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ABSTRACT

v

Disks of silicon carbide continuous fiber-reinforced [(Oé/906)4s] aluminum were sup-
ported circumferentially on one side and loaded at the center of the other side with a
pin. Maxima principal tensile surface strains were determined during flexing with strain

gages.

Failure under monotonic loading initiated on the convex side of the disks with the
formation of multiple breaks in the first layer of fibers. With further flexing, cracking
extended to inner fiber layers. Finally, fracture extended through the convex surface
layer of the aluminum matrix. On cyclic flexing. fiber cracking was found to be the fail-
ure mechanism whenever the cyclic principal surface strain range was 0.0035 or greater.
For cyclic strain ranges less than 0.0035, slip bands and cracks were formed in the
matrix in addition to the cracks formed in the fibers. The cyclic strain range limit for
~10” cycles ot life was found to approach 0.0015. The latter limit corresponded to a max-
imum_ cyclic fiber strain of 0.00132, which is only 15% of the fiber strain to fanlure
under monotonic uniaxial composite loading. <., . R !
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INTRODUCTION

The introduction of fiber-reinforced composites in structural design has created the nced
to develop new test procedures for rating these materials. The assessment of the pertor-
mance of such composites under biaxial loading should increase their reliability and applicabil-
ity. Szpecxmens such as the cruciform,'™ the thin wall cylmder5 ' and the center-cracked
plate'” have been used extensively to investigate the response of isotropic materials to biaxial
loading. These three specimens, however, may not be appropriate for all types of fiber-
reinforced composites. It has been shown that in certain composites, premature failure by
fiber debonding can initiate at locations of stress concentration or where a change in the
specimen’s contours exists. 1314 Because of these trends, the cruciform and the center-cracked
plate could be poor candidates for biaxial testing of fiber-reinforced composites, especially
those reinforced unidirectionally. The thin wall cylindrical specimen, on the other hand, could
be promising for certain applications (i.c., pressure vessels) provided that the cost of produc-
ing it or its availability are not problematic.

Several investigators have used a cucumfcrenuallz clamped disk, prcssurlzed from one
side, to conduct biaxial testmg of metallic materials.! Shetty et al.,** developed a lixture
for testing ceramic disks in biaxial flexure. Shetty used pressurized mercury to umiormly load
Al,O4 dlSkS on one side, while the other side was freely supported circumferentially. Quinn
and Wirth?? loaded Si3Ny4 disks with a small hollow cylinder.

In the present study, an approach similar to Quinn’s is used to assess thc response of a
silicon carbon continuous fiber-reinforced aluminum composite to biaxial tensile flexure. A
test parameter which relates to failure initiation is identified and used to characterize the per-
formance of the composite.

MATERIALS, SPECIMENS, AND TEST PROCEDURES

Plates (25 cm x 25 cm) of 6061 aluminum (not containing significant amounts of Li) rein-
forced with continuous fibers (0.14-mm diameter) of silicon carbide (SiCy/Al) were procured
from AVCO. The cross-ply [(0°/90%)4s] composite plates were 1.6-mm thick. The fiber vol-
ume content of the composntes was 45% to 47%. The (0°/90°)4s [and (0°) for comparison]
composite properties'? are listed in Table 1. The fiber modulus of elasticity, the ultimate ten-
sile strength, and the Poisson’s ratio were 386 GPa, 2992 MPa to 3289 MPa, and 0.19, respec-
tively.*> Typical values ot the ultimate tensile strength, the 0.2% olfset yield strength, and
the endurance limit of the 6061 aluminum matrix (T6 condition) are 290 MPa, 262 MPa, and
193 MPa, respectively.™  The matrix modulus ot clasticity can be assumed to be 69 GPa.

Disks with a diameter of 50.8 mm were cut with a cylindrical hollow diamond drill using
an appropriate fluid as coolant and lubricant and at 3500 rpm cutting specd. Thesce disks
were used to conduct biaxial tension-tension tlexural tests.




