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Abstract

The longitudinal compressive failure of a unidirectional carbon fiber reinforced plastic (CFRP)
was studied using multiple-fiber model composites. Aligned carbon fibers were embedded in an
epoxy matrix and put on a rectangular beam. A compression test of the model composite was per-
formed by means of a four point bending test of the rectangular beam. The number of carbon fi-
bers was changed from one to several thousands, by which the effect on compressive failure mod-
es was investigated. A compressive failure of a single-fiber model composite was fiber crush. The
fiber crush strain was much higher than the compressive failure strain of the unidirectional car-
bon fiber reinforced plastic. By contrast, a compressive failure of a multiple-fiber model compo-
site was kink-band. The longitudinal compressive failure mechanism shifted from fiber crush to
kink-band due to an increasing number of fibers. Kink-band parameters i.e. kink-band angle and
kink-band width were dependent on the number of closely-aligned carbon fibers.
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1. Introduction

Unidirectional carbon fiber reinforced plastic (CFRP) is used as a structural material for aircraft because of its
superior specific stiffness, strength and fatigue resistance as compared to other metallic materials typically used
in aircraft fabrication. Unidirectional CFRP is composed of reinforcing continuous carbon fibers within a poly-
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mer matrix, which causes an unbalanced mechanical property between tension and compression. Compressive
failure typically occurs at 50% - 60% of the tensile stress failure point [1]. Although the overall tensile strength
of unidirectional CFRPs has been increasing because of research and development into reinforcing carbon fibers,
the compressive strength remains almost constant. The upper limit of the compressive strength is approximately
1800 MPa [2]. If a unidirectional CFRP is used as a beam structure, thereby carrying a bending moment, the
compression side may fail prior to the tension side. This failure mechanism indicates that compressive strength
is a critical design issue for CFRP structures. An increased understanding of the compressive failure mechan-
isms will lead to improved reliability of structures using unidirectional CFRP.

Kink-band failure is a typical mode of longitudinal compressive failure for a unidirectional CFRP. It results
from an in-phase, micro-buckling of the fibers within the polymer matrix. The kink-band failure occurs instan-
taneously resulting in a sudden loss of the load. Kink-band failure is known as a primary cause of low compres-
sive strength. Many experimental research efforts into kink-band failure have been published [3]-[17]. Kink-
band parameters, i.e. kink-band angle and kink-band width, are summarized in Table 1. The kink-band parame-
ters are dependent on the material system and fiber volume fraction, which can affect resultant compressive
strength.

A model composite is used to study the fundamental fracture mechanism of a CFRP [18]-[24]. A compression
test of a single-fiber model composite showed that the compressive failure was due to fiber crush when the epoxy
matrix was sufficiently stiff to prevent buckling of the embedded carbon fiber [23]. The compressive strength of
a carbon fiber is higher than that of the unidirectional CFRP, thereby indicating a nonlinear stress-strain relation
when in compression [2] [21]. The different fracture modes between a single-fiber model composite and a un-
idirectional CFRP indicate that the number of carbon fibers affects the fracture modes and resultant compressive
strength.

For this research, compression tests of multiple-fiber model composites were performed to study kink-band
failure mechanisms. A compression test of a single-fiber model composite was performed to measure the com-
pressive failure strain due to fiber crush. Since the fracture mode depends on the number of closely aligned car-
bon fibers, the mutually interacting distance between each fiber is studied using a two-fiber model composite.
Then multiple-fiber model composites were made in which distance between the fibers was less than the mu-
tually interacting distance. The number of carbon fibers in the multiple-fiber model composites was then in-
creased which resulted in the compressive failure mode shifting from fiber crush failure to kink-band failure.
The kink-band failure parameters were dependent on the number of closely aligned carbon fibers.

2. Experiment Arrangement

2.1. Materials

Model composites were made of carbon fibers and epoxy resin. A polyacrylonitrile based carbon fiber (T800
S-24 K-10 E, Toray Industries) was used with the mechanical properties shown in Table 2 [25]. A carbon fiber
was taken from a 24,000 tow supplied by the manufacturer. An epoxy resin (105/206, West system) was se-
lected that cured at room temperature.

Table 1. Kink-band parameters and compressive strength.

