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SYNOPSIS 

The effects of thermal and mechanical fatigue on the flexural strength of G40-600/PMR- 
15 cross-ply laminates with ply orientations of ( O z ,  90z)z~ and (goz ,  0 2 ) 2 ~  are examined. 
The relative importance of shear and tensile stresses is examined by varying the span-to- 
depth ratios of flexural test specimens from 8 to 45. Acoustic emission signals are measured 
during the flexural tests in order to monitor the initiation and growth of damage. Optical 
microscopy is used to examine specimens for resin cracking, delamination, and fiber breaks 
after testing. Transverse matrix cracks and delaminations occur in all specimens, regardless 
of ply orientation, span-to-depth ratio, or previous exposure of specimens to thermal and 
mechanical fatigue. A small amount of fiber tensile fracture occurs in the outer 0” ply of 
specimens with high span-to-depth ratios. Because of the complex failure modes, the flexural 
test results represent the “apparent” strengths rather than the true flexural or shear 
strengths for these cross-ply laminates. Thermal cycling of specimens prior to flexural 
testing does not reduce the apparent flexural strength or change the mode of failure. How- 
ever, fewer acoustic events are recorded a t  all strains during flexural testing of specimens 
exposed to prior thermal cycling. High temperature thermal cycling ( 32-26OoC, 100 cycles) 
causes a greater reduction in acoustic events than low temperature thermal cycling (-85 
to 85”C, 500 cycles). Mechanical cycling (0-50% of the flexural strength, 100 cycles) has 
a similar effect, except that acoustic events are reduced only at strains less than the maximum 
strain applied during flexural fatigue. 0 1994 John Wiley & Sons, Inc.’ 

INTRODUCTION 

High performance, polymer matrix composites 
( PMCs) are used in aeronautic and space applica- 
tions because of their high stiffness and high 
strength-to-weight ratio. Because PMCs used in 
these applications are exposed to a wide range of 
temperatures, their service life is often limited by 
the damage formed during thermal cycling. In space 
applications, temperatures vary as an orbiting sat- 
ellite moves in and out of Earth’s shadow. In aircraft 
engine applications, rapid heating occurs during 
takeoff, and temperatures vary from ambient to 
about 300°C during flight. Microcracking induced 
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by thermal cycling and oxidative degradation can 
be tolerated in engine applications as long as critical 
mechanical properties, such as compressive strength, 
are not degraded below acceptable limits. Although 
the performance advantages of PMCs have been 
demonstrated in military aircraft engines, use of 
PMCs in commercial aircraft engines is only recently 
being considered. Before PMCs can be used for load 
bearing structures in commercial engines, a better 
understanding of damage initiation and growth dur- 
ing thermal cycling is needed so that reliable models 
can be developed for predicting their service life. 
This information is also needed so that reliable test 
methods can be developed for evaluating new resins 
with improved resistance to damage induced by 
thermal cycling. Flexural tests are often used to 
evaluate new high temperature matrix resins and to 
study the degradation of composite properties after 
thermal cycling and high temperature isothermal 
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aging. Although the failure mode for PMCs in flexure 
is often complex, flexural tests are one of the few 
techniques. that can be used to provide information 
about composite properties when limited amounts 
of material are available. The reliability and use- 
fulness of flexural test data are improved if failure 
mechanisms are monitored during testing. Analysis 
of the acoustic signals emitted during mechanical 
deformation can provide information about the on- 
set of damage and, in some cases, the type of failure 
(i.e., fiber tensile fracture, matrix cracking, fiber/ 
matrix debonding). Acoustic emission data has 
provided useful information about the failure process 
for graphite/epoxy PMCs tested in tension, flexure, 
and fatigue, 1-5 but little information is available for 
high temperature polyimide matrix materials such 
as PMR-15. In this work, acoustic emission was re- 
corded during three- and four-point flexure testing 
of graphite/PMR-15 cross-ply laminates. The ef- 
fects of low temperature thermal cycling, high tem- 
perature thermal cycling, and mechanical cycling on 
the flexural strength and modes of failure were ex- 
amined. 

