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Microbuckling Failure of Circular Fiber-Reinforced Composites

L. B. Greszczuk*
McDonnell Douglas Astronautics Company, Hun ting ton Beach, Calif.

Theoretical and experimental studies are presented on microbuckling compression failure of fiber-reinforced
unidirectional composites subjected to compression loads parallel to the fiber direction. The approximate
microbuckling equation is derived by the energy method. Results predicted from this equation are compared
with test data and good agreement is found, indicating that for certain combinations of constituents,
microbuckling is a valid failure mode. The influence of the following parameters on microbuckling is in-
vestigated theoretically and experimentally: fiber volume fraction, fiber shape, fiber size, properties of fibers
and resins, fiber-end configuration, and specimen geometry. Other failure modes for composites subjected to
compression loading are also briefly discussed.

Nomenclature
v = transverse displacement (in.)
AK = change in strain energy (Ib/in.)
/ '= moment of inertia (in.4)
£ = buckle wavelength or specimen length (in.)
r = fiber radius (in.)
h = fiber diameter (in.)
2c = fiber spacing (in.)
m = number of buckle waves
k - reinforcement volume fraction
Ef = Young's modulus of reinforcement (psi)
Er = Young's modulus of resin (psi)
Gr = shear modulus of resin (psi)
GLT = shear modulus of composite (psi)
T = shear stress (psi)
7 = shear strain (in./in.)
yLT = shear strain in composite (in./in.)
P = compressive load (Ib)
CT = compressive stress (psi)
x,y,z = orthogonal coordinates
n,an = terms in a series, Eq. (2)

Subscripts
c = composite
r = resin
/ = reinforcement
S = shear mode

Introduction

A NUMBER of papers have been devoted to s;udy-
ng microbuckling as a possible failure mechanism for

multilayered, or multilaminae, continua and unidirectional
composites subjected to compressive loading in the direction
of fibers or laminae. The problem of internal stability of
single and multilayered media subjected to compressive
loading has been investigated extensively by Biot in numerous
papers and in his book.l For fiber-reinforced composites sub-
jected to compressive loading, fiber microbuckling as a failure
mode was apparently first suggested by Dow.2 Using
Timoshenko's column on the elastic foundation approach,3

Presented as Paper 74-352 at the AlAA/ASME/SAE 15th Struc-
tures, Structural Dynamics and Materials Conference, Las Vegas,
Nevada, April 17-19, 1974; submitted May 28, 1974; revision received
March 3, 1975. The work described herein was sponsored by the Air
Force Materials Laboratory, Air Force Systems Command, United
States Air Force, Wright-Patterson AFB, Ohio, under Contract
F33615-71-C-1399.

Index categories: Materials, Properties of; Structural Composite
Materials (including Coatings).

^Principal Engineer/Scientist, Advance Structures and Mechanical
Department. Member AIAA.

Rosen obtained equations for predicting the external loads at
which fiber microbuckling takes place.4 His mathematical
model was two-dimensional, whereby the fibers and the
matrix were idealized as laminae. The two possible buckling
patterns for which equations were derived were the extension
mode and the shear mode (Fig. 1). Solutions to microbuckling
of lamina-reinforced composties have also been obtained by
Schuerch,5 Hayashi6'8 Chung and Testa,9s Greszczuk,10 and
others. In addition to considering the elastic microbuckling,
Schuerch and Hayashi considered the inelastic microbuckling.
A review of the theroetical work on the problem is presented
by Greszczuk10'11 whereas in Ref. 12 Greszczuk presents ex-
perimental results for laminae-reinforced composites to verify-
the two-dimensional microbuckling theory.

The problem of microbuckling compression failure of
fiber-reinforced composites (three-dimensional problem) has
been considered by Sadowsky, Pu, and Hussain,13 Herrmann,
Mason, and Chan,14'15 and Greszczuk.16 The solutions given
by Sadowsky, et al.13 and Herrmann, et al.14'15 are for a
problem of microbuckling of single round fiber surrounded
and bonded by matrix material of infinite extent. An ap-
proximate solution to the microbuckling problem of
multifiber reinforced composites was obtained by Greszc-
zuk. 16 The latter solution and the experimental verification of
the results are the subject of this paper.

