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Abstract. The influence of the porosity on the impact damage of CFRP laminates was investigated. A finite element analysis model is
established by using ABAQUS software combined with the sudden stiffness degradation model. The failure criterion of the impact damage of
the fabric fiber reinforced composites is proposed by improving the fiber and matrix damage failure criterion, based on the failure criterion that
is suitable for the undirectional composite laminates. The impact damage of longitude fiber failure, latitude fiber failure, matrix crushing and
delamination were considered for the fabric carbon fiber reinforced epoxy composites laminates. Basic strength parameters of composites are
used to evaluate the mechanical properties of CFRP laminates with different porosities. The impact damage area of CFRP composites
laminates are simulated accurately.

1 Introduction )
2 Experimental

Carbon fiber reinforced polymer matrix composites
(CFRP) has been extended used in the aerospace,
automobile, naval and construction industries due to

outstanding strength and stiffness to weight ratios  The elastic constants of CFRP laminates are shown in

2.1 Materials

compared to conventional engineering materials [1-3]. Table 1.

However, CFRP laminates are relatively brittle under the

dynamic loading, which seriously limit the wide Table 1. Elastic constants of CFRP laminates.

application of CFRP laminates [4-6]. The composite

structure made with CFRP laminates is very sensitive to Elastic constants | Value

the internal damage induced by the impact loading, such E.(GPa) 41

as a dropped wrench or runaway debris during their E. (GP m

manufacturing and service life [7-9]. The main drawback 2(GPa)

of CFRP laminates is their weak interfaces which lead to Es3(GPa) 34

a considerable reduction in the structural integrity caused Vi, 0.03

by minor damage [10-12]. The impact damages of the

composite laminates include delamination, fiber breakage Vi3 0.23

and matrix cracking, which can significantly reduce their Vi3 0.23

mechanical properties_ [13-_14]. Voids are among the most G1y(GPa) 36

common manufacturing induced defects in polymeric

composites [15]. Many researchers have shown that voids G13(GPa) 25

have detrimental effects on the strength of CFRP G3(GPa) 25

laminates [16]. It is necessary to evaluate the impact

damage of CFRP laminates with different void concents. The strength constants of CFRP laminates with
Many previous literatures have studied the numerical porosity of 0.33% and 1.50% are shown in Table 2 and

simulation on the impact damage of composite laminates. Table 3.

Howe_ver, few papers have been published on the effect Table 2. Strength constants of CFRP laminates with porosity of

of voids on the impact damage of CFRP laminates. The 0.33%.

objective of this research was to evaluate the influence of

porosity and impact energy on the impact damage of
CFRP laminates. The CFRP laminates of two different Strength constants | Value (MPa)
porosities were subjected to impact loading at five energy Xr=Yr 351
levels. Then the impacted specimens were performed to
investigate the impact damage in the CFRP laminates of Xc=Yc 402
two different porosities subjected to different impact
energy. Zy 51
Zc 149
Si2 171
8232813 54
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Table 3. Strength constants of CFRP laminates with porosity of

1.50%.

Strength constants | Value (MPa)
X1=Y1 342
Xc=Ye¢ 383

Z: 46
Zc 137
S 162
S23=S13 49

T300/914 woven-fabric carbon/epoxy prepregs were
supplied from Hexcel Composites Ltd. The initial fiber
volume fraction V; is 58%. The sequence of the laminates
were [(£45)4/(0,90)/(x£45),]s. The carbon/epoxy laminates
with porosity of 0.33% and 1.50% were produced by
adopting two different magnitudes of autoclave pressures.

2.2 Impact test

To identify the impact damage in the composite laminates,
impact tests were performed using a drop-weight system,
the DYNATUP model JLW-100 impact testing machine
consists of a drop tower equipped with an impactor,
which has a hemispherical impactor of 6.35 mm in radius.
The total mass of the impactor was fixed at 5 kg,
resulting in an available kinetic energy by varying the
height of release.

The impact energy increase from the initial impact
energy of 3 J to the maximum impact energy of 15 J and
the increment is 3 J. The length, width, and the thickness
of the impacted specimen were approximately 230 mm,
25 mm, 4.5 mm. Two different porosity levels ranging of
0.33% and 1.50% were obtained for the impact specimen.

2.3 Failure criteria of the impact damage

As shown in equations (1) to equations (4), the failure
criterion of the low velocity impact damage of the
woven-fabric fiber reinforced composites is proposed by
improving the fiber and matrix damage failure criterion
based on Hou’s failure criterion that is suitable for the
undirectional composite laminates [17].