Fiber/Matrix Fiber volume fraction Kink-band angle Kink-band width Compressive strength
Vs [%] p [degree]  [pm] o [MPa]
T800/924C [3] [7] 65 5~30 60 ~ 80 1485
AS4/PEEK (APC-2) [4] 60 12~16.5 76 ~ 255 1210
IM7/PEEK (APC-2) [5] 60 10 ~ 35 270

AS4/PEEK [8] 60 14 175 -

IM7/8552 [11] - ~23 - 1570

T800/924C [11] - 5~30 90 1625

HTS40/977 - 2 [14] 58 10~25 60 ~ 100 1396

T800/924 [15] 63 ~20 150 1296

T800S/2592 [17] 65 25 100 1450
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Table 2. Properties of T800 S carbon fiber [25].

Tensile modulus Tensile strength Tensile failure strain Diameter
294 GPa 5880 MPa 2.0% 5 um

A unidirectional CFRP laminate was also fabricated using a unidirectional prepreg tape (T800SC/#2592, To-
ray Industries). The fiber volume fraction of the laminate was approximately 65%. The compression test was
performed in accordance with ASTM D695 using an end-loading test fixture [26]. Average applied compressive
strain and compressive strength were 0.92% + 0.025% and 1445 MPa + 55.9 MPa, respectively.

2.2. Configuration of the Model Composites

2.2.1. Single-Fiber Model Composite

A single-fiber model composite was prepared to study the longitudinal compressive failure of the carbon fiber.
The specimen configuration is shown in Figure 1. As a base for the compression test, a beam was made from
epoxy resin. The epoxy beam was a square cross-section of 10 mm in height and width, and 150 mm in length.
Four copper films were wrapped at intervals of 110 mm and 134 mm respectively. The copper film was 2 mm in
width and 0.01 mm in thickness. A single carbon fiber was attached to the surface of an epoxy beam with one
end of the carbon fiber adhered to the epoxy beam using cyanoacrylate adhesive. An aluminum weight was ad-
hered to the other end of the carbon fiber to straighten the fiber. A prestress of 500 MPa was applied to the car-
bon fiber. Then, the carbon fiber and copper films were soldered. The carbon fiber were finally molded with
epoxy and fully coated and adhered to the epoxy beam. The molded thickness was approximately 0.7 mm or less
after being shaved using sandpaper. The surface of the beam was then polished using an abrasive compound to
allow for observation of the carbon fiber. The epoxy resin was cured at room temperature to prevent thermal re-
sidual stress from developing in the molding. In order to prevent debonding of the epoxy resin from the epoxy
beam during a four-point bending test, a scratch was made on the epoxy beam by a standard box cutter. A strain
gauge (KFG-2 - 120, Kyowa) was glued onto the same side of the beam as the carbon fiber and molded together
with carbon fibers to measure compressive strain during the compression test.

2.2.2. Two-Fiber Model Composite

A two-fiber model composite was prepared to study the effect of adjacent carbon fiber distances during com-
pression failure. Two carbon fibers were temporarily adhered to small and large C-shaped aluminum jigs using
cyanoacrylate adhesive as shown in Figure 2(a). Then the C-shaped jigs were set on a XYZ platform. The plat-
form was controlled to closely align the two carbon fibers. The two carbon fibers were again temporarily ad-
hered to the small C-shaped jig as shown in Figure 2(b). The fibers were then cut and the large C-shaped jig
w-as removed. The two carbon fibers attached to the small C-shaped jig were installed on the epoxy beam (10
mm in height and width and 140 mm in length). Finally, the carbon fibers were molded with the epoxy resin.
The molded thickness was shaved and polished using the same process as described in Section 2.2.1. The spe-
cimen configuration is shown in Figure 3. Five two-fiber model composites were prepared by changing dis-
tances between the two carbon fibers as follows: 0 um, 2 um, 7 pm, 9 pm, and 15 um.

2.2.3. Multiple-Fiber Model Composite

A multiple-fiber model composite was prepared to study the effect of the number of carbon fibers on the kink-
band failure. The specimen configuration is shown in Figure 4. Closely aligned multiple carbon fibers were at-
tached to the epoxy beam and then molded with epoxy resin. The molded thickness was shaved and polished
using the same process as described in Section 2.1.1. The number of fibers was changed as follows: 3, 4, 8, 10,
530, 8000, and 11,000. The fibers were taken one by one from a 24,000 tow when the test quantity of carbon fi-
ber was less than 10. The fibers were counted by weight after being taken from a 24,000 tow when the test
quantity was larger than 10 fibers. The distance between each fiber was not controlled but was smaller than 15
um based on the result in Section 3.2. This was confirmed by observing the specimen cross-section using a digi-
tal microscope with a charge-coupled device (CCD) camera (MSZ-125, Asahikogakuki).