Theoretical Considerations
As was the case with lamina-reinforced composites, when a

circular fiber-reinforced composite is subjected to com-
pressive loading parallel to the fiber direction, two types of
microbuckling failures can take place: microbuckling in the
extension mode and microbuckling in the shear mode, the two
failure modes are illustrated in Fig. 1. In general,
microbuckling in the extension mode will take place if the
composite contains low volume fraction of the reinforcement
(&<0.10), whereas microbuckling in the shear mode will take
place when &>0.10.4 '5i9 'n '12 Since the fiber volume fractions
in actual composites are usually greater than -0.10, only
microbuckling in the shear mode is of interest and will be con-
sidered here. An approximate solution for the latter problem
can be obtained by using the energy method.

As a 'composite changes from the compressed but un-
buckled configuration to the buckled state, the change in
strain energy of the fiber AKy and the matrix AFr has to be
equal to the work done AT" by the compressive forces P.

(1)

Assuming that the fibers buckle in phase with one another
in a sinusoidal pattern expressed by the following series in v,
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assumed to vary only in .^-direction, that is,

Fig. 1 Possible buckling patterns for unidirectional composites.

_J

REPEATING ELEMENT OF
COMPOSITE

LAMINAE-REINFORCED
COMPOSITE

CIRCULAR FIBER-REINFORCED
COMPOSITE

Fig. 2 Laminae and circular fiber-reinforced composites,

(6)

in the case of circular fiber reinforced composites these quan-
tities are assumed to vary in x and z directions

T > y r—f(x> z)... ' • (7)

If a composite is subjected to an.externally applied axial
loading, conditions of symmetry require that the lines ab, be,
cd, and da (Fig. 2) in a deformed repeating element remain
parallel to the corresponding lines in the undeformed
material. In view of the assumption preceding Eq. (5), the
following relationship can readily be established between the
displacement of the fiber and shear strain the matrix4 at any
point z on the boundary of the repeating element

.(l/l~kz) (dv/dx)Jxyr (8)

where

(9)

k is the fiber volume fraction of a composite, z is a variable,
and c is defined in Fig. 2. Equations (8) and (9) apply to com-
posites containing a square array of circular fibers. For a
given shear strain in the matrix, the shear stress is

' xvr *

and Eq. (5) becomes

(10)

(I'D

which, after substitution for dv/dx and integration of the
resultant equation over the wavelength ?, yields

the displacement in the transverse direction,

" \^ n TT xan sin (2)
n = l

the strain energy of bending of the fiber is

d2v
dx2

dx = TT4EfI
(3)

The work done by the compressive force P acting on a fiber

(4)

Assuming that the fiber shear deformation is negligible as
compared to matrix shear deformation and neglecting the
changes in strain energy associated with extensional stresses in
the matrix, the change in strain energy for the matrix is

A V — l/-> \L±V r— / L \ d Vu Y (5)

dz

Combining Eqs. (1,3,5, and 12) and solving for P yields
n = 00

(13)

To determine the critical value of the load P we can proceed as
described in Ref. 3 and obtain the following expression

P,,= (14)

where m is the number of buckle waves-corresponding to Pcr.
The critical compressive fiber stress is

2cG, f c dz
-^-\-<(———k

7T2£V
(15)

where the integration extends over a repeating volumetric
element of composite. The task now is to relate the shear
stress' rxvr and shear strain yxvr in the matrix to the defor-
mation of composite and its microstructure. In contrast to
laminae-reinforced composites (Fig. 2) where 7vvr are

in which, for square fiber packing,

(16)

and t/m represents the buckle wavelength.
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It has been shown in Ref. 15 that

(17)

where GLT is the shear modulus of a circular fiber-reinforced
composite.

Combining Eqs. (15-17), minimizing with respect to m,
making use of relationship (af) crk= ( o c ) cr, the final
equation for microbuckling stress of a composite having
fibers with simply supported ends becomes

(ir2Ejk/4) (18)

If the fibers have fixed ends, the following equation ap-
plies16:

Efk(r/t)< (19)

To verify the validity and the limitations of the
microbuckling theory, extensive experimental studies have
been conducted on nearly perfect fiber-reinforced model com-
posites, the results of which are presented in the sections that
follow.

Experimental Studies on Microbuckling Failure
of Fiber-Reinforced Composite Models

The influence of the following parameters on the com-
pressive microbuckling strength of fiber-reinforced composite
models was investigated experimentally: fiber end fixity, fiber
volume fraction, fiber array, specimen geometry, fiber
diameter, and fiber and matrix properties. The various rein-
forcing materials and resin materials used in preparation of
the specimens are described in Tables 1 and 2.

