Specimen B (Load = 30 lbs)
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N=3/4

(d) Compensator Axis Parallel to Maxm. Secondary Principal Axis
Retardation: N=3/4

N=3/4

N=1+4+3/4

(e) Compensator Axis Parallel to Minimum Secondary Principal
Axis
Retardation: N=1/4

Figure 21 (continued)
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N=1+41/2

N=2+1/2

(f) Compensator Axis Parallel to Minimum Secondary Principal Axis
Retardation: N=1/2

N=1+41/4

N=2+1/4

(g) Compensator Axis Parallel to Minimum Secondary Principal Axis
Retardation: N=3/4

Figure 21 (continued)
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curves of least square polynomials. The second-order polynomial
was found to give the best fit for all the cases. Both the
experimental points and fitted curves were drawn for each load
case and each specimen in Figures 22 through 26. The
coefficients of the second-order polynomial and the standard

deviations are presented in Table 4.

3.6.3 Secondary Principal Stresses

The secondary principal stresses were computed from
the fringe data by two methods:

Method 1. In this method, the minimum secondary
principal stress q was assumed to be zero. The maximum secondary
principal stress p was obtained from the stress optic law of
Equation 15.

Method 2. The secondary principal stresses p and g
were computed from Equations 21 and 22 using dN/dZ and dﬁ/dz’
values computed from fringe photographs taken with the light
directed vertical and at 15° to the vertical (Figures 18(a) and
(b)). Tables 5 and 6 present experimental results from both
these methods, the theoretical solutions obtained from simple
beam theory, and the experimental solutions obtained from strain

gages. The Appendix describes the experiments conducted to

determine the elastic constants of the polycarbonate material.

3.7 DISCUSSION OF RESULTS

3.7.1 Scattered-Light Photoelastic Fringe Photographs

The fringe photographs obtained using the Nikon
2020 camera had high resolution and contrast when compared with
earlier fringe photographs obtained using the camera supplied by
Measurements Group Inc. The Nikon camera photographs made it
possible to determine the fringe positions more accurately. When
the fringe density was lower (Figure 21) as in the case of
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TABLE U4
COEFFICIENTS OF POLYNOMIAL USED TO CURVE-FIT DATA

2
N = Ao + A1Z + A22

Specimen %?%g) AO : A1 A2 SN/Z*
A 50 -0.5146E-01 0,1624E+02 -0.1565E+02 0.6U484E-O1
A 75 -0.4412E-01 0.23TUE+02 -0.2512E+02 O0.4754E-O1
A 100 -0.2059 0.3613E+02 -0.3316E+02 0.1259
A 125 -0.2698 0.4303E+02 -0.U4025E+02 0.1886
B 30 0.1799 0.1485E+02 -0.2706E+02 0.1069
.g N2 - Ay .2 Y g N,Z, '
Sy/q - (}=1 l:;—u i=1 )

where n = total number of points recorded on fringe photos.

*SN/Z = standard deviation which is a measure of the mean

deviation of the experimental points from the
fitted curve.
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TABLE 6

COMPARISON OF 'p' AND 'q' STRESS RESULTS DETERMIVED BY
SCATTERED-LIGHT PHOTOELASICITY AND SIMPLE BEAM THEORY FOR
FOUR-POINT BENDING SPECIMENS

Load Stresgs Experiment Theory Discrepancy
Specimen (1bs) (psi) (psi) (psi) (percent)
A 75 p 934 803 16
A 75 q 154 0 -
B 30 p 1064 850 25
B 30 q 554 0 -
. (Experiment-Theory)
Discrepancy = Theory x 100
O J
|
P . q 4
| /f |
i i P
A % 1 F
- A
) / |
| |
[
i d .
| -
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Specimen B subjected to 30 pounds load, additional fringes were
obtained by introducing various levels of retardation with a
compensator. This enabled one to obtain better defined
birefringence curves from which the slope dN/dZ was determined.
From these figures, it is inferred that the fringes moved down
because of retardation introduced by a compensator whose axis was
parallel to the maximum secondary principal stress axis, and
moved up when the compensator axis was parallel to the minimum
secondary stress axis. For higher loads, the fringe density
increased (Figures 20(a) and (b)).

3.7.2 Curves of Birefringence

A second order polynomial curve fit was sufficient
in all of the cases considered for Specimens A and B. The slope
dN/dZ was obtained by computing dN/dZ from the polynomial
equation
2

N(Z) = Ay + A,Z + A,Z

and evaluating dN/dZ for various values of Z.