EXPERIMENTAL 

Fabrication of laminates and Test Specimens 

The G40-600/PMR-15 prepreg used in this work 
was supplied by Ferro Corporation. The 16 plies of 
prepreg required for a ( 02,  9 0 2 ) 2 ~  layup were cut and 
stacked in a 15.2 X 30.5 cm (6  X 12 in.) tray with 
fibers in the outer plies aligned along the 30.5-cm 
(12-in.) length. A metal plate was placed on top of 
the stack to provide slight pressure. The tray was 
then placed in an oven at 204°C for 1 h to imidize 
the PMR-15 monomers. The imidized material was 
then placed in a tight fitting 15.2 X 30.5 cm (6  X 12 
in.) mold and cured in a press under 500 psi pressure 
for 2 h at 316OC. The laminate was removed from 
the mold and postcured in an oven for 16 h at  316°C. 
The volume fraction of fibers measured by digestion 
of the matrix with sulfuric acid was 0.70. Laminates 
were C-scanned to verify that there were no delam- 
inations present. Test specimens in the shape of 
rectangular beams were cut from the laminates using 
a water-cooled, diamond-impregnated cutting wheel. 
Beams cut parallel to the length of the laminate had 
fibers in the outer plies parallel to the beam length, 
or a (Oz, 9 0 2 ) 2 ~  layup. Beams cut perpendicular to 
the length of the laminate had fibers in the outer 
plies perpendicular to the beam length, or a (902, 
0 2 ) 2 ~  layup. Edges of the beams were examined for 

transverse cracking using an optical microscope. No 
cracks were visible on the cut edges of the beams 
prior to testing. 

Flexural Tests 

Three- and four-point flexure tests were conducted 
according to the test procedure6 described in ASTM 
D 790 using an Instron Model 1123 test machine. 
The three-point flexure specimens were 5.8 mm wide 
and 2.2 mm thick. Span lengths were set to provide 
span-to-depth ratios ranging from 8 to 45. Three 
specimens were tested at  each span-to-depth ratio. 
Error bars are calculated as f 2  standard deviations 
(SD) . The rate of cross-head displacement ranged 
from 0.25 to 5 mm/min in order to obtain an effec- 
tive strain rate close to 0.01 min-' for the various 
span-to-depth ratios, as described in ASTM D 790. 
Four-point flexure specimens were 5.8 mm wide, 2.2 
mm thick, and 120 mm long. A span-to-depth ratio 
of 45 and a deflection rate of 5 mm/min were used 
for all four-point bend tests. The load span was one 
half the support span. 

According to the ASTM D 790 test procedure, 
the maximum strain at  failure in the outer ply of 
the laminate can be calculated for three- and four- 
point bend tests using eqs. ( 1 ) and ( 2 ), 

r = 6Dd/L2 (three-point bend) (1) 

r = 4.36Dd/L2 (four-point bend) ( 2 )  

and the apparent flexural strength can be calculated 
using eqs. (3)  and (4) .  

S = 3PL/2bd2 (three-point bend) (3)  

S = 3PL/4bd2 (four-point bend) (4)  

where D is midspan deflection, L is support span, d 
is depth of beam, b is width of beam, and P is applied 
load. A procedure for measuring the apparent in- 
terlaminar shear strength of composite beams with 
low span-to-depth ratios is described in ASTM D 
2344.7 According to this test procedure, the apparent 
interlaminar shear strength of three-point bend 
specimens can be calculated using eq. (5) .  

S = 0.75P/bd. ( 5 )  

Several limitations exist on the use of eqs. ( 1 ) - ( 5 )  
for the cross-ply laminates investigated in this work. 
The applicability of these equations is discussed be- 
low along with the test results. 
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Thermal and Mechanical Cycling 