The composite models were fabricated in aluminum molds.
The molds consisted of an elongated cavity of square cross
section in a block of aluminum. Both ends of the cavity were
closed with perforated aluminum plates. These perforated
plates were provided with the array, spacing, and size of holes
to give composites of various fiber volume fractions and
various fiber arrays, and to accommodate various size fibers.
To fabricate the composite models, the fibers were sand
blasted, cleaned with acetone, inserted in the mold, and held
in position by the end plates. Resin was then infiltrated be-
tween the fibers, and the assembly was cured. Each time a
composite model was fabricated, a resin casting was made
from the same resin batch as the composite. The resin casting

Table 1 Average properties of reinforcing materials (measured)

Reinforcement

Compressive
strength x l O ~ 3

psi

Young's modulus in
compression x 10 ~6

psi
Aluminum rods (6061-

T6) 50.0
Stainless steel rods 266.2

10.6
27.4

Table 2 Average properties of resins (measured)

Resin
A
B
C
D
E
F

Young's modulus
in compression

(ksi)
2.5

21.9
61.9

105.0
178.0 •
457.0

Poisson's
ratio
0.470
0.454
0.445

0.41

Remarks

| Highly nonlinear
J a— e curve

was cocured with the composite, and tested for mechanical
properties within ±3 hours from the time when the
corresponding composites were tested.

The dimensions of the test specimens were selected so that
the specimens would fail by microbuckling rather than by
Euler column buckling. For the composites that were tested,
the relationship between the critical Euler buckling stress,
(ae)c r , and the critical microbuckling stress, (a5)cr, for
microbuckling in the shear modet is16

*.)„«[ ( t / r ) 2

(12GLT/TT2Efk) (t/r)2+3
(20)

where r is the fiber radius, t is the width or thickness of the
composite specimen, GLT is the shear modulus of composite,
Ef is the Young's modulus of the fiber, k is the fiber volume
fraction, and e is the length of the specimen. For a typical
composite that was tested (£) = 10.6xl06 psi, £ = 0.50,
^ = 0.44 in., r = 0.039 in., £=2.5 in, GLT~2.25 Gr;er=818
psi) Eqs. (20) gives

( a ( ) c r = 24.8 (as)cr

Influence of Fiber-End Restraint
To establish the influence of the fiber-end restraint, ex-

perimental studies were conducted on fiber:]: -reinforced com-
posite models made with fibers having the following end con-
figurations: flat ends, pyramid-shaped ends, and rounded
ends. Figures 3 and 5 show specimens with fiber ends of
various shapes. The reinforcement material in these models
consisted of 6061-T6 aluminum rods arranged in square
array, while the matrix was Resin A. The fiber diameter of
composites shown in Fig. 3 was 0.125 in. while those shown in
Fig. 4 were made with 0.125-in. and 0.078 in. diam fibers.

The composites were tested in compression in an Instron
test machine, at a head speed rate of 0.05 in./min. Reference
16 contains the test results and complete descriptions of the
test specimens, and shows the typical failures of the various
specimens. The composites failed in one buckle wave as
predicted by Eq. (15). In all cases the direction of buckle wave
was approximately across the diagonal of the specimen's
cross-section. The comparison of experimental results with
theoretical results predicted by the microbuckling theory for
circular fiber-reinforced composites, Eqs. (18) and (19), is
shown in Fig. 5.

The latter shows that: 1) configuration of fiber ends has a
significant influence on compressive buckling strength of
composite models that were tested, and 2) theory for
microbuckling of circular fiber-reinforced composites agrees
quite well with the experimental data.

Influence of Fiber Volume Fraction
The volume fractions of composites that were fabricated

and tested in compression ranged from £ = 3.3% to k
= 64.6%. Figure 6 shows several composite specimens. All the
composite specimens contained flat-ended fibers. Typical
load-deflection curves for specimens containing various
amounts of reinforcing material are shown in Fig. 7. When
the critical microbuckling load was reached there was sudden
drop in load.

The comparison of experimental results with the theoretical
prediction, Eq. (19) is presented in Fig. 8. The theoretical
curve was calculated using the average specimen geometry as
well as average of all the properties of constituents correspon-
ding to all the specimens for which test data are shown in Fig.
8.