3.7.3 Secondary Principal Stresses

The maximum secondary principal stress p obtained
by the first method (assuming the minimum secondary stress q to
be zero) compared with simple beam theory within 20 percent
(Table 5). The maximum discrepancy between experimental results
and simple beam theory for the maximum secondary principal stress
p determined by the second method was 25 percent.

The maximum discrepancy between the scattered-light
method and the strain gage results was 15 percent except for the
case of a 50 pound load at 2 = 0.205. At quarter depth points
the beam theory predicts lower stresses. At these points inside

the beam, the agreement between scattered-light and the strain
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gage results is generally good. Both the strain gage results and
the scattered-light photoelastic results indicate a stretching of
the middle surface of the beam, resulting in nonlinear variation
of stress in the thickness direction of the beam.

3.8 TESTS ON ACRYLIC PLEX II FOUR-POINT BENDING SPECIMEN

Scattered-light fringes could not be detected in the
acrylic Plex II specimen (0.75-inch thick) when it was subjected
to 125 1b. load in the four-point bending test fixture.
Therefore, the scattered-light photoelastic experiments on this
acrylic plastic material could not be continued.
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SECTION 4

DETERMINATION OF RESIDUAL STRESSES IN MONOLITHIC
F-16 CANOPY USING SCATTERED-LIGHT PHOTOELASTICITY

The scattered-light photoelastic technique, developed and
evaluated using the four-point bending specimens, was used to
guantify the residual stresses in a monolithic polycarbonate F-16
canopy. A brief description of the specimen, the experimental
procedure, and the results are presented and discussed in the
following paragraphs.

4.1 TEST SPECIMEN

The specimen consisted of a monolithic polycarbonate F-16
transparency (Figure 27) which was identified as Air Force P/N
FST 145/0103, manufactured 4/11/80 by Texstar Plastics, Inc. The

specimen was placed on a table, with its edges unrestrained.

4.2 EXPERIMENTAL PROCEDURE

The experimental procedure used to determine the basic
data, namely the direction of the secondary principal stresses §,
and the difference of secondary principal stresses p-gq, was the
same as that used for four-point bending specimens. However,
because of the high surface curvatures of the F-16 canopy, it
became necessary to use an index matching fluid in contact with

the canopy surface to overcome the effects of refraction.

4.2.1 Refractive Index Matching Fluid Tank

The refractive index of polycarbonate is 1.589, and
there are many mineral oils whose refractive indices match the
refractive index of polycarbonate. Refractive index matching
fluid type IMF-1618-A, supplied by the Photoelastic Division of
Measurements Group Inc., was used in this investigation. The

refractive index of this fluid was matched by conducting a simple
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FPigure 2 7.

Light

/////—‘Directed Vertical
Index
Matching Fluid
F-16 Canopy

Monolithic Polycarbonate F-16 Canopy Placed Under
Scattered-Light Device, Light Directed Vertically.
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experiment usinc a model consisting of a wedge-shaped specimen
made of polycarbonate and immersed in a glass tank filled with
the fluid (Figure 28). The refractive index was matched when the
wedge-shaped specimen no longer deflected the beam of light, as
would happen in the unmatched condition. The refractive index of
IMF-1618-A was found to match the refractive index of
polycarbonate without the addition of mineral oil.

Since the polycarbonate material is chemically
attacked by the matching fluid, it became necessary to enclose
the fluid in a small tank. The coordinates of Station O on the
F-16 canopy selected for the purpose of determining residual
stresses were X = 5,07, Y = -43.72, and Z = 20.86 measured from
origin Ol (Figure 29). A small tank of dimensions 6"x8"x5" was
fabricated with its lower surface matching the curvature of the
F-16 canopy at this station and its top left open. Acrylic sheet
of 0.03 in. thickness was selected for the lower surface of the
tank. This material is not damaged in the presence of IMF-1618-A
fluid, and will conform to the curvature of the canopy. The
viewing side of the tank was made of 0.75 inch acrylic sheet.

The other three sides of the tank were made of anodized (black)
aluminum sheets of 0.5-inch thickness. Cyanoacrylate adhesive
was used to bond the 0.03 inch acrylic sheet to the lower edges
of the tank. Silicon Form-A RTV caulking was used on the four

corner edges of the tank to prevent leakage.

