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Abstract

The possible role of interlaminar residual stresses induced dur-

Ing the melding processes as a governing factor in delamination was

Investigated. Consideration of the differences of thermal contrac-

tion coefficients resulted in a thermal induced edge normal load be-

tween the bonded lamina.

In an effort to test the hypothesis, three configurations of

0-90 angle-ply specimens with the same magnitude of singularity were

statically and dynamically loaded by bending moments. It was found

that tensile fatigue around surface imperfections was the dominant

fatigue process although interlaminar fatigue was present. The hy-

pothesis was not validated from these experiments.
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il. Introduction

Since the uses of fiber-reinforced laminates have been expanding

In the aerospace industry and the possible uses increasing in the auto-

motive industry, there is a growing need for an accurate analytical

method for designing structures of these laminates to resist fatigue.

Interlaminar fatigue or delamination of the layers is a critical mode

of failure. Pipes and Pagano 0) (6) have solved for interlaminar stres-

ses in purely elastic laminate structures. Their theory connects in-

terlaminar fatigue with an interlaminar normal force resulting from

[interlaminar shear. Crossman) obtained results for 30 and 60 angle-

ply configurations that appeared to substantiate the qualitative aspects

of their theory.

While a laminate is being fabricated with unidirectional plies,

It is subjected to a temperature of several hundred degrees in order

to properly cure the epoxy in the matrix. Upon cooling, residual shear

stresses are induced between the laminae, because the thermal coeffic-

ients parallel and perpendicular to the fiber are different. The resins

needed to bond these laminae exhibit plastic deformation in shear, and

one would suppose that interlaminar deformation of laminates must en-

tail substantial plastic, as well as elastic deformation of the resins.

Pipes and Pagano dealt with purely elastic deformations. The purpose

of this investigation is to determine whether a simple plastic model

of induced interlaminar residual stresses might be used as a governing

factor in the fatigue life of laminates. A mathematical model has

been proposed for the singularity arising from the residual stresses



in a 0-90 angle-ply composite. Also specimens have been constructed

and tested.



II. Mathematical Model

In order to determine if the residual stresses induced between

laminae during the molding processes are a governing factor in inter-

laminar fatigue, a mathematical model of the resulting stresses needed

to be developed. The 0-90 angle-ply composite was used as the basic

configuration. The mathematical model was restricted to unbalanced

two-lamina construction and balanced three-lamina construction. Rigid-

plasticity was assumed in the interlaminar matrix. This meant that if

any shear strain was present, the shear stress would have a constant

value.

Jnbalanced Composite

The unbalanced configuration consists of two laminae in which one

is rotated by 90 degrees with respect to the other. Considering the

free-body diagram of the cross-section of the configuration (see Fig.

1), the 0 angle-ply lamina, horizontal fiber, is represented by layer

two, and the 90 angle-ply lamina, vertical fiber, is represented by

layer one. During the cooling phase of the molding processes, the

horizontal lamina contracts more than the vertical lamina in the x

direction. The difference in thermal coefficients results in a shear

stress, T and a distributed force "f'" between the laminae. Summation

of the moments about voints A and B give

ct (2d -

:

F(R) (x - #)dR = 0 Cf)
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” X

1, = T@)dR +S £@®) (x - Rdg = 0
0 0

Since a rigid-plastic model is being used, che shear stress, T(R),

Fey

will be henceforth represented as ''k"

In the unbalanced configuration, the lamina thickness is small

compared to the radius of curvature of the composite; therefore, the

radius of curvature of each lamina is assumed to be equal.

1
BT ET,

3)

Substituting equations 1 and 2 into equation 3 gives

1 5H FE

 J [Sk+ ER =a =F [Fk-£@&amp;-dg (4)
171 o 272 o

Further simplification gives

a _f2
7E 1, 0

1 1
rman Sp sm trim

CBI El

2

[he partial derivative with respect

)

I
ET, Er,

i 1 |—_—_— FF ——

EI; EI,

ke
2

™

\

+ f(RY(x - #)}dg = 0

CO results in

25 (8) (x - %)dR) = 0

3)

J

If the coefficient of k/2 is labeled A, equation becomes

K

&gt; Ah + F(R )dR 1 7)
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F(R)dR = - 2
y‘8h

Based on equation 8, the thermal induced stresses result in a singular

normal load at the edge of the lamina.