The fact that the specimens described here failed by
microbuckling follows similar reasoning to that presented in

t Assuming simply supported ends in both cases.
$The terms fibers, rods, and reinforcement are used here in-

terchangeably.
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Fig. 3 Composite test specimens made with circular fibers having
flat and pyramid shaped ends.

J^^M^

Fig. 4 Composite test specimens made with circular fibers having
flat and rounded ends.

——— THEORY CORRESPONDING TO FIXED FIBER ENDS

—— THEORY CORRESPONDING TO SIMPLY SUPPORTED
FIBER ENDS

Q] £] JEST DATA FOR COMPOSITES HAVING FLAT-ENDED
FIBERS (FIXED END CONDITION)

Q O TEST DATA FOR COMPOSITES MADE WITH FIBERS
HAVING ROUNDED ENDS (SIMPLY SUPPORTED ENDS)

TEST DATA FOR COMPOSITES MADE WITH FIBERS
HAVING PYRAMID SHAPED ENDS (SIMPLY SUPPORTED
ENDS) •

SPECIMEN LENGTH (VARIABLE)

FIBER RADIUS (VARIABLE)

50% (AVERAGE FIBER VOLUME)

THEORETICAL CURVES ARE BASED ON THE FOLLOWING
PROPERTIES: Gf = 818 PSI; Ef = 10.6xK)6psi; k = 50%

k

NOTE:

I I . I
/ULTIMATE COMPRESSION FAILURE

MICROBUCKLING FAILURE
(SIMPLY SUPPORTED FIBER ENDS/

10 o o 50
(2/r)2x 10"3

500

Fig. 5 Test theory comparison of compressive strength of com-
posites made with aluminum fibers having various fiber-end con-
figurations.

Fig. 6 Circular fiber-reinforced composite test specimens with dif-
ferent reinforcement volume fractions.

Refs. 11 and 16. Comparing the test data with theory based on
the assumption that the fibers fail by microbuckling, and
finding good correlation between the two, leads to a con-
clusion that fiber microbuckling is the failure mode.

Since the fiber-to-matrix modulus ratio of the specimens
for which data are shown in Fig. 8 was Ef/Er« 4,000 and the
reinforcement volume fractions ranged from &«3.3% to /:«
64.6%, all of the specimens failed in the shear mode as
predicted by Eq. (15) which gives critical value of of when
m — 1. The comments made here regarding the failure modes
of circular fiber-reinforced composites apply also to the
results presented in the sections that follow.

Influence of Fiber Array

Composites with three different fiber arrays were in-
vestigated experimentally; square, hexagonal, and arbitrary.
As before, the composites consisted of Resin A reinforced
with 0.078-in. diam aluminum rods in the amount of ap-
proximately 50 volume %. Except for fiber array, all
parameters remained constant. Figure 9 shows the three types
of composite test specimens, while the typical load deflection

curves for composites with different fiber arrays are shown in
Fig. 10. Table 3 shows the test-theory comparison for com-
pressive microbuckling strength of composites having various
fiber arrays. The composite shear moduli used in these
calculations were calculated from equations given in Ref. 17.
From the results shown in Table 3, it is not obvious how fiber
array influences the compressive microbuckling strength. This
in part is because the geometry of composites that were tested
was such that microbuckling was governed primarily by the
second term in Eq. (19), which does not involve the shear
modulus of the composite. By increasing the length of the
specimen or the shear modulus of the matrix, the compressive
microbuckling strength would be expected to be primarily a
function of the shear modulus of the composite. Figure 11
shows the predicted composite microbuckling compressive
strength as a function of shear modulus of the resin for com-
posites with two different fiber arrays.

Influence of Fiber Size and Specimen Geometry

The influence of fiber size on compressive microbuckling
strength of composites was studied using 25 rod composites
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NOTE:
COMPOSITES MADE WITH
RESIN A; REINFORCEMENT
MATERIAL WAS 0.078- IN.-
DIA ALUMINUM RODS,
ARRANGED IN SQUARE
ARRAY. DEFLECTION
OBTAINED FROM
MACHINE HEAD TRAVEL
OVER 2.5-IN. LENGTH.
HEAD TRAVEL COR-
RECTED FOR MACHINE
COMPLIANCES.

Fig. 9 Composite test specimens with square, hexagonal, and ar-
bitrary fiber arrays.