Table 1. TYPICAL COMPOSITE MECHANICAL PROPERTIES

Material Test Direction UTS(MPa)* EGPa)T vk er**
SIiCy/A! (07 Parallel to Fibers 1273 204 0.27 0.0089
SiCyAl (09 Normal to Fibers 76 118 0.125 0.0008
SiCy/Al - Along the 0° Fibers 629 136 - 0.0090
(0°/90%) a5

*UTS = ultimate tensile strength
tE = Young's modulus
= Poisson’s ratio
**ey = fracture strain

To conduct a biaxial flexure test, the composite disk was positioned on a steel supporting
ring, whose outside and inside diameters were 50.8 mm and 48.8 mm, respectively. Load was
transferred to the disk with a 12.2-mm diameter, 25-mm-long steel cylinder (Figure 1). Static
tests were conducted at a displacement rate of 1 mm/min. Flexural cyclic tests were con-
ducted at frequencies of 0.01, 1, and 4 Hz for fatigue lives of 0-500, 500- 10%, 10*, and more
cycles, respectively. In all fatigue tests, the first two cycles were conducted under manual con-
trol. A recovarable strain range (Figure 2) was determined as the difference between the
total strain at peak load and the residual (after load removal) strain. This strain range will
be discussed in greater detail in a subsequent section. Because the minimum strain (point C
in Figure 2) in these cyclic tests was practically zero, the R valuc (ratio of the minium strain
divided by the maximum strain) was zero. The load-strain relationship was monitored with a
digital oscilloscope and the load was varied appropriately so as to keep the strain range con-
stant during cyclic flexure. Plots of load versus strain were made periodically under manual
machine control with a X-Y recorder. The slope of segment BC in Figure 2 will be referred
to hereafter as the stiffness.

: Recoverable Strain Range

Crosshead ———=1Z %
},; ——— Loading Pin

P Yoy
( Supporting Ring

Load
ST l‘\;“

Actuator — % > !
=7
| ’ 0 C D
‘ Strain
Figure 1. Loading arrangement Figure 2. Definition of recoverabie
for biaxial flexure. strain range.

The displacements of the loading pin and the disk’s center were monitored with the
Instron’s actuator displacement transducer and a LVDT, respectively. The two displaccments
were found to be nearly identical (any difference was less than 0.05 mm). Strain measurc-
ments were determined with 1 mm x 1 mm, 350 ohm resistance strain gages which were posi-
tioned on the disks at a stratcgic location. This position was determined expcrimentally.




Metallographic examination of specimens was conducted to determine the nature and the
extent of the damage generated during testing. Because of a residual curvature in many
tested disks, detection of this damage by ultrasonic C-scans®® was abandoned. X-ray examina-
tions failed to detect the generated damage.

EXPERIMENTAL RESULTS
The Response Monitoring Parameter and Strain Distributions

The displacement of the center of the disks during flexural loading was first examined as
a material response monitoring parameter. The relationship between this displacement and
the applied load is depicted in Figure 3. The reproducibility of the curve presented a variabil-
ity of + 8%. It was found, however, that the relationship between displacement and load was
not sensitive to localized composite yielding (which initiated at 410 N) and to damagc gencr-
ated in the composite during the flexural loading.

Displacement W {mm)
)
1

054 /

0 " é ' 3
Load (KN)

-

Figure 3. Relationship of loads and displacements.

The principal strain €, which was through the thickness of the disks, was compressive
and maximum at the centers of their concave (during flexure) sides and vanished on their con-
vex sides. However, for the load range used in thesc tcsts, the maximum absolute value of
this principal strain was at least one order of magnitude less than the maximum valuc of the
other two principal strains. Thus, under flexural loading, the concave surface of the disk was

under triaxial compression (within the loading pin area) and the convex surface was ander
biaxial tension.

The strain distribution on the convex surface of the disks was mapped during flexing to
determine the maxima in the tensile strains which would then be used to assess thc composite
response. The distribution of these surface tensile strains was determined from mcasurements
with strain gages. The surface tensile strains along the principal directions X and Y (X and
Y paralicl to the 0° and 90° fibers, respectively) were found to be constant and cqual to
cach other within a radius of 6.1 mm from thc centers of the disks (within the boundary
ADBC in Figure 4). The principal surface strains dccrecased with distance from this boundary




to zero at the edges of the disks (points E, G, F, H). Because of the magnitude of thesc
strains, and knowing that ceramics are sensitive to tension rather than compression, it was felt
that failure of the composite would initiate within the boundary ADBC. The disks symmetry
planes were found (from measurements with strain gages) to be coincident with their neutral
planes during flexure. Thus, assuming good bonding between the matrix and the fibers, a lin-
ear relationship existed between the magnitude of the principal strain and its distance from
the neutral plane. The principal fiber strain €., however, being the furthest from the neutral
plane was also the greatest. Thus, the surface principal strain e, was chosen as the material
response monitoring parameter and was retrieved during flexure with a strain gage which was
positioned at 5 mm from the center of the disks.

Cross-Ply Composite

Figure 4. Strain distributions.