The basic composite strength parameters are used to
evaluate the mechanical properties of CFRP laminates
with different porosities. A finite element analysis model
is established by using ABAQUS software combined
with the sudden stiffness degradation model.

Delamination ( ¢33=0) :

(033! Zr)+( 0131 S13)*+( 023/ Sp3)?=1 (1)
Longitude fiber failure ( 0,,=0) :
(o0l Xe)Y?+[( 0221 0%13)° 1S¢]1=1 (2

Latitude fiber failure ( 0,,=0) :
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(ol Y1) H[( 02121 0%3)° 1S#]1=1

@)
Matrix crushing ( ¢33<0) :

(- 033 12S13)*+(Zc? 033 18S15°Zc )P 0 33 Zc+[( 0 13+ 0 33) |
2S3)°=>1 (4)

Where X; is the longitude tensile strength of the
woven-fabric fiber reinforced composites, Yt is the
latitude tensile strength of the woven-fabric fiber
reinforced composites, Z¢ is the vertical compressive
strength of the woven-fabric fiber reinforced composites,
St is the shear strength of fiber failure of the woven-fabric
fiber reinforced composites and S;3 =Sys.

3 Results and discussion
3.1 Impact crater depth simulation

3.1.1 Porosity of 0.33%

Figure 1(a) to Figure 1(e) shows the images of impact
stress of CFRP laminates with the porosity of 0.33% at
five energy levels from 3 J to 15 J.
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Figure 1. Images of impact stress of CFRP laminate with the
porosity of 0.33%.
a)3J,b)6J,¢)9J,d) 127, e)15J.

As shown in Figure 1(a) to Figure 1(e), the images of
impact stress in the positive side of the impacted
specimen distributed in X-shaped, which is because that
the main sequence of the CFRP laminates were (+45).

Figure 1(a) to Figure 1(e) show that the region of the
stress exceeds the value of 0 expanded with impact
energy increased from 3 J to 15 J. A larger difference of
stress can be observed in the vicinity of the impact point,
which reflects the internal injury situation aggravated
with the increasing impact energy.

As shown in Figure 1(a) to Figure 1(e), the impact
deformation at the mid-span point of the impacted
specimen tended to increased with impact energy
increased from 3 J to 15 J. The stress of the sequence of
(0,90) is larger than the stress in other sequences, which

indicate that the sequence of (0,90) prone to delamination.

3.1.2 Porosity of 1.50%

Figure 2(a) to Figure 2(e) shows the images of impact
stress of CFRP laminate with the porosity of 1.50% at
five energy levels from 3 J to 15 J.

As shown in Figure 2(a) to Figure 2(e), the images of
impact stress in the positive side of the impacted
specimen distributed in X-shaped.
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Figure 2. Images of impact stress of CFRP laminate with the
porosity of 0.33%.
a)3J,0)6J,¢)9J,d) 12, e)15J.

Figure 2(a) to Figure 2(e) show that the impact
deformation at the mid-span point of the impacted
specimen tended to increase with impact energy
increased from 3 Jto 15 J.

As shown in Figure 2(a) to Figure 2(e), the same
impact stress images and the variation trend. The area of
impact stress in the positive side of the impacted
specimen with the porosity of 1.50% is larger than that of
the impacted specimen with the porosity of 0.33% at the
same impact energy.

The impact deformation at the mid-span point with
the porosity of 1.50% is larger than that of the impacted
specimen with the porosity of 0.33% at the same impact
energy.

4 Conclusions

The influence of the porosity on the impact damage of
CFRP laminates was investigated. A finite element
analysis model is established by using ABAQUS
software combined with the sudden stiffness degradation
model.

The failure criterion of the low velocity impact
damage of the fabric fiber reinforced composites is
proposed by improving the fiber and matrix damage
failure criterion based on Hou’s failure criterion that is
suitable for the undirectional composite laminates.

The impact damage of longitude fiber failure, latitude
fiber failure, matrix crushing and delamination were
considered for the fabric carbon fiber reinforced epoxy
composites laminates.

The basic strength parameters of composites are used
to evaluate the mechanical properties of CFRP laminates
with different porosities.

The impact damage area of CFRP composites
laminates are simulated accurately. This paper presents
an effective method for the prediction of the impact
damage of the fabric fiber reinforced composite laminates
with different porosities.
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