0 0.005 0.010 0 0.005 0.010 0 0.005 0.010

DEFLECTION (IN.)

Fig. 7 Typical load-deflection curves for circular fiber-reinforced
composites subjected to compressive loading.

COMPOSITES MADE WITH RESIN A; REINFORCEMENT MATERIAL
WAS 0.078-IN.-DIA ALUMINUM FIBERS; DEFLECTION MEASURED
OVER 2.5-IN. LENGTH.

20

15

10

THEORY (EQUATION 19)

MICROBUCKLING THEORY; CURVE
BASED ON THE FOLLOWING
AVERAGE PROPERTIES:

Gr = 818 PSI (SHEAR MODULUS
OF RESIN)

Ef = 10.6 x 106 PSI (YOUNG'S
MODULUS OF FIBER)
0.078 IN. (FIBER
DIAMETER)
2.50 IN. (SPECIMEN
LENGTH)

h =

2 =

QQTEST DATA FOR COMPOSITES

40 60 80

SQUARE FIBER
ARRAY, k = 53.8%

'HEXAGONAL FIBER
ARRAY, k = 50.9%

r ARBITRARY FIBER
ARRAY, k ~ 46.2%

REINFORCEMENT VOLUME, k(%)
0.01

Fig. 8 Test-theory comparison of compressive micro-buckling
strength of circular fiber-reinforced composites having various fiber
volume fractions.

0 0.01
DEFLECTION (IN.)

0.01

Fig. 10 Typical load-deflection curves for circular fiber-reinforced
composites having various fiber arrays.

Table 3 Test-theory comparison of compressive microbuckling strength of composites having various fiber arrays

Composite failure stress (psi)

Fiber
array
Square
Square
Hexagonal
Hexagonal
Arbitrary
Arbitrary

Fiber
volume
fraction

53.0
52.6
46.2
46.2
47.7
48.5

Resin
shear

modulus
Gr (psi)

827
816
877
849
724
776

Test
14,620
14,320
12,980
12,560
12,930
13,920

Theory
15,850
15,660
13,460
13,402
13,720
14,092

Test
Theory
0.922
0.915
0.964
0.936
0.942
0.988
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<
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RESIN SHEAR MODULUS, G x 10" PSI

Fig. 11 Theoretical results on influence of resin shear modulus, fiber
content, and fiber array on compressive microbuckling strength of
composites.

Fig. 12 Composite test specimens with various diameter fibers and
reinforcement volume of 50%.

reinforced with 6061-T6 aluminum fibers of the following
nominal diameters: 0.020, 0.030, 0.060, 0.078, and 0.125 in.
All the rods of various diameters were machined on a cen-
terless grinder from 0.125-in. diam rods. This was done to
minimize any variations in material properties that could have
existed if extruded rods of various diameters were employed.
The composites were made with Resin A and contained ap-
proximately 50 % reinforcement by volume. The specimen
length-to-fiber-diameter ratio was approximately the same for
all the specimens.

Several of the test specimens are shown in Fig. 12, while
typical load-deflection curves for composites made with
various size fibers are shown in Fig. 13. Table 4 shows a com-
parison of experimental results with theoretical results pre-
dicted from Eq. (19).

Since all composites had approximately a constant (?/r)
and contained approximately the same amount of reinforcing
material, they should have had approximately the same com-
pressive strength, as predicted by Eq. (19). As shown in Table
4, this is not true; there appears to be fiber size effect. Except
for composites made with 0.125-in. diam rods, the com-
pressive strength is shown to decrease as the fiber diameter
decreases. One possible reason for compressive strength
decrease of composites with decreasing fiber diameter is the
influence of initial imperfections. As the fiber diameter
decreases, the fibers become more flexible and are more likely
to possess imperfections such as slight curvature. These im-
perfections could have been introduced during grinding of
rods, during preparation of composite specimens, or during

Q

§
200

150

100

50

h = 0.0212 IN.
k = 0.514
S. = 0.640 IN.

0 0.01 0.02
DEFLECTION (IN.)

3 500

§ 400
O
i 30°
>
w 200
W
LU
£ 100
o

h = 0.0297 IN.
k = 0.494
fi = 0.962 IN.

0.01 0.02
DEFLECTION (IN.)

0.050.01 0.02 0.03 0.04
^ DEFLECTION (IN.)

