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Damage initiation and growth in composite laminates during open hole
compression tests
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The damage initiation and growth near the edges of a circular open hole of laminated
composite plates under compressive load were experimentally studied to understand the
physical meaning of the open hole compression strength. Damage growth sequence was
investigated mainly through optical micrographs of various sections of damaged specimens.
When comparatively tough interface laminates were tested, various damages occurred
following initial kink band damage in the 0° layers, such as zigzag damage composed of
kink bands and transverse cracks in +45° layers, matrix cracks in 0° layers, and delamina-
tions above and below the 0° layers. High-speed video images showed that unstable growth
of the delaminations near the surface was observed prior to the final failure, accompanying
buckling of the delaminated layer. The possible sequences of the damage growth were
discussed through consideration of the above damage data.
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1. Introduction

Composite laminates are used particularly for aerospace structures due to their high specific
strength and stiffness. However, its insufficient toughness and complex damage accumulation
prior to failure make weight saving of the composite structures and their application to pri-
mary structures difficult. It is required to evaluate the overall performance of the composite
laminates by appropriate methods considering the damage tolerant properties. The open hole
compression (OHC) test as well as the compression after impact (CAI) test provide us useful
design data of the compression strength for aeronautical structures considering damage toler-
ant performance [1]. OHC test is attractive since it is more economical, less scattered, and
easier to perform compared to CAI test whose data have been widely used as a design data
considering damage tolerant performance for aeronautical primary structures. Correlation
between the CAI and OHC strength has been mentioned by many researchers, while some
difference has been also reported [2]. The mechanical meaning of OHC strength is required
to be understood so as to properly utilize the OHC strength as design data.

The OHC strength of a composite laminates with high interlaminar toughness is a com-
pressive strength with stress concentration as well as a compressive strength with damage,
because some load increase is required after damage initiation for the laminate to totally
break. The stress distribution around the circular hole is complex due to the inhomogeneous
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nature of laminates consisting of different direction layers as well as the stress concentration.
The relatively weak compressive strength of the fiber reinforced plastics in the fiber direction,
resulted from micro-buckling of the fiber embedded in the compliant matrix, depends on not
only the constraint of neighboring layers but also nonuniform stress distribution at the notch
edge. The singularity of the interlaminar stress makes the failure behavior difficult to predict,
in spite that the power of the singularity is much smaller than one half. The singular interlam-
inar stress at the surface of the hole may not directly cause the initiation of the interlaminar
delaminations owing to the stress relaxation mechanism of the interface. The thermal residual
stress may have some effect. The laminates of high interlaminar toughness fail after some
damage accumulation, while those of weak interlaminar toughness fail at the instant of
damage initiation. As various factors influence the failure process, it is difficult to evaluate
damage initiation, farther damage accumulation, and the strength of the laminates from the
basic data such as compression strength, interlaminar toughness, stress distribution, etc.

Many investigation works [3—22] on damage initiation and accumulation as well as failure
problem in a composite laminate having a circular hole under compressive load have been
carried out because of scientific interest in the compressive failure mechanism as well as the
practical importance of the problem. Ishikawa et al. [3] have studied the OHC strength and
proposed an OHC test method, which is easy to conduct. Suemasu et al. [4] mechanically
and numerically showed the possibility of the slow stable growth of the compression failure
of 0° layer after short unstable propagation. Lessard [5] mentioned the dependence of fiber
buckling stress on the distribution of the loading stress. Guynn et al. [6,7] parametrically
studied notch sensitivity of the failure. Waas and his coauthors [8—10] showed various dam-
age morphology appearing near the hole edges and discussed the damage and failure mecha-
nism. Soutis and his coauthors [11-13] studied the compressive failure from a view point of
a balance of energy. larve [14,15] analytically obtained asymptotic solution of interlaminar
traction. Lankford [16] studied the effect of hydrostatic stress. Wisnom et al. [17] experimen-
tally studied scaling effects of the notched laminate. Ireman and Eriksson [18] studied the
failure problem under various loading conditions. Numerical simulation of the damage accu-
mulation and failure analysis has been conducted by many researchers, for example [19-23].
However, there still remain many uncertainties about the failure mechanism to be solved.

An experimental work was conducted to observe the damage initiation and accumulation
process during the OHC test of quasi-isotropic laminates to study the mechanism to control
the OHC strength and to understand the mechanical meaning of OHC strength.

