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Abstract: In this study, void distributions in unidirectional carbon fiber-reinforced plastic (CFRP)
laminates were measured using X-ray computed tomography (CT), and the stress concentrating
effects of the voids on the reduction of the CFRP matrix-dominated strength were modeled. We first
investigated the statistical features of the void sizes, geometrical shapes, and locations by analysis
of the X-ray CT three-dimensional images. The natural logarithms of the void sizes showed a
three-dimensional normal distribution; consequently, the void shapes and aspect ratios were cor-
related. Next, using the measured results regarding the voids, the stress concentration effect on the
reduction of transverse tensile strength was modeled based on the Weibull model considering the
volume dependence of strength. From the results, we attributed the decrease in the matrix-
dominated strength with increases in void volume fraction to the increase in stress concentration
volumes accompanying the increased number of voids.

Key words: Polymer-matrix composites (PMCs), Void, Matrix-dominated strength, X-ray comput-
ed tomography (CT), Weibull model
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Fig. 1

Vy vs TTS, ILSS and ILTS results with CV of respective strengths.” TTS, transverse tensile

strength; ILSS, inter-laminar shear strength; ILTS, inter-laminar tensile strength. Note: Each test
result was normalized using the average of respective results for V,=09.
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Fig. 2 X-ray CT scan image of the specimens
with voids for measured data.
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Fig. 3 (a) Measurement of size and position of

voids by image processing.
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Table 1 Comparison of measured and estimated
statistic parameter of aspect ratio in natural
logarithm.

(a) Comparison of In(A4/B)

Measured values Estimated values

Void volume

fraction Mean Variance Mean Variance
1.09 0.4349 0.1444 0.4349 0.1444
2.1% 0.5452 0.1533 0.5452 0.1533
2.7% 0.5286 0.1450 0.5286 0.1450
3.1% 0.5827 0.1391 0.5827 0.1391
4.6% 0.5934 0.1558 0.5934 0.1558
7.1% 0.6032 0.1713 0.6032 0.1713

(b) Comparison of In(C/B)

Measured values Estimated values

Void volume

fraction Mean Variance Mean Variance
1.09% 1.3739 0.2644 1.3739 0.2644
2.1% 0.9952 0.3043 0.9952 0.3043
2.7% 0.8510 0.2910 0.8510 0.2910
3.1% 0.9804 0.2653 0.9804 0.2653
4.6% 1.0385 0.3565 1.0385 0.3565
7.1% 1.3180 0.4045 1.3180 0.4045
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Fig. 6 Comparison of measured and generated statistical parameters for void size distribution.
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Table 2 Examples of Weibull modulus.'*29

Material system  Weibull modulus

Method

CFRP 7.63 TTS, 90° tension, Median rank O’Brien and Salpekar'

AS4/3501-6 12.2 TTS, 90° tension, Log-log plot Wisnom!"*
XCAI;I/{:B 21.8 ILSS, Short-beam-shear, Log-log plot Cui et al.’®

GFRP 315 ILSS, Short-beam-shear, Log-log plot Wisnom and Jones'®
E glass/913 7.1 ILTS, Curved-beam bending, Log-log plot Wisnom and Jones!®

CFRP 13.0 TTS, 3-point bending, Median rank Ogasawara and Hara'®
IM600/133 23.6 ILTS, Direct t‘ensile lqading, Median rank Hara et al.*®

20.5 ILTS, 3-point bending, Median rank Hara et al.'¥
CERP 9.92 TTS, 3-point bending, Median rank Ogasawara and Hara'®
T800H/3900-2
CFRP 16.23 ILTS, Curved-beam 4-point bending, Suemasy et al29

T800S/3900-2B

Weibull plot

* with experimental results by O’Brien et al.'
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