Flexural test specimens were exposed to low tem- 
perature thermal cycling, high temperature thermal 
cycling, mechanical cycling, and combined low tem- 
perature thermal cycling followed by mechanical 
cycling. For low temperature cycling, specimens were 
placed in a cylindrical sample holder and locked into 
an air actuated piston. The specimens were then 
cycled 500 times between a chamber heated to 85°C 
and a chamber cooled to -85°C. The heating rate 
was estimated to be about 60°C/min, and the cool- 
ing rate was estimated to be about 100°C/min. High 
temperature thermal cycling was conducted using a 
MOEN HT251 thermal cycler made by Heat Trans- 
fer Technologies, Inc. The specimens were sus- 
pended in racks placed inside the thermal cycling 
unit. The temperature was then cycled between 32 
and 260°C for 100 cycles. The heating ramp was 
linear with a heating rate of 26.7"C/min (80"F/ 
min). The maximum cooling rate was 32.8"C/min 
(91"F/min) at the beginning of the cooling cycle, 
but the cooling rate decreased steadily throughout 
the cycle. Mechanical cycling was conducted using 
four-point bend specimens deformed to 50% of the 
fracture load for 100 cycles at a deflection rate of 5 
mm/min. 

Acoustic Emission Detection 

A NAN0 30 acoustic sensor was attached to the 
specimens to monitor acoustic events during the 
flexural tests. High vacuum silicone grease was used 
as a coupling medium. The acoustic sensor was con- 
nected to a 40-dB gain preamplifier with a resonant 
frequency of 300 kHz. A cable delivered the data 
from the preamplifier to a SPARTAN A T  data an- 
alyzer made by Physical Acoustics Corporation with 
a threshold gain of 26 dB. These test parameters 
have been shown by previous studies to provide the 
best behavior information. 

RESULTS AND DISCUSSION 

Three-Point Bend Test Results 

Typical load-deflection curves for the ( 02, 902 ) 2 ~  

specimens are shown in Figure 1. Different deflection 
rates were used for different span-to-depth ratios, 
as specified in ASTM D 790. The acoustic events 
recorded during deformation are shown in Figure 2. 
Similar data are shown in Figures 3 and 4 for the 
( 902, 02)2s specimens. The flexural strain (i.e., the 
maximum tensile strain in the outer ply) can be 
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Figure 1 Load-deflection curves for ( 0 2 ,  902)2s speci- 
mens tested in three-point bending. Deflection rates (in 
mmlmin) used for the various span/depth ratios are: 5 
for 45/1, 4 for 35/1, 2 for 25/1, 1 for 16/1, 0.5 for 12/1, 
and 0.25 for 8/1. 

calculated using eq. (1). The deflections corre- 
sponding to a strain of r = 0.01 are indicated as 
arrows in Figures 2 and 4. At  low strains, the load- 
deflection curves are linear, and few acoustic events 
are recorded. A t  higher strains, the slopes of the 
load-deflection curves decrease, and the acoustic 
events increase until failure. Acoustic events begin 
at lower strains for specimens with higher span-to- 
depth ratios. In Figure 2, for example, acoustic 
events begin to increase at a strain of 0.002 when 
the span-to-depth ratio is 45 and at a strain of 0.006 
when the span-to-depth ratio is 8. 

Because the maximum strain at failure is less 
than 0.02 for all span-to-depth ratios, beam 
strengths are calculated according to eq. (3) ,  which 
includes no correction for large deflections. 
Strengths calculated according to eq. (3) represent 
true flexural strengths only at high span-to-depth 
ratios and only when failure occurs in the outer fi- 
bers. In addition, eq. (3)  is strictly valid only for 
homogeneous, elastic beams with linear load-deflec- 
tion curves. Because these conditions are not sat- 
isfied for the graphite / PMR-15 cross-ply laminates 
used in this work, flexural strengths calculated ac- 
cording to eq. ( 3 )  are called "apparent" strengths, 
in accordance with the terminology in the ASTM D 
790 test procedure. Apparent flexural strengths are 
shown as a function of span-to-depth ratio in Figure 
5. Ideally, tensile failure should occur in the outer 
ply at  high span-to-depth ratios and interlaminar 
separation should occur near the center plane at low 
span-to-depth ratios. However, the actual failure 
modes were more complex. Vertical cracks were 
present in all 90" plies, regardless of layup or span- 
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Figure 2 
Arrows correspond to a strain of r = 0.01 calculated using eq. ( 1 ) .  