Monotonic Fliexurai Response

The response (surface principal strain ey) of a typical composite disk to the flexural biax-
ial tensile loading is depicted in Figure 5. The initial stiffness on loading was 259 KN/cm/cm.
After point A (410 N). a change in the slope of the curve is evident. This change in slope
was associated with matrix yiclding which introduccd a minute curvature in disks which were
tested beyond point A. Because of this curvature, damage detection by C-scans became a
very cumbersome procedure and, thus, was abandoned. The value of the stiffness at point B
was 482 KN/cm/cm. In the author’s opinion, this incrcase in stiffness was the result of a com-
bination of strain hardening of the aluminum matrix and the removal of internal residual
stresses by plastic deformation of the aluminum matrix. Johnson®® used the same justification
for an increasing stiffness during the cyclic tension-tension uniaxial loading of B/Al coupons.
The internal residual stresses were introduced in the composite on cooling to room tempera-
ture after thermal processing. During cooling, the matrix was forced into tension by the
ceramic fibers because of a diffcrence in thermal contraction. Thus, in the as-received condi-
tion, the aluminum matrix suffers an elastic, thermally induced tensile strain.’ A permanecnt
strain of 0.00177 was noticed after removing the load (point C). On rcloading the specimen,




a hysterisis loop was {ormed and the load-strain curve rcturned to point B (1268 N load).

At point D, the load was 2450 N and the total strain was 0.0095. With further increasce in
load, a decrease in the slope of the curve incurred and the load rcached a maximum of 2900
N (point E). At point E (strain ey, of 0.01225), the load was removed. The residual strain
was 0.0044 (point F). The stiffness at point E was 369 KN/cm/cm. This stiffness (ignoring
the boomerang shape of the segment EF which was attributed to a surface crack) was less
than that at point B. This decrease in stiffness was caused by damage which was introduced
in the composite during loading.

2,500

2.00¢
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Figure 5. Response of the cross-ply compaosite to
monotonic biaxial tension-tension fiexure.

Cyclic Flexural Response

The cvelic flexural behavior of a typical disk is depicted in Figure 6. The disk was ini-
tially loaded to 1268 N and then unloaded. The total surface principal strain at peak load
was 0.0056 and the residual strain (after unloading) was 0.00177. Thus, the recoverable sur-
face principal strain range was 0.00383 and the initial stiffness was 331 KN/cm/cm. Cyclic flex-
ing within this strain range continucd and sequential plots of load versus strain were made to
evaluate the stiffness degradation and the decrease in the maximum cyclic load applied to the
disk as functions of the fatigue cycles. The decrease in the maximum cyclic load was ncces-
sary in order to maintain the surface principal strain range constant during testing. After 16
cycles, the peak load had decreased by 322 N. This decrement was 25.4% of ihe original
peak load and was attributed to damage introduced in the composite during flexing. Fatigue
cycling under constant strain range was continued to 38 cycles without any further decrease in
the peak load. This was interpreted as an indication that a state of saturation in the extent
of fatigue damage had been reached in the composite. The peak load at this point was 946
N and, assuming elastic behavior, it corresponded to a residual stiffness of 247 KN/cm/cm. -
The bending of the lower portion of the curve into a boomerang shape after the 16th cycle
was attributed to a crack which extended through the surface matrix layer.
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Figure 6. Response of a cross-ply disk (A10) to
biaxial tension-tension cyclic flexure.

Fatigue data were generated for various surface principal strain ranges. The results of
these tests are depicted in Figure 7. The points shown represent failures which corresponded
to a 10% decrease in the load-carrying capacity of the disks. The dashed line represents the
border below which no failures were observed. The limiting surface cyclic principal strain
range for a fatigue life of 10° cycles is approaching the value of 0.0015, which corresponds to
a maximum cyclic tensile fiber strain range of 0.00132. This latter strain is only 15% of the
strain to failure of the composite under uniaxial monntonic loading (see Table 1).
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Figure 7. Biaxial tension-tension fatigue of (0°/90%ss SiCi/Al-45V/o fiber.
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Assessment of the Damage

Failure of the composite disks under monotonic loading initiated on the convex side (ten-
sion) with the formation of multiple cracks in the nearest to the surface layer of [ibers. The
formation of these fiber breaks initiated between points B and D of Figure 5. At these two
points, the maxima tensile fiber strains were 0.0038 and 0.0083, respectively. With further flex-
ing, cracking extended to the first layer of 90° fibers and then the sccond layer of the 0°
fibers. Finally, fracture extended through the surface layer of the aluminum matrix (Fig-
ure 8). The cracks shown in Figure 8 had their planes parallel to the thickness of the disk
and were within a 5-mm radius from the center of the disk. The boundaries of these cracks
guided the authors in the strain gage site selection for the assessment of the composite
response to the biaxial flexural tensile loading. With further loading, the cracks linked up to
form an oval-shaped ring crack. A parallel to the 90° fibers, radial crack was also formed at
this later stage (Figure 8). No fiber breaks were found in the compression side of the flexed
disks.