Balanced Composite

The balanced configuration consists of three laminae. The ply

angle on the outside laminae are the same. In the free-body diagram

of the cross-section (see Figure 2), the outer laminae have horizontal

fibers and the middle lamina has vertical fibers. The difference in

thermal coefficients again result in a shear stress between the laminae.

The non-curvature of the balanced configuration means that

SN § 1

Summation about point A gives

ty X
5 £ T,(R)dR - / fo) (x -R)dg = 0 [i 0)

rut 7. (RR) = k as before. The partial der Yr at.ve with respect to X

results in

i /
1 (R)dg = 0

3K
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Summation about point c¢ gives the same equation, because the thicknesses

of the outer laminae are equal. If the ply angle is changed in the

three laminae so that the outer laminae have vertical fibers and the

center lamina has horizontal fibers, the resulting singularity will be

in compression and not tension.

Both of the mathematical models result in a normal edge load on

the interface between laminae that is some multiple of k/2. The fol-

lowing points also pertain to the edge singularity:

It is independent of applied load.

It depends on the change in temperature during molding

processes.

[t depends on the configuration of

thickness).

[t is effected by modulus in the unbalanced composite.

[t can be either plus or minus depending on lamina angle

sequence.

[he hypothesis that the normal edge load between laminae resulting

from the plastic model was a governing factor in the fatigue life of

laminates could be verified by testinse specimens of different configur-

ations having the same value of edge singularity.



| A

III. Procedure

To test the hypothesis that interlaminar plastic shearing pro-

duces an edge singularity of normal load which govern interlaminar

fatigue, the configurations of the laminates fabricated and tested

had to have the same value for the edge singularity. If the specimens

then delaminatedinroughlythe same number of stress cycles under the

same stress lead, the thermal induced singularity would be validated

as a governing factor.

[t was decided to use three difference configurations, one un-

balanced and two balanced that differ only in the angle of the fiber.

The fiber angle in each lamina differs by 90 degrees between the two

balanced configurations. Each configuration was to have a total com-

posite thickness of 0.066 inches. The unbalanced specimens were to

have three unidirectional tape layers per lamina. The balanced spec-

imens were to have seven layers total with two each for the outer

laminae and three for the center lamina. The singularity calculated

for the configurations were within 93.7% of each other (see calculation

1, appendix).

The specimens were to be fabricated from Scotchply, which is a

JM glass-epoxy lamina (see table 1, appendix). Scotchply used was

to be unidirectional pre-impregsnated glass tapes. It was chosen be-

cause it is easv to work with and it is inexpensive, The fabrication

of specimen will be discussed later in this section.

[n order to have shearing action working on the singularity
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calculated, it was decided to fatigue cycle the specimens in the

bending mode. A static bending test was first to be performed. Then

oscillating dynamic bending with zero mean load was to be performed

on the specimen. The testing will be discussed later.

Fabrication of Specimens

The glass—epoxy used in this investigation was Scotchply Type

1001 pre-impregnated glass tape. To keep the tape from deteriorating

during storage, the foot wide rolls were refrigerated. The fabrica-

tion of a sheet of composite was as follows:

The refrigerated tape was cut into the desired lengths

for the composite sheet,

The hydraulic press which was used for the curing pro-

cesses was preheated to 325°F. During the heat up, the

mold used to shape the sheet was covered with Frekote

releasing agent three times. The releasing agent al-

lowed for easy removal of the cured composite sheet.

The strips of tape were carefully hand laid into the

mold. At room temperature, the uncured tapes had a

tendency to stick together.

The composite sheet was then cured in the hydraulic

press at 325°F and 120 psi for thirty-five minutes.

The cured sheet was allowed to cool to room temperature

in the press at zero psi. This minimized effects of

rhermal shock in the sheet.
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After the cured sheet reached room temperature, the specimens

were cut from the laminated plate by the use of a band saw. The

specimens were next roughed to finished size by a hand file. The

final dimensions were obtained by the use of emery paper. Machine

sanding could not be used because it easily created localized heating

which damages the epoxy material. The specimens were then nine and

a half inches long and one inch wide with smooth straight edges. The

free length of specimen after the grip pads were installed was three

fnches.