2.3. Compression Test of Model Composite

The compression tests of the model composites were performed by means of a four-point bending test. The
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Figure 1. Specimen configuration of a single-fiber model composite.
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Figure 3. Specimen configuration of a two-fiber model composite.
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Figure 4. Specimen configuration of a multiple-fiber model composite.
schematic of the four-point bending test is shown in Figure 5. Since the carbon fibers were embedded in an
epoxy matrix on the epoxy beam, the four-point bending test of the epoxy beam was performed so as to develop
a compressive strain in the carbon fibers. A loading span of 100 mm with a supporting span of 20 mm was used
for the single-fiber model composite, as shown in Figure 5(a). A loading span of 130 mm and with a supporting
span of 30 mm was used for the other model composites, as shown in Figure 5(b).
2.4. Measurement of Electrical Resistance of a Carbon Fiber during Compression Test

The electrical resistance of a carbon fiber was measured by means of a four-probe method during the compression
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Figure 5. Schematic of a four-point bending test. (a) Single-fiber model composite; (b) Two-fiber and mul-
tiple-fiber model composite.

N

test to detect the onset of compressive failure. Electrical resistance of a carbon fiber R is expressed as:

L
R=p% ()
where is specific electrical resistance, L is length, and A is cross-sectional area.

Electrical resistance of a carbon fiber decreases with an increase in compressive load due to the shortening of
the fiber. If a carbon fiber fractures, electrical resistance increases. Electrical resistance of a carbon fiber was
only measured in compression test of a single-fiber model composite to precisely detect the onset of fiber com-
pressive failure and measure compressive failure strain. Electrical resistance of the carbon fiber was measured
using a LCR HiTester, Model 3522 from Hioki.

3. Results and Discussion
3.1. Compressive Failure of a Single-Fiber Model Composite

The compression test of a single-fiber model composite was performed by means of a four-point bending test.
Figure 6 shows an example of the electrical resistance change ratio due to compressive loading. The ordinate
shows the electrical resistance change ratio. The abscissa shows the compressive strain of the carbon fiber
measured using the strain gauge. The electrical resistance of the carbon fiber decreased as the compressive strain
increased. Electrical resistance then increased due to the onset of compressive failure. The compressive failure
strain was approximately 2.5% which included the pre-strain of approximately 0.17%. This strain value was
much higher than that of the unidirectional CFRP fabricated using a unidirectional prepreg tape (see Section 2.1).
This indicates that the compressive failure mechanism of a unidirectional CFRP is different from that of a sin-
gle-fiber model composite. The difference between the single-fiber model composite and a unidirectional CFRP
is explained by the difference in the number of carbon fibers as discussed in the following sections.

Compressive failure of a carbon fiber once the compressive load was completely removed is shown in Figure
7. The compressive loading was maintained after the increase in electrical resistance was observed to ensure the
fiber fracture fully developed. Once the fracture, or crush, was fully developed, the load was removed. The fiber
fractured in shear at an angle 8, which was approximately 40°. The angle was different from the kink-band angle
for a unidirectional CFRP (see Table 1). Additionally, it has been reported that carbon fiber fails by buckling
when the stiffness of the epoxy matrix is low [23]. However, the epoxy matrix was sufficiently stiff to prevent
buckling of a carbon fiber.

3.2. Mutual Interaction of Carbon Fibers during Compressive Failure

The compression test of a two-fiber model composite was performed by means of a four point bending test. The
compressive failure of the carbon fibers after the compression test is shown in Figure 8. The figure shows the
fiber fracture after the compressive load was removed. The fracture point of the two carbon fibers was observed
at almost same location. This would indicate mutual interaction between adjacent fibers during compressive
failure when the distance between each fiber was less than 15 pm. From this result, multiple-fiber model com-
posites were made with a distance between each fibers of less than 15 um.

()
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Figure 6. A typical example of electrical resistance change ratio of
a carbon fiber due to compressive loading.