NOTE: LOAD RATE WAS 0.05 IN./MIN.
DEFLECTIONS OBTAINED
FROM MACHINE HEAD TRAVEL.
DEFLECTIONS ARE OVER
LENGTH 8

Fig. 13 Load-deflection curves for composites made with fibers of
various diameters.

Fig. 14 Composite test specimens of various sizes.

curing of composites. As shown in Ref, 16, for a composite
made with'0.0212-in. diam fibers, a fiber bow in the amount
of 0.0015-in. arc height in 0.64-in. length would be sufficient
to cause strength reductions shown in Table 4. As to the com-
posites made with 0.125-in. diam rods, no explanation has yet
been found for the sudden trend reversal in strength vs fiber
diameter. The only thing different about the latter composites
was that no machining was done on the 0.125-in. diam to
various smaller diameters. Thus, there exists a possibility that
the as-received 0.125-in. diam rods contained imperfections.
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Table 4 Test-theory comparison of compressive microbuckling strength of composites with various size fibers

Compressive strength (psi)

Fiber
diam.
(in.)

0.0212
0.0212
0.0297
0.0297
0.0602
0.0602
0.0779
0.0779
0.0779
0.1255
0.1255
Average

6 ———
RE

a • -1',
n
b
^ 4 —
Q

o
J 3 -
at

* 1CO 9 — /
01 * /s , 7

L
0

Resin
Fiber shear

content modulus
(%) (psi) e/r

43.8 622 60.2
43.5 622 60.3
48.5 927 64.8
46.7 927 64.8
50.0 826 63.8
51.1 877 63.8
53.0 827 64.2
52.6 816 64.2
52.6 851 64.2
50.4 767 63.7
49.3 777 63.7
49.3 804 63.4

NOTE: REINFORCEMENT MATERIAL CONSISTED OF
0.078-IN.-DIA 6061-T6 ALUMINUM RODS
ARRANGED IN SQUARE ARRAY. REINFORCE-
MENT CONTENT WAS k = 53.8% DEFLECTION
OBTAINED FROM MACHINE HEAD TRAVEL,
AND WAS CORRECTED FOR MACHINE
COMPLIANCES

RESIN 8: RESIN C: Er- 61.960 PSI

10 PSI ~ /"\ """ / \

/ \ — /
/ /

I f /
/ ~ / ~~ /

7 7
r T 7

/ /i l r i i / i i i
0.01 0 0.01 0.02 0 0.01 0.02 0.03 0.04 0.05

DEFLECTION (IN. OVER 2.5-IN. SPECIMEN LENGTH)

Test

9,990
10,260
10,940
11,330
12,360
13,260
14,620
14,320
13,870
13,000
12,230

Theory

13,892
13,825
14,410
13,800
14,992
15,520
15,738
15,658
15,678
14,965
14,660

Test
Theory

0.719
0.741
0.760
0.822
0.824
0.854
0.931
0.916
0.885
0.869
0.834

O D A H TEST DATA ~
O 25-ROD COMPOSITES

ADS 9-ROD COMPOSITES
Q RESIN WITH HIGHLY

NONLINEAR a-e CURVE
A fi = 1-5 IN.

CO
Q.

o 500 ——— —————— —
X
Hitr
D

— THEORY BASED ON FOLLOWING
AVERAGE PROPERTIES,

k = 0.506
fi = 2.5 (EXCEPT AS NOTED)
Ef = 27.4x1 0^ PSI
af = 266.2 KSI

U
F

< MICROBUCKLING FAILURE
"• PREDICTED BY E
< 100 —————— ^e-
ffi N

k ^
UJ HMMMMMi M«

CO \—\

Q.

i

° 10

0.1 0.5

QUATION 19

\

JL-—— -̂

1 5

LTIMATE COMPRESSION-
AILURE \

Ny

/~
^-^®
9

7T"
a

10 50 100

Fig. 15 Typical compressive load-deflection curves for aluminum
rod-reinforced composites made with resins having different moduli
of elasticity.

RESIN SHEAR MODULUS, Gr x 10'3 PSI

Fig. 16 Test-theory comparison of compressive strength of com-
posites consisting of stainless steel rods and resins with different shear
moduli.

In addition to the tests on composites of various dimensions
made with fibers of various sizes, several composites were
fabricated whereby the length and size of the composite was
the test variable. The largest and the smallest of these com-
posites are shown in Fig. 14.

