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INTRODUCTION

Results obtained by another section of this laboratory in testing a
notched C-shaped specimen, Figure 1, and a notched compact tensile specimen,
Figure 2, showed that an increase of initial tensile overload is accompanied
by an increase of fatigue life of the specimen. This can be explained by
the well-known fact that a tensile overload produces a compressive residual
stress upon unloading. Thus, an increase of overload increases the residual
stress which reduces the nominal stress in a fatigue test and improves the
fatigue life.

This report describes a photoelastoplastic study on stress concentra-
tions, in elastic as well as in elastoplastic states, and residual stresses
after unloading in bbth specimens. The principles of experimental method
are outlined, equations for nominal stresses are given, and stress concen—
tration factors are found. In the elastic state, these values are readily
applicable for specimens made of any material with similar geometry and
loading. 1In the elastoplastic state, transition of data requires the

similarity of stress-strain relation between model and prototype materials,

EXPERIMENTAL METHOD
The photoelastic stress analysis is based on the linear stress—optic

law.1 The discovery of the non-linear stress-optic law extends the photo-

1Frocht, M. M., Photoelasticity, Vol. I and II, John Wiley and Sons, 1948.
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elastic method to the plastic range.2 Specifically, at any point in a model,
whether elastic or plastic, the fringe order N is related to the principal
stress difference (cp—cq) by a calibration curve, and the isoclinic parameter
gives directly the directions of the principal stresses Up and Gq.

In this investigation, we are interested only in the boundary stress
and maximum shear stress. No attempts were made to determine the individual
stress distribution, although techniques are readily available.

On the free boundary one of the principal stresses is identically zero,
and the remaining principal stress tangent to the boundary is given by the
fringe order N.

It can be shown from Mohr's circle that the maximum shear stress, Toax®
equals one-half of the principal stress difference; i.e., ol o= (Gp—Oq)/Z.

For a material obeying the yield condition of maximum shear stress, the

position of elastic-plastic boundary is given by the particular fringe order

having a maximum shear of cy/2, where cy is the tensile yielding stress.

NOMINAL STRESS

Superposing the given load P with an identical pair of load acting at
the centroid of the cross section AB and parallel with the given direction
as shown in Figure 3, an equivalent loading system is obtained. It consists

of a moment PR and a2 tensile load P where R denotes the distance between two

2Procht, M. M., and Cheng, Y. F., "An Experimental Study of the Laws of Double

Refraction in the Plastic State in Cellulose Nitrate - Foundations for Three
Dimensional Photoplasticity," Proceedings International Symposium on Photo-
elasticity, pp. 195-216, 1961.




EPR L | ]
7d° \\|

Nominal Stress Distributrion
at Sectron AB

Figure 3. Sketch for Deriving Nominal Stresses.




load lines i.e., the original:and the superposed loads. The nominal stress
due to bending is 6PR/td? and that due to tension is P/td, where t denotes
the thickness and d the width of section AB. The nominal stress at A and B,
Oan and Ogp? is equal to the sum and difference of the stress due to bending

and tension, respectively. Thus

P 6R

Ope = = (1 + &

An — T4 ( d
¢D)

P 6R

o = . (1 - ==

Bn g ( d

It can be seen that the above expressions hold also for compact tensile

specimen.

EXPERIMENTS AND RESULTS
Apparatus

A lens type transmission polariscope with collimated monochromatic light
of 5461 A was used, and photoelastic patterns at normal incidence were
observed through a telemicroscope of 7.2X, Static loads were applied through’
a dead weight loading frame having a lever ratio of 4.

Material and Calibration

A sheet of LEXAN, a polycarbonate resin manufactured by the General
Electric éompany, of 0.12 inch thickness was used as model material. Figures
4 and.5 show the stress-fringe and stress—strain curves obtained from
calibration at a temperature of 73° * 3°F and a relative humidity of 10% *
5%. It has an elastic fringe value of 36 psi per inch, Young's modulus E
of 3.25 x 10% psi, proportional limit of approximately 6.2 x 10% psi, and

secant yield strength, 0, defined by the point of intersection of secant
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modulus (ESec = 0.7E) and:the stress—strain curve, of approximately 8.7 x
103 psi. Luder's lines have been observed during calibration indicating that
this material follows maximum shear stress yield criterion.

The Ramberg-0Osgood equation3 for this material has the following form

Ee g 3,0 B
—=—+7(~)115

O'l O'l O'l
where € denotes strain, ¢ stress, and 0, secant yield strength

For details of calibration procedure, see Reference 4,

Model and Loading

Three full scale models each of the C-shaped and compact tensile spec-
imen, Figures 1 and 2, were made of 0.12 inch thick LEXAN plate. In order
to minimize any effect of material homogeneity, they were cut closely to
the calibrations specimens ﬁith their lines of loading parallel to each
other. One model was tested in the elastic state. The other two models
were tested in the elastoplastic state., Each elastoplastic test requires a
fresh model. The load was applied through pins as shown in the sketch,

Maximum Shear Stress Distribution Across Section AB

Photographs of the isochromatic fringe pattern were taken at each load.
The fringe distribution across section AB was determined and converted into

maximum shear stress according to the stress-fringe relation, Figure 4. The

results are shown in Figures 6 and 7.

3Ramberg, W. and Osgood, W. R., "Description of Stress Strain Curves by
Three Parameters,' NACA TN 902, 1943,

4Cheng, Y. F., "A Photoplastic Study of Residual Stress in an Overloaded
Breech Ring," Technical Report ARLCB-TR-78018, Benet Weapons Laboratory,
LCWSL, ARRADCOM, US Army, 1978.
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Elastic Plastic Boundary

It was mentioned before that for a material obeying the yield condition
of maximum shear stress, such as LEXAN, the position of elastic-plastic
boundary is given by loci where the maximum shear stress reaches a value
of 0,/2.