The light was directed vertically (Figure 29) and
the direction of the secondary principal stresses was determined
using a procedure similar to that used for the four-point bending
specimen experiments. The directions of secondary principal
stresses were along OX and OY (Figure 29). The F-16 canopy was
then rotated until maximum light intensity fringe patterns were
observed. Maximum contrast of the photoelastic fringes was seen
when viewed at an angle making 45 degrees with one of the
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Light Source

®
Photoelastic
IMF-1618-A
Fluid
Polycarbonate n
Wedge-Shaped 2
Specimen
S—
Light
__Propagation
i — for Matched
Pro aggéggﬁ / Condition:
P for\‘J (n1=n2)
Unmatched
Condition
{n,#n,)
17772 / v

Figure 28. Matching of Refractive Indices of Polycarbonate Material
and Index Matching Fluid, Phntoelastic Tvpe IMF-1618-A.
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directions of the secondary principal stresses. The fringes had
a very high density. These fringes were photographed by the
Nikon 2020 camera equipped with close-up lens No. 2 and eyepiece
magnifier (2X) from a distance of 13 inches from the sheet of
light entering the F-16 canopy at Station O. Kodak Plus-X pan
roll film with ASA 125 was used to photograph the fringes.

Film magnification was determined directly from the
fringe photographs and the known vertical thickness of the canopy
(0.672 inch) at Station O, by a method similar to that used for
four-point bending specimens.

4.3 EXPERIMENTAL RESULTS

A discussion of the scattered-light photoelastic fringes,
the curves of birefringence, and the secondary principal stresses

for the F-16 canopy are presented in the following paragraphs.

4.3.1 Scattered-Light Photoelastic Fringes

Figure 30 presents the scattered-light photoelastic
fringes at point O for the F-16 canopy when the light was
directed vertically. Figure 31 presents the scattered-light
photoelastic fringes when a retardation N = 3/4 was introduced by
a compensator whose axis was perpendicular to the symmetry axis
of the F-16 canopy.

4.3.2 Curves of Birefringence

Figure 32 shows the second order curve of
birefringence for the F-16 canopy and the experimental points.
The coefficients of the polynomial are also shown in the same
figure.

4.3.3 Secondary Principal Stresses

The direction of the maximum secondary principal
stress p was determined from Figure 31. The fringe close to the
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Figqure 30. Scattered-Light Fringes from a Sheet of Light Passing
Through Monolithic Pclycarbonate F-16 Canopy, Light
Lirected Vertical.
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Zeatrered-Light Photoelastic Fringes from a Sheet ot
Liynt Passing through Monolithic Polycarbonate F-16

Canopy, Light Directed Vertical, Compensator Ax1is
Percoridicular to Symmetry Axis, Retardation: N=2
4
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boundary moved down when a retardation of N = 3/4 was introduced
by a compensator whose axis was perpendicular to the symmetry
axis. Therefore, the direction of maximum secondary principal
stress p coincided with the X axis (Figure 33).

The secondary principal stresses were computed from
the fringe data by assuming that the secondary stress q in the
direction of symmetry axis of the F-16 canopy was zero (see
Figure 29). The residual stresses in the vertical direction at a
point O in the F-16 canopy are shown in Figure 33.

4.4 DISCUSSION OF RESULTS

4.4.1 Scattered-Light Photoelastic Fringe Photogqraphs

The striking feature of the scattered-light
photoelastic fringes obtained from the F-16 canopy was the high
fringe density. There were ab-ut 24 fringes in a thickness of
0.672 inches measured vertically at point O on the F-16 canopy.
This gave a fringe dersity of 36 fringes per inch, or a fringe
spacing of 0.028 inch.

4.4.2 Curves of Birefringence

Just as in the case of four-point bending beam, a
second order polynomial was used to curve-fit the experimental

points.

4.4.3 Secondary Principal Stresses

The assumption was made that one of the secondary
principal stresses, g, was negligible. If most of the residual
stress induced in the transparency was due to forming, and g=0,
then the maximum secondary principal residual stress p in a plane
perpendicular to the direction of light was tensile and in the
direction perpendicular to che symmetry axis of the F-16 canopy.
If this is not the case, then the stress reported is the

difference in the principal stresses, p-q.




q
z P (assumed)
(inches) (psi) (ps1i)
0.0 2041 0
-0.10 1763 0
-0.20 1485 0
-0.30 1206 0
$Z
Z
! o

Figure 33.

Residual Stresses Along a Vertical Line at O in

F-16 Canopy.