The grip pads were made from eleven layers of unidirectional

tape. The grip edges towards the free length were tapered to reduce

strain concentrations. Bonding of the grip pads to the specimens was

accomplished with Eastman 910 strain gage adhesive (see Figure 3).

Testing

The testing was performed on a Baldwin SF-1 fatigue machine with

a bending fixture of three inch moment arm. The machine has the cap-

abilities of providing a static load. With bending fixture, the max-

imum static bending moment is 1500 inch pounds. The machine also can

provide an oscillating load by means of 2 rotating mass. The oscilla-

ting load can be about a given static mean load and has a maximum

bending moment of 1500 inch pounds. The testing fixture with specimen

appears in Figure 4.

The fatigue damage was observed bv a microscope that viewed the
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Fig. 4. Test Fixture
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top edge of the specimen. The specimen was "stopped" during testing

with the use of a stroboscope.



20

IV. Results

The test data for the static and dynamic experiments appear in

Table 2, The static bending of the unbalanced specimens and balanced

specimens with vertical outer fiber (VOF) showed that buckling occurred

at stresses between 6.24 Xx 103 psi and 7.90 x 10° psi. A close exam-

ination of the edges of the composite revealed that cracks ran across

the vertical laminae in both configurations. The crack density was

lower when fewer surface imperfections were present. The balanced

specimen with horizontal outer fiber (HOF) buckled at a much higher

stress (5.73 x 10” psi), but the free length had been reduced to two

inches to eliminate possible buckling problems. In spite of this,

cracks that ran across the layer were found in the vertical. lamina on

the edge under tensile stress.

[n the dynamic tests even though the stress levels were varied, all

of the specimens had cracks across the vertical laminae. With the un-

balanced and VOF specimens, the testing was terminated because cracks

were not visible under the microscope during testing or wild vibrations

or buckling occurred. Further observation revealed cracks across the

vertical laminae and "L" type cracks that ran across the vertical lam-

ina but in addition ran along the interface between the vertical and

horizontal laminae (see Figure 5).

During testing of the HOF specimens, which had higher stress levels,

cracks across the central lamina were observed with the microscope. The

stress cycles at which each new crack appeared were recorded (see Table



fia. 5. Typical "L" Type Crack
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3). The number of cycles in the interval ketween observed cracks was

within two times or one half the average number of cycles in the in-

terval for each specimen. Later examination showed finer cracks ac-

ross the vertical center lamina and "L" type cracks. The cracks in

all the configurations appeared around surface imperfection of the

order of 2.5 x 10 3 inches to 6.25 x 1073 inches.

The cracks in the vertical laminae indicated that the predominant

mode of failure is the tensile fatigue around the surface imperfections.

The presence of interlaminar fatigue is noted by the "L" type of crack.

The section of the crack that ran parallel to the interface of the lam-

inates showed that delamination had occurred.
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Vv. Conclusions

As a result of this investigation, the singularity modeled for

rhe thermal induced stresses has not been validated as a governing

factor in interlaminar fatigue. In the 0-90 angle-ply composite under

bending, interlaminar fatigue was not the dominant fatigue process.

Failure occurred under tensile mode of fatigue around the surface im-

serfections in the vertical laminae. The "L'" type of crack indicated

that some interlaminar fatigue was present.

Recommendations

The following are recommendations for further research in this

fie tA

Experiments should be performed on specimens where the

imperfections have been virtually eliminated.

The testing of the thermal induced singularity as a

possible governing factor should be considered on fiber-

reinforced composites of different ply angles.
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Table 1

Scotchply Mechanical Properties

For Unidirectional Fibers

ho Fiber Angle 90°

I'ensile Strength

Flexure Modulus

Tensile Modulus

Compressive Strength (Edge)

Thermal Coefficient

Interlaminar Shear Strength

Rockwell Hardness (M) Scale

Thickness/ply

Percentage of Resin

160,000 psi

5,300,000 psi

5.7 x 10° psi

90,000 psi

1.8 x 10"8F

4300 psi

100-108

 Ny. 010"

10%

2900 psi

1,600,000 psi

1.4 x 10° psi

20,000 psi

12.3 x 1060p
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Table 2

Summary of Experimental Data

No. of Specimen Stress in psi Stress Cycles Comments

Jnbalanced Specimens

 £6240 (static)

7900 (static)

2-41)

4100

1100

buck ied I cracks in vertical

laminate*

buckled I cracks in vertical

laminate?*

.