Acoustic events versus deflection for load-deflection curves shown in Figure 1. 
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Figure 3 Load-deflection curves for (go2, 02)2s speci- 
mens tested in three-point bending. Deflection rates (in 
mm/min) used for the various span/depth ratios are: 5 
for 45/1, 4 for 35/1, 2 for 25/1, 1 for 16/1, 0.5 for 12/1, 
and 0.25 for 8/1.  

to-depth ratio. These transverse cracks were not 
concentrated in the vicinity of the load point. Other 
features of the failure process depended on the span- 
to-depth ratio. These are described below. 

The various types of failure observed on the beam 
edges after three-point bend testing are shown in 
Figure 6 ( a )  - ( d )  . The darker plies are the 90" plies. 
The 16 plies are numbered in Figure 6 ( a )  to help 
locate features in the micrographs. At  span-to-depth 
ratios of 16 and less, a single delamination occurred 
near the center of the beam, but the fracture surface 
was not confined to a single O"/90° interface. In- 
stead, the delamination sometimes crossed from one 
interface to another through the 90" plies. This usu- 
ally occurred at the site of a vertical crack or at a 
45" crack located near a vertical crack. For ( go2, 
O 2 ) * S  specimens, delamination alternated between 
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Figure 4 
Arrows correspond to a strain of r = 0.01 calculated using eq. ( 1 ) . 

Acoustic events versus deflection for load-deflection curves shown in Figure 3. 

the 4/5  interface and the 6/7 interface. This type 
of failure is shown in Figure 6 ( a )  for a (902, 0 2 ) ~ s  
specimen with a span-to-depth ratio of 8. The de- 
lamination starts on the left a t  the 4 /5  interface, 
crosses through plies 5 and 6 at  a 45" angle, then 
continues to the right along the 7/8 interface. For 
(02,  9 0 2 ) 2 ~  specimens, four 90" plies are at the center 
of the beam. Delamination alternated between the 
6/7 and the 10/11 interfaces on either side of the 
central 90" plies. 

At span-to-depth ratios of 25 and greater, trans- 
verse cracks and multiple delaminations occurred 
for both ( 02,  9 0 2 ) 2 ~  and ( go2, O2 ) 2 ~  specimens [Fig. 
6 (b)  1 .  For ( 02, 902)2~  specimens, some broken fibers 
were visible at the edge of the bottom ply (ply 1) 
but not across the entire bottom surface [Fig. 6(c)].  
The number of broken fibers increased as span-to- 

depth ratio increased from 25 to 45. For ( 902, 02 12s 

specimens, some fiber breaks were visible in the 
outermost 0" ply (ply 3) at locations where trans- 
verse cracks penetrated the outer 90" plies (plies 1 
and 2) .  For both (02 ,  902)2s and (902, 0212s  speci- 
mens, fiber buckling occurred on the upper beam 
surface [Fig. 6 ( d )  ] . 

The acoustic events recorded during deformation 
clearly indicate that damage begins to accumulate 
long before failure. However, it was not possible to 
determine directly from the acoustic data what type 
of damage had occurred because the amplitude dis- 
tribution of the events was broad with no clearly 
defined peaks corresponding to the various possible 
failure events. It is also not clear whether the damage 
observed by post failure analysis occurred before or 
after initiation of catastrophic failure. Some infor- 
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Figure 5 
( 902, 0 2 ) 2 ~  laminates tested in three-point bending. 

Apparent flexural strength of ( 02, 902 )2~  and 

Ply numbers 

15,16 - 
13,14 - 
11,12 - 

7,8,9,10 - 
5,6 - 
3.4 - 
1.2 - 

13 - 
12 - 

5 -  
4 -  

mation can be inferred from the magnitude of the 
strain in the outer ply at failure. For the ( 02, 9 0 2 ) 2 ~  
specimens with a span-to-depth ratio of 45, the fail- 
ure strain calculated using eq. (1) is 0.014. This is 
close to the fiber failure strain of 0.0144 measured 
by the prepreg manufacturer for fibers used in this 
particular lot of prepreg. As the span-to-depth ratio 
of the ( 02, 9 0 2 ) 2 ~  specimens decreases from 45 to 25, 
the calculated strain at failure decreases only slightly 
from 0.014. This suggests that flexural strength is 
determined by fiber tensile strength for ( 0 2 ,  9 0 2 ) 2 ~  
specimens with high span-to-depth ratios and that 
damage which accumulates prior to failure has little 
effect on the apparent flexural strength. For all other 
specimens, failure is a complex process involving 
matrix cracking, transverse ply cracking, delami- 
nation, and possibly fiber breakage. 