In this investigation, we choose proportional limit stress (6.2 x 103
psl) as Uy instead of secant yield strength (8.7 x 10° psi at ESec = 0.7E).
Hence, the elastic-plastic boundary is given by the loci where the maximum
shear stress reaches 3.1 x 10° psi. For example, in the C-shaped specimen
at a load of 18.7 pounds, the plastic region has penetrated from the notch
roo£ to a distance equal to 0.04 AB. Table I shows the depth of the plastic
region at two levels of load for both specimens, It also shows the extended
angle of plastic region along the notch boundary determined from the 7.2X
fringe photographs.

Boundary Stresses and Stress Concentration Factors

On the free boundary one of the principal stresses is identically éero,
and the remaining principal stress tangent to the boundary 1is found by
converting the boundary fringe order to stress according to the stress fringe
relation in Figure 4. The stress concentration factor, K, 1s defined as the
ratio of the boundary stress to the nominal stress, equation (1). They are
shown in Tables II and III,

| The results show that as long as the specimen is in the elastic state,
stress concentration factor K at the notch root is constant and the curve K

versus 0_ is straight and horizontal. However, if Ohom 1s increased so

12



TABLE I. SIZE OF PLASTIC REGION

Plastic Region

Load Depth Extended Angle
Specimen (Pounds) Along Section AB Along Notch Boundary
C-shaped 15.2 .02 AB 50°
C-shaped 18.7 .04 AB 65°
Compact 56 .006 AB 70°
Compact 64 .01 AB 90°

13
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that local yielding sets in,:the stress concentration factor begins to

decrease rather sharply, as shown in Figure 8.

DISCUSSIONS

Calculated Residual Stress and Percentage of Overloading

The usual assumption that unloading is inherently an elastic process
is made for the purpose of calculating the residual stress after unloading.
For example, in the elastic state, a load of 18.7 pounds would produce a
notch root stress of (1.53)(352)(18.7) = 10.1 x 10°% psi.* Subtractive super-
position of this value with 7.85 x 10% psi from elastoplastic load of 18.7
pounds gives a residual stress of 2.22 x 10° psi compression, as shown in
Table II.

The proportional limit load is the load which produces a notch root
Stress equal to the proportional limit of the material. It is used as the
basis for calculating the percentage of overloading. It can be shown that
the proportional limit load for the C-shaped specimen has a value of 11.5

P-11.5

pounds. The percentage of overloading is x 1007%.

The residual stress and percentage of overloading for both specimens in

the elastoplastic state were calculated and shown in Tables II and III,

*Using the real dimensions of the specimen, eq. (1) gives the nominal stress
at point A a value of 352pP, 1.53 1s the stress concentration factor.

16
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Stress at Point B in C—Shﬁped.SEgcimens

Table II and Figure 6 show that the stress at point B in the C-shaped
specimen 1s less than the nominal value. Hence, the stress concentration
factor at B is less than one. Table II further shows that for the C-shaped
specimen at 18,7 pounds of load, point B was still in the elastic state
although plastic reglon had already penetrated from point A to a depth of
0.04 AB. Assuming that the material property in compression is the same as
in tension, point B would begin to yield in compression at a load of approx-
imately 6200/(325) (0.83) = 23 pounds.

Transition to Prototype

In the elastic state, stress concentration factors obtained from poly-
carbonate model are readil& applicable to specimens of other material.

In the elastoplastic state, the transition of data requires, at least,
three more conditions: (a) the stress—strain curves of the materials of
model and prototype must have the same shape, (b) the law of ylelding must
be the same for both materials, and (c) Poisson's ratio in the plastic range
must be equivalent. Polycarbonate has a Poisson's ratio of 0.38 in the
elastic state and 0.5 in the plastic state.5 It follows von Mises' yield

criterion with negligible error.6 :

5Gurtman, G. A., Jenkins, W. C., and Tung, T. K., "Characterization of a
Birefringent Material for Use in Photoelastoplasticity,' Douglas Report SM-
47796, Missile and Space Systems Division, Douglas Aircraft Company,
February 1965.

6bwWhitfield, J. K. and Smith, C. W., "Characterization Studies of a Potential
Photoelastoplastic Material," Experimental Mechanics, Vol. 12, No. 2, pp.
67-72, February 1972.

18



Experimental data'in the elastoplastic state is transferable from poly-
carbonate model to any other material having the same value of Poisson's
ratio and following the same law of yielding, provided the first condition 1s
also met. The shape of stress-strailn curve is represented by a parameter in
the Ramberg-Osgood equation. It i1s possible to alter the shape of stress-
strain curve of polycarbonate material by adjusting the temperature and
relative humidity of the laboratory so that the curve corresponds more closely

to that of a particular prototype material.

CONCLUSIONS

A photoelastoplastic investigation has been made to determine the stress
concentration factors in two notched specimens of polycarbonate material.

The residual stress after unloading was found by making the usual assumption
that unloading 1s an elastic process. The results contained in this report
are experimental and could be useful in verifying any analytical results.

The specimens used in another section of this laboratory were made of
gun steel. Its stress-strain relation is different from that of polycarbonate
material. Therefore, it is not feasible to transfer data from polycarbonate
to gun steel in the elastoplastic state. It is proposed for future work to
study the same problem in models made of gun steel. Birefringent coatings
and reflected light polariscope can be used to determine the elastic as well
as elastoplastic states of stresses on the surface of the model, The results
could provide a relation between the extent of increase of fatigue life and

the percentage of overloading in the gun steel model.

19
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