Figure 7. Compressive failure of a single-fiber model composite.

Fiber failure

20pm

Fiber failure

(®
Figure 8. Compressive failure of two-fiber model composites. (a) 0
um spacing between fibers; (b) 2 um spacing between fibers; (c) 7
um spacing between fibers; (d) 9 um spacing between fibers; (e) 15
um spacing between fibers.

3.3. Compressive Failure of a Multiple-Fiber Model Composite

The compression test of a multiple-fiber model composite was performed by means of a four-point bending test.

O
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The distances between each fiber were less than 15 um based on the results discussed in Section 3.2 where the
fibers interacted mutually during compressive failure. The number of carbon fibers was increased from 3 to
11,000 to investigate the effect on the compressive failure. For the purposes of this research, the term “fiber vo-
lume fraction” is not used to describe model composites since the fraction is almost zero because the fiber em-
bedded area is much smaller than the total cross-sectional area of the specimen as shown in Figure 9(a). Since
the local fiber volume fraction in the fiber embedded area should be constant, as schematically shown in Figure
9(b); the number of carbon fibers was used as a parameter for discussing fracture modes.

The compressive failure of carbon fibers after the compression test is shown in Figure 10, which was taken
when the compressive load was completely removed after fiber fracture. Fiber crush was observed when the
number of carbon fibers was small as shown in Figure 10(a) to Figure 10(d). This is similar to compressive
failure of a single-fiber model composite. Fractures propagated at an angle 8, which was dependent of the num-
ber of aligned carbon fibers. The fracture angle S decreased slightly as the number of carbon fibers increased. By
contrast, kink-band failure was observed when the number of carbon fiber was large as shown in Figure 10(e) to
Figure 10(g). The kink-band angle (also expressed using f) decreased as the number of carbon fibers increased.
The kink-band width w increased as the number of carbon fibers increased. Kink-band parameters, i.e., kink-
band angle and kink-band width were dependent on the number of adjacent carbon fibers.

The results are summarized in Figure 11. In the case of a unidirectional CFRP with approximately 60% fiber
volume fraction, the kink-band angle was 5° - 30° and the kink-band width was 60 - 150 wm [3] [7] [11] [15]
[17]. The kink-band parameters for the 11,000 fibers model composite were approaching that of the unidirec-
tional CFRP. The number of carbon fibers was an influencing factor on compressive failure of a unidirectional
CFRP when fibers were closely aligned within the mutually interacting distance.

4. Conclusions

The longitudinal compression tests of several fiber model composites were performed to study compressive
failure of a unidirectional CFRP. The aligned carbon fibers were embedded in an epoxy matrix while maintain-
ing the local fiber volume fraction constant, and the effect of the number of carbon fibers on kink-band failure
was studied. The results obtained in this paper were summarized as follows:

Epoxy

Fiber embedded area

Epoxy beam

@)

Increasing number of carbon fibers

(b)

Figure 9. Fiber embedded area in multiple-fiber model composites. (a) Cross-section of a model
composite; (b) Enlarged image of fiber embedded area (distance between each fiber is random

but less than 15 pm).
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Figure 10. Compressive failure of multiple-fiber model composites. (a) Closely-aligned 3 fibers; (b) Closely-aligned 4
fibers; (c) Closely-aligned 8 fibers; (d) Closely-aligned 10 fibers; (e) Closely-aligned 530 fibers; (f) Closely-aligned
8000 fibers; (g) Closely-aligned 11,000 fibers.
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1) The single-fiber model composite failed by fiber crush. The fiber fractured in shear at an angle 5. Com-
pressive failure strain was much higher than that of a unidirectional CFRP.

2) The two-fiber model composites also failed by fiber crush. The two fibers failed at the same location which
indicated mutual interaction of adjacent fibers during compressive failure when the distance between the fibers
was small.

3) The fracture modes of the multiple-fiber model composites were dependent on the number of carbon fibers.
When the number of carbon fibers was small, the failure mechanism was fiber crush. For a large number of car-
bon fibers, the failure mechanism was kink-band failure. Therefore, the longitudinal compressive failure mode
shifted from fiber crush to kink-band as the number of carbon fibers increased. The kink-band parameters, i.e.,
kink-band width and kink-band angle, were dependent on the number of closely-aligned carbon fibers, which
could also affect resultant compressive strength.
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