The strength of specimens with low span-to- 
depth ratios is often reported as the interlaminar 
shear strength (or the short beam shear strength) 
rather than the flexural strength. A procedure for 
calculating the apparent interlaminar shear strength 
of parallel fiber reinforced laminates by applying 
classical beam theory to short-beam shear specimens 
is described in ASTM D 2344.7 This test method is 
limited to parallel fiber reinforced specimens with 
span-to-depth ratios of 4 or 5, and a warning is in- 
cluded in the test procedure that results are meant 
to be used Only for COrnparatiVe studies and not for 
generating design data. Interlaminar shear test data 
measured on graphite/epoxy specimens with various 

Ply 
numbers 

(d) (02,902)25, S/D = 45. 

Figure 6 Failure modes observed by post-failure anal- 
ysis of three-point bend specimens with ply layups of ( 02, 
902)2s and ( 902, Oz)zs and various span-to-depth ratios. 

15 - 
14 - 
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ply configurations and span-to-depth ratios as high 
as 16 has been reviewed by Whitney et al.8.' They 
concluded that combined compression and shear 
stresses lead to complex failure modes which limit 
the usefulness of the test, even for comparative 
studies. The primary problem is that vertical cracks 
are formed prior to failure and that the vertical 
cracks appear to be required to induce delamination. 
In spite of the limitations of the test method for 
accurately measuring interlaminar shear strength, 
the short beam shear test can be useful for assessing 
the initial quality of a laminate and the degradative 
effects of environmental exposure. For example, the 
short beam shear strength will be low if fiber/matrix 
bonding is poor or if matrix and interface properties 
have been degraded by exposure of the laminate to 
high temperatures or thermal cycling. Apparent in- 
terlaminar shear strengths of the graphite /PMR- 
15 specimens are shown in Figure 7. Note that Fig- 
ures 5 and 7 represent the same test data calculated 
in two different ways [ i.e., using eq. ( 3 )  for flexural 
strength and eq. (5) for shear strength]. If shear 
strengths calculated according to eq. (5) were valid, 
the shear strengths in Figure 7 should approach a 
constant value at low span-to-depth ratios. This is 
not the case for either the (02, 9 0 2 ) 2 ~  or the (go2, 
Oz)2s specimens. Although accurate interlaminar 
shear strengths cannot be determined from the data 
of Figure 7, it does appear that the ( go2, O2 I2s spec- 
imens are stronger than the (02, 902)2~ specimens 

40 r 

35t r 

2 t"/ 10 

5 t  

Multiple 
delaminations 

1 I I I I I 
0 10 20 30 40 50 

Spanldepth ratio 

Figure 7 Apparent interlaminar shear strength of ( 02 ,  
902)28  and (go2, 0 2 ) 2 ~  laminates tested in three-point 
bending. 
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Figure 8 Effect of thermal cycling on the apparent 
flexural strength of ( 02 ,  902)2s specimens tested in three- 
point bending. 

at low span-to-depth ratios. Because the (02, 9 0 2 ) 2 ~  
and ( 902, 02)2s specimens were cut from the same 
laminate, the difference in strength must be a result 
of the ply stacking sequence and the location of fail- 
ure rather than a difference in the actual interlam- 
inar shear strength between the 0" and 90" plies. 

