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Abstract-Tensile tests of quasi-isotropic (0/45/-45/90)s Carbon Fiber Reinforced Plastic (CFRP) 
laminate at low (-100°C), room (25°C), and high (150°C) temperatures showed that the transverse 
crack propagation and interlaminar delamination growth behavior are obviously affected by the 

temperature. In the present study, the three-dimensional finite element method (FEM) is applied 
to a quasi-isotropic CFRP laminate to investigate the interlaminar free edge stresses and ply 
stresses under combined thermal and mechanical loadings. The mechanical properties of a lamina 
(T800H/#3631 ) are obtained experimentally as a function of temperature and both the temperature- 
dependent mechanical properties and the idea of stress-free temperature are taken into account. 

Resulting stresses, including initial residual thermal ones due to the stress-free temperature, are used 
to discuss the above mentioned experimental results, which leads to the temperature-dependent critical 

properties for damages such as transverse crack and delamination. 

Keywords: CFRP; quasi-isotropic laminate; finite element analysis; interlaminar stress; residual 
thermal stress; temperature-dependent property. 

1. INTRODUCTION 

Carbon Fiber Reinforced Plastics (CFRP) have been widely used in aerospace and 

other application fields because of their high specific modulus and high specific 

strength, and they are expected to be applied in a wide range of temperature 
environments. In general, CFRP laminates are used in the form of multidirectional 

laminates in order to meet various required material properties and the different 

fiber orientations of the laminate may yield damage with various combinations of 

transverse cracks and delaminations. Recently, various effects of the temperature 
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on the microscopic damage were investigated experimentally by Kim et al. [11 for 

quasi-isotropic carbon/epoxy composite laminates at low (-100°C), room (25°C) 
and high ( 1 50°C) temperatures under tensile loading. 

CFRP laminates cured at around 180°C, being much higher than operating 

temperature, are expected to have initial residual thermal stresses which are a 

result of the difference in axial and transverse elastic properties (thermal expansion 
coefficients) of materials with unidirectional fiber reinforcement in each ply or at 

the interface. Moreover, mechanical properties of a lamina may be affected by the 

temperature, to which the polymer matrix is quite sensitive. Therefore, in order 

to understand thoroughly the interlaminar free edge and the ply stress problems of 

composite laminates, the initial residual thermal stresses and temperature-dependent 
mechanical properties should be taken into account. 

The effect of thermal residual stresses near the interface and the free edge region 
has been investigated by Pagano and Hahn [2, 3], Wang and Crossman [4], and 

Griffin and Roberts [5, 6] for epoxy-based composite laminates. Ogi et al. [7] 
studied the hygrothermal damage problem of laminates and used temperature- 
and moisture-dependent elastic properties in their analysis. An analytical method 

by Wang et al. [8] to predict the transverse cracking of CFRP laminates under 

thermal and mechanical loadings incorporated initial residual thermal stresses. A 

few FEM analyses took into account the initial residual thermal stresses [9, 10] and 

temperature-dependent mechanical properties [ 11, 12], too. 

In the present paper, the three-dimensional FEM is applied to a (0/45/-45/90)5 

quasi-isotropic CFRP composite laminates to investigate the relationship between 

stresses and damage behaviors at various temperatures, where initial residual 

thermal stresses and temperature-dependent mechanical properties are considered. 

The FEM analysis yields the interlaminar free edge stresses and ply stresses 

under combined thermal and mechanical loadings and leads to several conclusions 

concerning the damage sustained at different temperatures. 

2. EXPERIMENTAL 

Toughened-type carbon/epoxy composites of T800H/#363 (Toray) were tested in 

a controlled thermostatic chamber to obtain the mechanical properties as a function 

of temperature. Four types of specimens shown in Table I were used. Stacking 

sequence, related mechanical properties, and specimen sizes are shown from left to 

right. A strain gauge is attached transversely also to the edge and surface of the 

specimen for measurement of VTT and vLT, respectively. The details are shown 

in [13]. Tensile tests [1]' procedure of quasi-isotropic carbon/epoxy composite 
laminates with (0/45/-45/90)s and T800H/#3631 (Toray) are mentioned briefly 
for the completeness of the paper. The coupon specimen was 200 mm long, 6 

mm wide, and 1.14 mm thick and both edges of the specimen were polished 
to observe the damage. The fiber volume fraction was about 60%. Tapered 

glass/epoxy tabs were bonded at the ends of the specimen, which resulted in a 
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Table 1. 