SECTION 5
SURFACE WAVE ULTRASONIC TECHNIQUE

The experimental technique which was investigated us based
on the measurement of changes in the velocity of acoustic surface
(Rayleigh) waves due to internal stresses in acrylic plastic
material (References 25 and 26). In order to apply the technique
to aircraft transparencies, a surface wave transducer which had a
sensitivity to measure stresses of the order of 500-2000 psi in
acrylic plastics was required. The following paragraphs describe
the efforts made in the development of a surface wave transducer
and its experimental evaluation.

5.1 SURFACE WAVE TRANSDUCER

The design and fabrication of the transducer is based upon
the transducer information giQen in Reference 25. The transducer
consists of a piezo-electric crystal which contacts the sample
surface via a thin element, producing a line contact (Figures 34
and 35). The element thickness must be less than half a wave-
length. The couplant used between the transducer and the acrylic
plastic was honey. When the crystal is driven by a short
electrical pulse it generates a displacement, normal to the
surface of the polymer, of those regions in contact with the
transducer elements. Most of the energy of the excitation 1is
converted to bulk wave propagation in the polymer, but a small
amount is coupled into a surface wave traveling normal to the
plane of the transducer elements. The pulse is detected by a
similar transducer contacting the surface in the path of the wave
at a predetermined distance from the first transducer element
(Figure 34).
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gurface wave
Transducer

~—— Recelver

Line Contact
Points

Acrylic plastic

Figure 34. gur face Wave Transducer.
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5.2 EVALUATION OF SURFACE WAVE TRANSDUCER

The surface wave transducer was manufactured by Harisonic
Laboratories, Inc. as per the details provided in Reference 25.
A performance documentation report was supplied by the
manufacturer (Figures 36 and 37) along with the details of the
instrumentation used in the performance evaluation. From these
figures it is seen that peak energy was at a frequency of 1 MHz,
but the surface wave consisted of a mixture of waves of several
frequencies and the wave amplitude itself was small. A pure 1
MHz monofrequency surface wave was not observed. Figure 37 shows
the first cycle seen at a 5 KHz repetitive rate.

The performance evaluation was independently checked at the
NDE Branch, Materials Laboratory, AFWAL, and in the Electrical
and Computer Engineering Division of UDRI. The schematic of
instrumentation used in the NDE Branch for evaluating this
transducer is shown in Figure 38. The surface waves and the
Fourier transform of the surface waves in acrylic plate material
generated by this transducer are shown in Figures 39 and 40. The
Fourier transform of the surface wave in the frequency domain
which was obtained by the Electrical and Computer Engineering
Group, using a spectrum analyzer, is shown in Figure 41. From
these figures it is also seen that the surface wave launched by
the transducer in acrylic plastic material consisted of a mixture
of several wave components at different frequencies.

Using the transducer shown in Figure 35, a monofrequency
surface wave could not be launched in polycarbonate material, and
hence it cannot be used for the determination of residual
stresses in aircraft transparencies. This is consistent with the
results reported in Reference 25.
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Surface Wave Amplitude

Figure 39,

Surface Wave .

Time

Vertical: 1l DIV = 5 mV

Horizontal: 1 DIV = 1 useconds

Surface Waves in Acrylic Plastic Materials
(Obtained by NDE Branch, Materials Laboratory,
AFWAL) .

80




F.T. of Amplitudes of Surface Wave
T

Frequency
Scale: Vertical = 20 uV per division
Horizontal - 50 KHz per division

Figure 40. Fourier Transform of the Amplitudes of Surface

Wave (Obtained by NDE Branch, Materials Laboratory,
AFWAL) .
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1l MHz 2 MHz 3 MHz 4 MHz

Scale: Vertical: 10 db/cm

Horizontal: as marked

Figure 41. Fourier Transform of Surface Wave Amplitude
in the Frequency Domain (Obtained by
Electrical and Computer Engineering Group, UDRI) .
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SECTION 6
CONCLUSIGNS AND RECOMMENDATIONS

6.1 CONCLUSIONS

® The scattered-light photoelastic technique shows promise
for nondestructively evaluating the surface stress level in
monolithic and laminated transparencies having polycarbonace
outer plies.

e The scattered-light photoelastic technique cannot be used
with acrylic material due to the poor light scattering properties
of the material. '

e The surface wave ultrasonic technique could not be
successfully applied to acrylic material. This application is
limited by the state of the art in surface wave transducers.

® The surface wave ultrasonic technique is not feasible for
use with polycarbonate material because the amplitude of the
waves is too small to provide reliable measurements of wave
velocity.