Because measurements a t  low span-to-depth ra- 
tios do not appear to represent the true interlaminar 
shear strength, the effects of thermal cycling on the 
three-point bend data will be presented only in the 
form of apparent flexural strength. Low temperature 
cycling (-85 to 85°C for 500 cycles) was used to 
simulate thermal loads experienced by satellites in 
low Earth orbit. High temperature cycling (32- 
260°C for 100 cycles) was used to simulate service 
conditions for polymer matrix composites in aircraft 
gas turbine engines. The effect of thermal cycling 
on the strengths of (02, 9 0 2 ) 2 ~  and ( 9 0 2 , 0 2 ) 2 ~  spec- 
imens is shown in Figures 8 and 9. The failure modes 
for the uncycled specimens were described above. 
Thermal cycling had little effect on either the failure 
modes or the apparent flexural strength. The total 
number of acoustic events accumulated during de- 
formation was smaller for specimens that had been 
thermally cycled, with high temperature cycling re- 
sulting in a larger reduction in total events. The 
number of events is lower for the thermally cycled 
materials because some of the damage that would 
have been induced during the test by mechanical 
loading has already occurred during thermal cycling. 
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Figure 9 Effect of thermal cycling on the apparent 
flexural strength of ( 902, O z ) z ~  specimens tested in three- 
point bending. 

The distance between transverse cracks in the 90" 
plies varied from specimen to specimen and from 
ply to ply within a given specimen. However, the 
density of transverse cracks at  the site of maximum 
crack density was nearly the same (approximately 
two cracks/mm) for all specimens, regardless of 
thermal history. For ( 02, 902)2~  laminates, the max- 
imum crack density occurred in the 90" plies adja- 
cent to the outer 0" plies (plies 3 and 4 ) .  For the 
( 902, 0 2 ) 2 ~  laminates, the maximum crack density 
occurred in the 90" plies adjacent to the center 0" 
plies (plies 5, 6, 11, and 12) .  

Two additional sets of three-point bend experi- 
ments were conducted in order to examine the 
growth of damage prior to failure. First, acoustic 
events were monitored for specimens held under 
high static loads in order to determine whether stress 
relaxation and time dependent failure in the matrix 
were significant. A ( 02, 902)2~  specimen with a span- 
to-depth ratio of 45 was deformed to 70% of the 
expected failure load. The specimen was then held 
at constant deflection for 35 min before the deflec- 
tion was continued. During the hold at  constant de- 
flection, the load remained constant, and only a few 
acoustic events occurred. The deflection was then 
continued until the specimen failed. The load at  
failure was not affected by application of the static 
load. Similar results were obtained for lower static 
loads and for ( 902, 0 2 ) 2 ~  specimens. This indicates 
that time dependent effects are not significant for 
the room temperature tests. In a second set of ex- 

periments, ( 02, 902)2s specimens with a span-to- 
depth ratio of 45 were loaded and unloaded in a sin- 
gle cycle with maximum loads of 10, 30, 50, 70, and 
90% of the expected failure load. After the loading 
cycle, the specimens were cut in half by making a 
vertical cut along the length of the specimens. The 
pieces were then examined for cracks on both the 
original outer edge of the specimen and on the in- 
terior edge of the specimen exposed by cutting. Only 
a few cracks were observed on the outer edges, even 
after loading to 90% of the breaking load. However, 
cracks were observed on the interior edge with the 
maximum crack density located near the load point. 
The maximum crack density in the interior was 
much lower than the maximum edge crack density 
reported above ( 2  cracks/mm) for specimens loaded 
to failure. The density of interior cracks was not 
strongly affected by the magnitude of the applied 
load. This appears to be in conflict with the data of 
Figure 2, in which the number of acoustic events 
increases steadily as the load is increased. However, 
it is probable that some of the failure events are too 
small to be visible by optical microscopy at  low mag- 
nifications. Examination of selected specimens at  
magnifications up to 500 times did reveal smaller 
cracks that did not cross an entire ply. Tomkins and 
Williams" have noted that the extent of micro- 
cracking in Celion 6000 /PMR-15 laminates could 
be determined better by x-ray than by optical mi- 
croscopy. Further work, including x-radiography, is 
needed to determine the type and location of damage 
that occurs at  various strains during flexure testing 
of the G40-600/PMR-15 laminates. Because a single 
acoustic detector was used to obtain the data of Fig- 
ures 2 and 4, it was not possible to determine the 
location of the acoustic events recorded at  various 
times during the load-deflection cycle. Further ex- 
periments using two detectors would be useful for 
determining whether damage induced at  low strains 
is concentrated near the load point. 