Specimen layups and dimensions for various mechani- 
cal properties 

specimen gauge length of 60 mm. A strain gauge was mounted at the center of 

the specimen surface to measure the strain. Tensile tests were performed at a 

constant cross-head speed (0.5 mm/min) under three temperature environments, 
i.e. low (-100°C), room (25°C), and high (150°C) temperatures. After each full 

unloading, the transverse crack was microscopically observed and its density was 

quantitatively measured as a function of load by using an optical microscope. The 

interlaminar delamination growth behavior was non-destructively examined by a 

scanning acoustic microscope (SAM, Olympus UH Pulse 100 model, 30 MHz). 

3. STRESS ANALYSIS 

Initial residual thermal stresses due to thermal change from the stress-free tempera- 
ture of 165°C [14] to testing temperatures, i.e. -100°C, 25°C, and 150°C are first 

obtained. Then the laminate loaded with a uniform axial strain so is calculated. A 

finite element code ABAQUS [15] is applied to a (0/45/-45/90)s carbon/epoxy 

rectangular laminate. Figure I shows geometry and finite element modeling of the 

upper half of the composite laminate, where u, v, and w are displacements of x, y, 
and z direction, respectively. The length a and width b of the laminate are 320h and 

48h, respectively, where the ply thickness h = 0.125 mm (see Fig. 1 a). Since the 

laminate is symmetric, only the upper half body is divided into 20 x 24 x l 2 8-node 

and 24-degree-freedom solid hexahedral elements, as shown in Fig. lb, where the 

length along the x-axis is equally divided into 20 columns, the one along the y-axis 
is divided into 24 unequal rows with finer meshes in the vicinity of free edges and 

the thickness along the z-axis is equally divided into 4 layers which are again un- 

equally divided into 3 layers. This model contains a total of 5760 solid elements and 

6825 nodes. The following boundary conditions are chosen. For the initial residual 

thermal stress problem, w of all the nodes at z = 0, u, v, and w of node (0, 0, 0), u 

and v of node (0, 0, 0.5), and u of node (0, 6, 0) are set to be zero. For a uniform 

axial strain loading, in addition to the above mentioned boundary conditions, each u 

at a left-end is constrained and each u at a right-end is subjected to a uniform axial 

displacement of 0.4 mm corresponding to 80 = 1% in the x-direction. 
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4. RESULTS AND DISCUSSION 

4.1. Mechanical properties of a lamina 

The temperature-dependent mechanical properties obtained by experiment for the 

carbon/epoxy composite lamina (T800H/#363 1 ) are listed in Table 2 together with 

the thermal expansion coefficients which are supposed to be defined as averages 
within the present temperature range. 

4.2. Damage progresses [ I I 

Previous experimental results are also briefly summarized. Figure 2 shows stress- 

strain curves obtained from the tensile test at three temperatures of -100°C (low), 

Figure 1. Geometry and finite element modeling of a (0/45/-45/90)s carbon/epoxy laminate 

subjected to a uniform axial strain -o = 1 %. 

Table 2. 

Temperature-dependent mechanical properties of a carbon/epoxy (T800H/#3631) 
unidirectional lamina 

L and T denote the fiber and transverse direction, respectively. 
* GTT is calculated from Gn = ET/2( 1 + UTT). 
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25°C (room), and 150°C (high). Knee points at about 500 MPa to 540 MPa for 

- 100°C and 25°C and 350 MPa to 400 MPa for 150°C are observed distinctly. 
It was found that this nonlinearity is caused by the large scale interlaminar 

delamination throughout the length of the specimen. 