® The laboratory setup required for the scattered-light
photoelastic technique does not provide encouragement for
reduction to a portable "suitcase" type field technique.
However, automation could make it feasible to set up a field
station at an operational base and bring the circraft to the
evaluation station. The equipment could then be considered
"portable" between operational bases.

6.2 RECOMMENDATIONS

e Further substantiate the repeatability, accuracy, and
sensitivity of the scattered-light photoelastic technique for
monolithic polycarbonate by determining the stress levels at
several additional locations on the F-16 canopy. Determine




stresses at the same locations by an established experimental
technique such as the blind~hole drilling technique and compare

results.

e Improve the resolution and accuracy of high density
scattered-light photoelastic fringes by replacing the Nikon 2020
camera with a Nikon F~3 camera equipped with a 6X high .
magnification eyepiece finder and a 200 macrolens. Also
investigate the determination of fringe positions by use of a

photoelectric tube and photometer.

e Verify the scattered-light photoelastic technique for use

on laminated transparencies having polycarbonate outer plies.

® Further investigation of the surface wave ultrasonic
technique is not recommended with currant state-cf the-art

transducers.
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APPENDIX
ELASTIC CONSTANTS OF POLYCARBONATE MATERIAL

Tension tests were conducted using the tension specimen
shown in Figure A-1 to determine the value of Young’s modulus,
Poisson’s ratio and also to evaluate the response of WA 13-060WT-
120 2 element 90° ’‘Tee’ stacked rosette and EP-08-125AD-120
strain gage when used on polycarbonate material. The gages were
installed as sbnwn in Figure A-1 and Figure A-2. The stress-
strain curves obtained using these gages are shown in Figure A-3.

The modulus obtained using these gages is shown in Table A-1.

The modulus was also obtained from dial gage deflections
measured at the center of the four-point bending beam specimen

from the equation:

_ Pa 2 _ 2
E—24YI(32 12 al + 12a°%)
c
where Yo = center deflection, inches
I = moment of inertia of the bean, inch4

P = load, lbs.
£ = total span of beam, inches

a = distance between end loads and the central

supports, inches

The value of E computed from this formula is shown in
Table A-2. The published Young’s modulus value for polycarbonate
is 0.35 x 106 psi (Reference 23). Thus, the Young’s modulus
determined by the WA-13-060WT-120 rosettes is higher than the
published value. Young’s modulus values evaluated from both the
dial gage deflections at the center of the four-point bending
beam and the EP-08-125AD-120 strain gages agreed with the
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Figure A-2.
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TABLE A-1

ELASTIC CONSTANTS FOR POLYCARBONATE MATERIALS
FROM STRAIN GAGE DATA

Charinels 1&2 Avg. Channels 182 vs 5 Pois.Ratio
Stress Strain E Strain 182 Strain S Ratio
(psi) {microstrain) (psi) (ms) (ms)
8 242 343200 242 4 .38
166 a7 3480009 477 199 .39
249 712 350000 712 5 .481
33 945 352008 945 s .40
415 1184 351028 1164 464 3R
Channel 3 Channel 3 vs 4 Pois. Ratio
Stress Strain E Strain 3  Strain 4 Ratio
{psi) {microstrain)  (psi) {ms) (ms)
8 210 395020 218 81 .36
166 415 400020 415 163 .33
249 624 399098 624 241 .366
333 828 402000 828 318 .384
415 1638 400000 1e38 39 .384

5: EP-08-125AD-120 Strain Gages
4: WA-13-060WT-2 Element 90°
'Tee' Stacked Rosette

Channels 1, 2
3

&
Channels &




TI/BLE A-2

YOUNG'S MODULUS FROM FOUR-POINT
SFNDING BEAM DEFLECTIONS

LOAD DEFLECTION E
(lbs.) (in.) psi x 106
50 0.093 0.361
75 0.143 0.3524
100 0.191 n.3518
125 0.214 0.3925




published value for the modulus. The Poisson’s raii. determined

by both gage types agreed well.

The WA13-060WT-120 two element rosette had a thick backing
material which stiffened the polycarbonate material localliy,
resulting in lower values of measured strain and higher values
for appropriate Young’s modulus E. However, the correct value of
stresses can be computed using the Young’s modulus determined by
the method defined in Reference 24. Stresses were computed by
application of this correction to the strains measured in the

four-point bending specimen using the WA-13~060WT-120 rosettes.
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