Four-Point Bend Tests 

As mentioned above, the ideal failure mode for flex- 
ural specimens with high span-to-depth ratios is fi- 
ber tensile failure in the outer ply at  the location of 
maximum tensile stress. For three-point bend spec- 
imens, the region of maximum tensile stress is lo- 
cated directly under the load point. However, sig- 
nificant shear stresses are also present in this region. 
For four-point bend specimens, the region of max- 
imum tensile stress is located between the load 
points where the specimen is deformed in a pure 
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bending mode. Because the shear stress is zero in 
pure bending, failure analysis is simplified for four- 
point bend tests if failure occurs between the load 
points. Outside of this region (i.e., in the region be- 
tween the load points and the support points) the 
shear stress is nonzero. For specimens with the same 
span-to-depth ratio, the load required to produce a 
particular value of the maximum tensile stress in a 
four-point bend test is twice that required in a three- 
point bend test [ eqs. (3)  and (4)  ]. A t  equal values 
of the maximum tensile stress, the maximum shear 
stress in the four-point bend test is twice that in the 
three-point bend test." Although this analysis is 
based on simple beam theory, the shear stress for 
composite specimens will still be higher in the four- 
point bend test than in the three-point bend test as 
long as the specimens have the same ply layup. As 
a result, specimens that fail in flexure during a three- 
point bend test may fail in shear during a four-point 
bend test. 

Four-point bend tests were done using ( 02, 9 0 2 ) 2 ~  
and ( go2, 02)2s specimens with a span-to-depth ratio 
of 45. The effects of low temperature thermal cycling 
(-85 to 85°C for 500 cycles), mechanical cycling 
(50% of fracture load for 100 cycles), and combined 
cycling (500 low temperature thermal cycles fol- 
lowed by 100 mechanical cycles) were examined. For 
( 02, 902)2s specimens, extensive transverse cracking 
was present in all 90" plies after the flexure tests. 
Multiple delaminations occurred primarily at 0" / 
90" interfaces in the middle and top portions of the 
beams. Compressive failures were located on the top 
surface for only two of the specimens. One of these 
was near a load point, and the other between the 
load points. For ( 902, 02)2s specimens, transverse 
cracks also occurred in all 90" plies. Total delami- 
nations were located between the top 0" ply and the 
90" ply below it. Some localized delamination also 
occurred between other plies. No broken fibers were 
observed for either ( 02, 902 12s or ( 902, 02 )ZS speci- 
mens. Apparent flexural strengths are shown in Ta- 
ble I. The flexural strengths in Table I are lower 
than those shown in Figure 5 for the three-point 
bend specimens with a span-to-depth ratio of 45. 
The severe delamination, the lack of broken fibers, 
and the lower apparent flexural strengths for the 
four-point bend specimens indicate that shear in- 
duced delamination occurred before the tensile stress 
became large enough to break the fibers in the 
outer ply. 

The data of Table I indicate that thermal, me- 
chanical, and combined cycling have little effect on 
the apparent flexural strengths. Acoustic events re- 

Table I 
Cycling on Apparent Flexural Strength 
of Four-Point Bend Specimens With a 
Span-to-Depth Ratio of 45 

Effects of Thermal and Mechanical 

Apparent Flexural 
Strength (GPa) 

Specimen ( 0 2  9 902)ZS (902 t 02)ZS 

No cycling 1.0 0.69 
Thermal cycling 1.1 0.69 
Mechanical cycling 1.0 0.69 
Thermal and mechanical 