Influence of Constituent Properties
The reinforcing materials and the matrix materials used in

this investigation are described in Tables 1 and 2. Composite
specimens were prepared from various combinations of con-
stituents and were tested in compression as described
previously. Most of the composites that were tested contained
25, 0.078-in. diam rods arranged in square array and con-
tained appproximately 0.50 reinforcement material by
volume. Moreover, all specimens tested were of ap-
proximately the same geometry. In the case of aluminum rod-
reinforced composites, the influence of both the rein-
forcement content and the matrix properties on compressive
failure of composites was investigated. In the case of stainless
steel composites, matrix material was the only test variable.
Figure 15 shows typical load-deflection curves for composites

made with aluminum rods and three different resins. All com-
posites made with Resin A failed by elastic microbuckling.
Composites made with Resin B exhibited some nonlinearity in
the load-deflection curve near the point of failure, indicating
initiation of yielding of the reinforcement. Composites made
with Resin C failed by compression yielding followed by
inelastic buckling. Similar results were obtained for com-
posites reinforced with stainless steel rods.10'11 A comparison
of experimental results obtained from specimens discussed in
this section with theoretical results predicted by Eq. (19) is
shown in Figs. 16 and 17.

Discussion and Conclusions

From the experimental results presented in the previous sec-
tion, it is obvious that for composites made with low modulus
resin, microbuckling is the critical failure mode. As the
Young's and shear moduli of the resin are increased, the mode
of failure changes to nonmicrobuckling compression failure
of the reinforcement (Fig. 17). The nonmicrobuckling com-
pressive failure stress can be obtained from the following ap-
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®QG)TEST DATA FOR COMPOSITES
Q RESIN A; SPECIMEN WITH UNBONDED FIBERS
©2 = 3JOIN.

————— THEORY (EQUATION 19) BASED ON FOLLOWING
AVERAGE PROPERTIES:
k = 0.50
2 = 2.50 IN. (EXCEPT AS NOTED)
r = 0.039 IN.

Ef - 10.6 x 106 PSI
af = 50 KSI (COMPRESSIVE STRENGTH OF ALUM. RODS)

<? 50

8
0.1 50 1000.5 1 5 10

RESIN SHEAR MODULUS, G r x 10'3PSI

Fig. 17 Test-theory comparison of compressive strength of com-
posites made with aluminum rods as influenced by shear modulus of
resin.

proximate equation
— k) (21)

where of is the compressive strength of the reinforcement, k is
its volume fraction, and ar is the compressive stress in the
matrix corresponding to a strain er = af/Ef.

For actual composites such as graphite/epoxy and
boron/epoxy the specimen length £ is generally much greater
than the fiber radius r and therefore the equation for pre-
dicting microbuckling compression failure Eqs. (18 or 19)
reduces to

(ac)cr = GLT (22)

Application of the previous equation to actual composites
shows that the room temperature compressive strength of
such composites predicted from Eqs.(22) is much greater than
the measured values. Recent studies on the failure modes in
actual composites16 show that such composites can fail in
another mode: by transverse tensile failure or fiber-matrix
debonding prior to microbuckling. This failure mode results
from transverse tensile stresses (normal to the direction of the
fibers) which are induced in a composite subjected to com-
pression loading in the fiber direction as a result of the dif-
ferences between the Poisson ratio of the fibers and the
matrix. For the latter case the final failure can still be by
microbuckling, however, the compression load at which
microbuckling takes place will be governed by the shear
modulus of a composite with unbonded or partially bonded
fibers, G* LT, rather than by shear modulus GLT which was
calculated assuming perfect fiber-matrix bond up to failure.
The analysis of microbuckling failure of composites with par-
tially bonded or unbonded fibers is outside the scope of this
paper, however, some approximate results of influence of un-
bonded fibers are presented in Ref. 18.

Another factor which influences the loads at which
microbuckling failure takes place is the inelastic and nonlinear
behavior of the fibers and the matrix. Although the nonlinear
effects in fibers used in structural composites are expected to
be small, the nonlinear behavior of the matrix is expected to
significantly affect the loads at which microbuckling takes
place. As in the case with more conventional buckling
problems, prebuckling fiber deformations within the com-
posite have also a significant influence on the loads at which
microbuckling failures take place.16 Such deformations are
incurred during fabrication of composites, or as a result of
using twisted yarns or because of fiber misalignment.
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