2. Specimen and experimental fixture

The material system tested was CFRP (T800/#8633, Toray) quasi-isotropic laminates ([45°/0°/
—45°/90°],5). The mechanical properties of this material system are listed in Table 1 [24]. This
laminate is aeronautical grade and has comparatively high interlaminar toughness. Specimens
shown in Figure 1(a) are cut out from the laminated plates prepared according to the supplier’s
instruction by using hot-press machine (mini TEST PRESS-10, Toyo Seiki Seisaku-sho, Ltd.)
in the laboratory. The surface of the hole was carefully machined and polished to make the
effect of the surface defects as little as possible (Figure 1(b)). The specimens were set in the fix-
ture for OHC tests (NAL III method) proposed by Ishikawa et al. [3] shown in Figure 2(a).The
test was conducted in a screw-driven test machine. The both sides of the window portion of the
anti-buckling parts of the fixture were machined to make the observation by microscope possi-
ble during the test (Figure 2(b)). The anti-buckling parts were fixed to the stiff base unit of the
fixture with four bolts by a finger tight condition so that both the out-of-plain displacement and
the friction did not considerably affect the test results. The both ends of the specimen were set
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Table 1. Material properties of TSOOH/#3633 system [24].
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Elastic constant

Unidirectional composite

Interlaminar fracture toughness

Quasi-isotropic

Ey

Er

VLT

Tensile strength
Compressive strength®
GIc

GIIc

Ev

Tensile strength
Compressive strength
OHC strength

CALI strength

156 GPa
8.9GPa

0.34

2700 MPa (1.7%)
1420 MPa (0.91%)
200 J/m>

1650 J/m?
57.5GPa

875 MPa (1.51%)
818 MPa (1.42%)
304 MPa (0.53%)
147 MPa (0.26%)

“The compressive strength is referred to datum of Ref. [25], because the datum is not shown in Ref. [24]

Figure 1. Specimen for OHC test: (a) the dimensions of the specimen and (b) the hole surface.

between two steel blocks with two bolts and also by a finger tight condition. Top of the fixture
was pushed by a low cross-head speed (0.2 mm/min) in order not to miss the initial damage.

3. Results and discussion
3.1. Loading history and damages

In Figure 3, load—displacement history is obtained. Insufficient surface contact at the initial
stage of the loading resulted in a gradual load increase until the linear state was attained.
Slight reduction of stiffness may be observed at about 19 kN due to compression damage in a
0° layers at the hole edge and some stiffness reduction can be seen above 22 kN owing to the
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further gradual reduction of the stiffness probably caused by the stable damage growth. The
specimen finally failed at 25.5 kN.

The OHC strength of this specimen was about 304 MPa. It was very close to the value
given in the JAXA database [24]. The fine treatment of the hole surface having some effect
on the initial damage did not cause noticeable difference on the final strength of OHC speci-
men. It is because, the final failure occurred under the existence of stably accumulated dam-
age whose size and significance depended not on the initial surface condition but on the load
level for the laminates having sufficiently high interlaminar toughness. Considering the stress
concentration (10.7 times of nominal stress) obtained by a three-dimensional finite element
analysis, the maximum compressive stress in the 0° layer at the occurrence of the initial dam-
age was about 2420 MPa. The strain at the transverse hole edge at this load was about
1.55%. This value was much higher than the failure strain of the unidirectional composite
(0.9%) and a little higher than the failure strain of quasi-isotropic laminate (1.4%). (The
strains were simply derived by dividing the strength by the Young’s modulus.) The 0° layers
in the quasi-isotropic laminate are between +45° layers and their deformation normal to the
load is constrained by the neighboring +45° layers. For the quasi-isotropic open hole speci-
men, the compressive stress in the fiber direction is high only in the neighborhood of the
transverse hole edge. So, the fibers in the neighborhood of the transverse hole edge are sup-
ported by not only the £45° layers but also the neighboring 0° unidirectional composite mate-
rial compressed by lower stress. The fibers near the hole were a little difficult to deflect and
it was the reason that the initial damage load in the 0° layer being caused by a fiber micro-
buckling occurred at a higher stress than uniform compression condition. It is an important
issue to identify the reasons of the dependence of the fiber buckling stress on the stacking
sequence and nonuniform stress.

3.2. Damage observed during the experiment

Figure 4 shows video images taken through an optical microscope during compression test.
Local compressive failure was first observed in a 0° layer at 18 kN for this specimen and the
compression damage sequentially occurred in all 0° layers with the increase of the load before
the final failure. The damaged area spread in the circumferential direction by some amount
with the load increase. Delaminations stemmed from the compression damage were found in
the photograph at 23 kN. Figure 5 is a sequence of the damage growth around the open hole
just before the final failure taken by a high-speed video camera (Nac Image Technology Inc.
ST-709). The delamination grew at one side of the hole and showed unstable rapid growth
accompanying buckling of the delaminated surface layer. The delaminated portion failed due
to bending caused by the buckling. During the unstable growth of the damage, another
delamination started growing from the other side of the hole in the other transverse direction
also accompanying bending failure. Finally, the specimen violently failed.

3.3. Damage inside the specimen

We suspended the experiment and cut the damaged specimens at several sections and care-
fully polished the cut surfaces. The polished surfaces were observed by an optical microscope
to investigate the damage accumulation sequence in the specimens. Micrographs of cross
sections of the damaged specimens are shown in Figure 6 whose tests were stopped at the
load of 23 kN(a) and 24.4 kN(b), respectively. The sections located at the transverse edge of
the hole where the stress was most concentrated. The strongly kinked portions near the hole
surface were probably just aside these photographed portion. The photograph at the load of
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Figure 4. Compressive failures of zero degree layers that occurred in the transverse surface of the hole
before failure. Delaminations starting from the damage were seen near upper surface (23 kN).