Figure 8. Surface cracks in a
cross-ply composite disk.

The fiber breaks in the first 0° and 90° fiber layers shown in Figure 9 and Figure 10,
respectively, were formed under a cyclic surface principal tensile strain range of 0.00329, and
after 28 cycles of flexural loading. The average number of fiber brecaks per unit length was
2 mm to 3 mm. These fiber breaks defined a damage zone which spread to a radius of 3
mm around the disk’s center. The top portion of the second layer of 0° fibers was also
cracked (Figure 9). The partially cracked fibers indicated that crack arrest action had
occurred. The latter action implied that a minimum in the cyclic loading conditions for crack
propagation had been reached. Assuming a lincar relationship between strain and distance
from the neutral plane (during flexure), the corresponding maximum cyclic fiber strain in this
fiber layer was 0.0024. Fatigue-generated slip bands in the matrix were frequent. These slip
bands (shown by arrow in Figure 11) were found to be always associated with the fiber/matrix
interface and were indicative of a shearing action. This tendency of the matrix to shear dur-
ing flexure led to the nucleation and developrient of the parallel to the plies crack shown in
Figure 12. This crack was bridging thc top of the first 0° layer of fibers. In scveral disks, a
similar shearing action had initiated multiple cracks which were parallel to the plies, but not
bridged to a single crack. These shear cracks were formed whbenever the surface cyclic




principal strain range was less than 0.0035. This strain range value should be expected to be
dependent on the degree of bonding of the matrix onto the fibers. In the author’s opinion,
the shear cracks were nucleated from the slip bands shown in Figure 11.

A disk which sustained a cyclic surface principal strain range of 0.003 for 6,000 cycles,
exhibited fiber breaks which extended in the first layer of 90° fibers with a density of
0.5 mm. Shear cracks bridging the fibers were also detected in this disk. These cracks were
more profound in the tension side of the disk (Figure 13). An additional feature of fatigue
damage became evident during the metallographic examination of this disk. Matrix cracks
which formed a 30° angle with the disk’s thickness formed on both the tensile and compres-
sive sides of the disk. These cracks are depicted in Figure 14 (indicated by the arrow).
Numerous cracks through the aluminum matrix surface layer were also detected (Figures 13
and 14). The latter cracks were common in most tested disks and should not be associated
with the cracks depicted in Figure 8. The cracks shown in Figure 8 were formed under mono-
tonic loading.

Figure 9. Damage of the 0° fibers in a cross-ply disk.




Figure 10. Damage of the 90° fibers in a cross-ply disk.

Figure (1. Slip bands in a cross-ply disk.




Figure 12, Parallel to the plies cracksin a cross-ply disk.

Figure 13. Multiple shear cracks in a cross-ply disk.

10




Figure 14. Inclined cracks in a cross-ply disk.

DISCUSSION

Although the relationship between the displacement of the center of the disk and the
applied load could provide useful information about the damage introduced in the composite,
it reflected a material response of the entire specimen. Thus, it represented a gross compos-
ite response and, as such, it was not as sensitive to localized damage as was the maximum
principal tensile strain. The strain gage signal was associated with a maximum tensile loading
only and, thus, it was directly related to the damage introduced in the tension side of the
disk during flexing.

The selection of the parallel to the 0° fibers principal surface strain as the composite
response monitoring parameter was based on the fact that these fibers suffered the maximum
tensile strain during flexure. This was becausc these fibers were the farthest from the ncutral
plane of the flexed disk: thus, they were expected to fail first. The positioning of the strain
gages monitoring this principal strain at 5 mm from the disks’ centers was based on cxperimen-
tal observations on the location of the final through the matrix cracks. These cracks, shown
in Figure 8, initiated within the segment DE of Figure 5. As was discussed earlier, the pri-
mary cracks were always forming within a distance of 5 mm around the disks’ centers. This
finding was significant because it indicated that the final failure initiated within a uniform prin-
cipal surface strain ficld. The latter was found to extend 6.1 mm from the disks' centers.

This boundary was found to also be the envelope of the composite damage which was gener-
ated during the cyclic flexing.