~[ I and L cracks in

vertical laminate

unstable vibration during start-up

I and I. cracks

rz I and L cracks in

vertical laminate

Balanced Specimens

TOF

-

Cd

6820 (static)

71900 (static)

i
-

7 I

31230

1} 30

4780

5450

5140

6820

3190

buckled

buckled

154K

173K

30K

70K

34K

10K

buckled

I cracks in vertical

laminate

few cracks

put fewer imperfections

wild buckling. Iand L

cracks in vertical lam-

inate

{ and L cracks in

vertical laminates

[ and L cracks in

vertical laminates

I and L cracks in

vertical laminates

tT cracks run across the laminate.
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Table 2 (Cont.)

No. of Specimen Stress in psi Stress Cycles Comments

Balanced Specimens

HOF

13 57 . 300 suckled I cracks in vertical

laminate on tensile

edge of specimen

£ 13,600 cracking heard during start-up
I cracks in center laminate

| 5 5820 235K

210K

478K

I cracks appeared in

vertical laminate

throughout test
~

oy 3550

y 3550 I and L cracks appeared

in vertical laminate

throughout test4 10,900 250K

5820 132K
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Table 3

Stress Cycles until Crack is Observed

Specimen NO.

 IF

Stress Cycles

29,000

100,000

139,000

17,000

36,000

32.000

136,000

Interval NO. of Cracks Observed
Between Cycles

ae
nS

OHKR
os w
 oO  \Q

2 0
wd

gd 0
p
 = 0

—-
©
m

29,000

71,000

30.000

w
0 &lt;
C0
oN
oN

ow17,000

19,000
“

56,000

44,000 y

9

we

 A

180,000

237,000

274,000

15,000

108,000

143.000

223.000

44,000

57,000

37,000

75,000

33,000

35,000

B0.000

 wn
 wn &lt;
~
OK
op

SQ

3

nds

)

v

4

do

2

1

;

d
)
a
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Table 3 (Cont.)

Interval
i 0. Stress Cycles

Specimen N Ye Between Cycles

43,000 43,000

58,000 25,000

75,000 7,000

98,000 23,000

187,000 39,000

259,000 72,000

310,000 531,000

NO. of Cracks Observed

 Bb
FS
» wl

 Oo =
 oO Ww
OQ

}

~

Fa

q
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Calculation 1

Calculation of the singularity for unbalanced and balanced speci-

mens of Scotchply with a total composite thickness of 0.066 inches.

Case where ty = t, for unbalanced specimen and the singularity will

be noted by 8 (6 layers).

if 4

3

3

2 -

7

 oo 2
Bi Bl

1 1
Saini HO

Fil Bl

§
5

vy

 kK
&gt;

f -

2 E, .
E, TE

k
f 6 6

(1.6 x ie - 5.3 x 1051p 034 tlh
(1.6 x 10° + 5.3 x 10 )psi

£(0.0177) inch

Case where balanced specimen has 7 layers (two each for the outer

laminates and three for the center laminate).

3 = t
&lt; k

i ® Ip 0.0189

Ratio of the unbalanced to balanced singularity

0.0177 k/2

0.0189 k/2
= 0.937

There is agreement within 93.7%.


	Interlaminar fatigue of fiber-reinforced laminates.
	TitlePage
	Abstract
	Acknowledgment
	TableOfContents
	ListOfIllustrations
	Chapter I
	Chapter II
	Fig. 1
	Fig. 2

	Chapter III
	Fig. 3
	Fig. 4
	Fig. 5

	Chapter IV
	Chapter V
	References
	Appendix
	Table 1
	Table 2
	Table 3
	Calculation 1