- at final failurg

Figure 5. A high-speed video pictures. The times written in the figure mean the time before the final
failure.
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Figure 6. Micrograph of a cross section normal to the load near the hole surface. Matrix cracks are
found in a 0° layer near the hole surface which seems to emanate from the damage in 0° compressive
failure.

24.4kN was thought to be the stage just before the failure. The matrix cracks normal to the
interface and parallel to the load near the hole surface in the 0° layers were probably origi-
nated from the micro-buckling of the 0° layers where the fibers pushed out from the hole sur-
face. Significant delaminations and matrix cracks stemmed from the delaminations
horizontally propagated along and in the 0° layers as shown in the Figure 6(b). They were
probably originated from the kink band where the fibers kinked in the thickness direction
(explained in the following paragraph). The matrix cracks in the bottom layer were the result
of the buckling.

A micrograph of an internal horizontal surface in a 0° layer is shown in Figure 7. The
specimen was ground down from the surface to the 0° layer and the surface was well pol-
ished before photographed. There is a propagated compression failure of the length about
3mm from the hole surface normal to the load. The magnified photographs at the position
(a)—(d) showed that broken fibers near the hole edge inclined in in-plane direction (a), while
fibers inclined in thickness direction at the other portions (a)—(d). Because deformation was
weakly constrained in the in-plane direction compared to the thickness direction near the hole
surface and vice versa the constraint became stronger in the in-plane direction than the out-
of-plain direction apart from the hole surface. The micrographs (e¢) and (f) show the damage
at the cross sections parallel to the load near the hole surface and A—A section indicated in
the top photograph of Figure 7. Several overlapped kink bands are seen in the photograph.
Damaged portion was strongly distorted near the hole surface and less deformed inside the
specimen apart from the hole surface. A micrograph of a cross section of the other specimen
parallel to the loading direction but a little apart from the hole surface is shown in Figure 8.
There are two delaminations emanated from the kink band and growing to the left and the
right, respectively, where opening stress should exist.

Figure 9 is a micrograph of a —45° layer. There was zigzag pattern damage, one of which
was kink bands and the other matrix cracks. The fibers in the kink band inclined to the
thickness direction. The matrix cracks occurred due to shear stress and their surfaces were
not very smooth. This zigzag damage probably occurred due to the increased compression
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(e) Near te hole surface (f) A-A cross—sectio

Figure 7. Damage in 0° layer. Kinking failure progressed from the hole surface. The loading direction
is horizontal.

Delaminations

Figure 8. Damage in the cross section parallel to the loading direction.

stress after the failure of 0° layer. This damage must cause strong stiffness reduction of the
damaged portion and further stress concentration around the damaged portion.
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Loading
Direction

7

Hole Surface

Kink band

Matrix crack

Figure 9. Damage in the —45° layer (third layer from the surface).

The kink band in 0° layer sometimes started from a point inside the specimen a little
away from the transverse edge of the hole as shown in Figure 10. This damage may not be
observed from the hole surface during the test. Shear stress being zero just at the transverse
edge is considerably high near the starting point of this damage and shear deformation of the
material before the failure might have some effect on the load of the initial damage. This
phenomenon was mentioned by Waas et al. [8].

The damage state of the whole layers was checked for several damaged specimens by polish-
ing the specimens from the top surface to the bottom surface. Figure 11 shows the photographs

% § Loading
Direction

Figure 10. The damage observed in 0° layer away from the transverse edge of the hole (at 23kN, 6th
layer).
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1stply (45°) 4th ply (90°)

5th ply (45°) 6th ply (0°) 7th ply -(45°) 8th ply (90°)

9th ply (90°) 10th ply -(45°) 11th ply (0°) | 12th ply (45°)

13thply (90°)  14th ply-(45°) 15th ply (09) 16th ply (45°)

Figure 11. The damage of the whole 16 layers when the test was suspended at 24 kN.

of all the layers whose test was stopped at the load of 24 kN. The kinking damage (similar to the
damage shown in Figure 7) was found at the transverse edges of the hole in three 0° layers. The
45° inclined damages (similar to the damage shown in Figure 9) were found at first and the fifth
45° layers above the damaged 0° layers. We found no damage in the other layers.

4. Conclusion

OHC test was conducted on quasi-isotropic composite laminates (T800/#8633) having com-
paratively tough interface and damage accumulation process was observed by several meth-
ods. The compressive damage (kinking band) firstly grew normal to the load in 0° layers
which was probably originated by fiber micro-buckling near the transverse edge of the hole
surface. Sometimes, the compressive damage was emanated from the position a little apart
from the transverse hole edge where the shear stress is considerable. Zigzag pattern damage
in +45° layers consisting of compressive failures in fiber direction and matrix cracks followed
the damage of the 0° layer and this damage was thought to play an important role in the fail-
ure process by increasing the stress concentration around damage. Delaminations emanated
from the kinking bands. The specimens collapsed with unstable delamination growth accom-
panying buckling of the delaminated surface layer.
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