Metallographic examination of a number of tested disks indicated that cracking of the
first 0° fiber layer initiated between points B and D of Figure 5. At points B and D. the

e —————————————




surface principal strains were 0.0043 and 0.0095, respectively. The related maxima tensile
fiber strains were 0.0038 and 0.0083. Fracture extended to inner fiber layers as loading
approached point E. Near point E, the four primary surface cracks of Figure 8 were formed.
These cracks were responsible for the boomerang-like shape of the loading and unloading
curves at point E. The associated stiffness was 369 KN/cm/cm, which, when compared to the
stiffness at point B (which was 482 KN/cm/cm), reflected a decrease of 23%. Thus, the reduc-
tion in stiffness could be a measure of the damage accumulated in the composite disk during
the monotonic biaxial loading. This association, which also applies to cyclic flexing, was con-
trary to the composite response under uniaxial tensile loading. Because the failures were of
a catastrophic nature, a decrease in stiffness due to composite damage did not occur in the
latter case.'

The selection of 10% decrease in the maximum cyclic load under a constant cyclic strain
range as the failure criterion was not arbitrary. The surface aluminum matrix underwent
some strain hardening during cyclic flexing which, in combination with occasional surface
cracks, could lead to a temporary 2.5% change in stiffness. In many cases, this 2.5% change
in stiffness vanished with continuing cycling, probably due to a redistribution of the loads and
the consequent matrix hardening. However, it was verified that once the ::iffiess decrease
exceeded 5%, the decrease was permanent. A 10% decrease in stiffness was selected to
achieve a safety factor of 2 that the decrease was permanent. Although continuing cyclic load-
ing beyond this 10% decrease in stiffness did not lead to a catastrophic failure, the supported
load had to be decreased by 10% in order to maintain a constant cyclic strain range.

With cyclic strain ranges greater than 0.004, the dominant damage mechanism leading to
specimen failure was fiber fraction. Thus, the 25.4% decrease in load-carrying capacity shown
in Figure 6 was solely due to fiber fractures. Experimental results suggested that a single val-
ued reflationship could exist betwcen the cyclic strain range and the extent of the saturation
damage introduced in the composite. The fiber crack density reached a saturation value of 2
to 3 cracks/mm in the first 0° ply after 16 cycles under a constant cyclic strain range of
0.00383. For cyclic strain ranges approaching the value of 0.003, the fiber crack density dimin-
ished. and defects in the matrix became more frequent. The latter defects were slip bands;
cracks parallel to the plies and cracks forming a 30° angle with the disk’s thickness (Fig-
ures 11, 12, and 14, respectively). A loss in stiffness could be attributed to the extent of the
damage introduced in the composite during cyclic flexing. This finding was contrary to the
cyclic uniaxial tensile loading of the composite where the failure was catastrophic and no loss
in stiffness could be correlated to the damage.'*

The limiting value of the maximum fiber cyclic strain under biaxial tension and for 10°
cycles of life was 0.00132. This limiting strain value was roughly 15% of the composite strain-
to-failure under monotonic uniaxial tension. It was found in earlier work'? that for a life
span of 10° cycles, the maximum cyclic fiber strain in uniaxial tensile fatigue was 0.00264.

The latter limit is twice the magnitude of the strain range limit under cyclic biaxial tension.
However, because the nature of the fatigue damage mechanisms under uniaxial tension was dif-
ferent from that under biaxial tension, these two cyclic strain limits were associated with com-
posite failures which were quite different in nature. Under uniaxial conditions, the composite
failure mechanism was random fiber fracture which led to a catastrophic specimen fracturc.

On the contrary, under biaxial loading, the failure related to a decrease in the load-carrying
capacity which did not lead to a catastrophic failure on subsequent cycling.

12




SUMMARY AND CONCLUSIONS

The disk specimen was used to study the response of a continuous silicon carbon fiber-
reinforced aluminum composite to biaxial tensile flexure. The maximum surface principal ten-
sile strain was constant within a radius of 6.1 mm from the disk’s center. This strain was
found to be sensitive to the damage introduced in the composite during flexing. Fiber break-
age under monotonic loading initiated within a fiber tensile strain 0.0038 to 0.0083. Under
cyclic loading, and for principal surface strain ranges exceeding 0.0035, the dominant damage
mechanism leading to failure was fiber breakage. At smaller surface strain ranges, slip bands
and cracks formed in the matrix. The limiting value of the cyclic fiber strain range for a life
of 10°® cycles was 0.00132. This strain was 15% of the composite failure strain under uniaxial
monotonic loading, and 50% of the maximum strain in uniaxial tensile fatigue.

13 .
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