cycling 1.0 0.71 

corded during testing are shown in Figures 10 and 
11. Although strength is not reduced by thermal and 
mechanical cycling individually or combined, the 
number of acoustic events recorded during subse- 
quent testing is reduced. Thermal cycling reduces 
the number of events recorded at all strains. Me- 
chanical cycling eliminates acoustic events at low 
strains, but has little effect at higher strains. These 
results are reasonable because thermal cycling 
causes damage throughout the specimen, and me- 
chanical cycling causes damage only in regions where 
damage would normally occur during the first half 
of the flexural test. The acoustic events recorded 
during mechanical cycling are shown in Figure 12 
for specimens with no prior thermal cycling and in 
Figure 13 for specimens with prior thermal cycling. 
Most of the damage occurs during the first mechan- 
ical cycle. Acoustic events that occur after the first 
cycle could be caused by further damage or by fric- 
tion between the surfaces formed by previous dam- 
age. Friction has been found to be a major source of 
acoustic emission during tension fatigue testing of 
cross-ply laminates.' If the acoustic events recorded 
during flexural loading were associated with friction, 
the number of events should increase as the extent 
of damage is increased by thermal or mechanical 
cycling. However, the data in Figures 12 and 13 in- 
dicate that both thermal and mechanical cycling re- 
duce the number of events. The acoustic events re- 
corded during mechanical cycling are therefore 
caused by further damage rather than by friction. 
The absence of friction related events is consistent 
with the observation of transverse cracking as the 
dominant subcritical damage mode because the 
cracks will open and close during mechanical cycling 
with no sliding (or friction) between the fracture 
surfaces. 



1116 ROBERTS, HO, AND WALLACE 

No cycling 
500 -- 

0 20 40 60 80 100 
Time. sec 

.. . . I . . .  ! .... ! .... ! .... ! .... .... 

.... I:...'.... f ....! .... I .... .... .... .... j .... f .... j .... i .... .... 
1 .... 1 .... 1 .... .... 

.... .... 

.... 

0 20 40 60 80 100 
Time, sec 

After thermal cycling 

0 20 40 60 80 100 
Time, sec 

After thermal and 
mechanical cycling 

0 20 40 60 80 100 
Time, sec 

Figure 10 Effect of low temperature thermal cycling and mechanical cycling on acoustic 
events recording during four-point bend testing of ( 02, 902)2S specimens with a 45/ 1 span/ 
depth ratio. 

CONCLUSIONS 

A large amount of subcritical damage occurs during 
flexural loading of G40-600/PMR-15 cross-ply 
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specimens. Apparent flexural strengths of G40-600 / 
PMR-15 cross-ply specimens are not reduced by 
mechanical and thermal cycling if the damage in- 
duced does not exceed that which occurs normally 
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Figure 11 Effect of low temperature thermal cycling and mechanical cycling on acoustic 
events recording during four-point bend testing of ( 902, O z ) z ~  specimens with a 45/ 1 span/ 
depth ratio. 
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Figure 12 Effect of low temperature thermal cycling on acoustic events recorded during 
subsequent mechanical cycling of ( 02, 902)2s specimens tested in four-point bend. (Span/ 
depth ratio = 45/1. Maximum load = 50% of the failure load.) 

during the flexural test. As a result, flexural strength 
measurements alone provide little information about 
the damage induced by thermal and mechanical fa- 
tigue. The onset of damage during flexural testing 
can be easily detected by monitoring acoustic emis- 
sion with a single detector. Two detectors can be 
used to determine the location of subcritical damage 
that occurs at various strains during the flexural 

test. Further work is needed to determine the types 
of failure associated with particular acoustic events. 
More extensive testing of mechanical properties 
would be required to determine whether or not the 
damage caused by thermal and mechanical fatigue 
could be tolerated in a particular application. How- 
ever, the flexural test data indicate that a substantial 
amount of damage may be tolerated in applications 

No thermal cycling 
,I) 700 P . .  . -!-- . .  . 
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Figure 13 Effect of low temperature thermal cycling on acoustic events recorded during 
subsequent mechanical cycling of ( 902, 0 2 ) 2 ~  specimens tested in four-point bend. (Span/ 
depth ratio = 45/1. Maximum load = 50% of the failure load.) 
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for which flexural strength is the primary design 
consideration. This could include some applications 
for satellites in low Earth orbit, but only if the ad- 
verse effects of damage on compressive strength, 
modulus, and coefficient of thermal expansion could 
be tolerated. For high temperature aeronautics ap- 
plications, the reduced compressive strength and the 
accelerated rate of oxidative degradation caused by 
microcracking are critical issues. For these appli- 
cations, acoustic emission measurements provide 
useful information about the growth of damage dur- 
ing thermal cycling. The feasibility of measuring 
acoustic emission at higher temperatures and during 
thermal cycling should therefore be considered. 
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