Figure 3 shows the edge damage state at room temperature (25°C). The transverse 

cracks are generated in both the 90° ply and -45° ply, and delaminations appear at 

90/90, -45/90, and 45/-45 interfaces in this load. Most cracks in the -45° ply 
and delamination along the 90/90 and -45/90 interfaces start from the tips of 90° 

ply cracks, and free edge delamination at 45/-45 interface from the tips of -45° 

ply are observed. 

Figure 2. Stress-strain curves obtained from (0/45/-45/90)s carbon/epoxy laminate at various 

temperatures. 

Figure 3. Damage state at free edge at room temperature (25°C, 560 MPa). 
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Figure 4. Crack density of a (0/45/-45/90)s carbon/epoxy laminate at various temperatures. 

Figure 5. SAM image at -45/90 interface (25°C, 560 MPa: 30MHz) (- - ; Free edge). 
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In Fig. 4, transverse crack densities in the 90° ply and the adjacent -45° ply 
are plotted for three temperatures. The crack density is defined as the number of 

cracks per centimeter. Crack density in both 90° and -45° ply increases when the 

temperature decreases. This might be due to the increase of initial residual thermal 

stresses. 

Figure 5 shows delamination at the -45/90 interface observed by a scanning 
acoustic microscope (SAM, 30 MHz). The white area indicates the delaminated 

region. Figures 6a and 6b show the delamination area at 90/90 and -45/90 
interfaces as a function of tensile stress. 

Figure 6. Delamination area of a (OJ 45 j -45 j90h carbon/epoxy laminate at various temperatures. 
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In the case of the -45/90 interface, though the lower residual stress is expected, 
the delamination at a high temperature extends well. Thus, there might be the 

thermal degradation in the interlaminar fracture toughness. In the case of the 90/90 
interface of Fig. 6a, it is found that the delamination area at room temperature is 

larger than that for the low and high temperature cases. The following characteristic 

damage at the high temperature should be mentioned: broken fibers with a through 
cut perpendicular to the fiber axis were observed in the 0° ply at the polished surface 

edge though they were neither before loading at the high temperature nor inside 

being more than 10 fLm away from the polished surface edge. All broken fibers 

show their longitudinal cross-section on the surface edge due to polishing. 

4.3. Stress distributions 

The stress distributions along the y direction, including the initial residual thermal 

stress, are shown in Figs 7 and 8 for three temperatures, namely, -100°C, 25°C, 
and 150°C. Here, the center and free edge are denoted by 24 and 0 of (b - y)/ h, 

respectively. Figure 7a shows the distributions of the normal stress CJx at x/a = 0.5 

in 0° ply. As shown in the figure, crx at a high temperature is lower than those at low 

and room temperatures, which means that the lower longitudinal Young's modulus 

ratio of a lamina at a high temperature, as shown in Table 2, decreases Qx effectively 
in spite of the increase of arising from the thermal expansion mismatch, and is 

almost the same for various y. This Qx does not explain that broken fibers are ob- 

served at the edge surface at a high temperature. Polished fibers might have some 

damage such as a small scratch due to wear or a kind of contact fatigue damage due 

to friction under contact stresses. It is assumed that this damage under a high tem- 

perature could lead to the effective low strength of fiber, though the complete fiber 

without any friction and wear does not show any temperature-dependent mechanical 

property within this temperature range [1]. 
The distributions of Qx in the 90° ply and the normal stress or2 being perpendicular 

to a fiber in -45° ply and within xz plane x/a = 0.5 are shown in Fig. 7b. The 

stress increase with the temperature decreasing due to increase of initial residual 

thermal stresses and a, in the 90° ply is larger than a2 in the -45° ply. This 

Figure explains well the experimental results that the crack density both in the 

90° and in the -45° ply increases with the temperature decreasing and that the 

transverse crack in 90° ply appears earlier than in the -45° ply. Figure 8 shows the 

distributions of CJz and at x/a = 0.5 for 90/90 and -45/90 interfaces. The rxz 
is omitted since its absolute value is quite small. The ryz is negligible compared 
to az at the 90/90 interface and both have the same order at the -45/90 interface. 

Thus, it is reasonable to consider that the delaminaton at the 90/90 interface is 

caused by with the mode I fracture and that the one at the -45/90 interface is 

caused by both orz. and with the mixed mode fracture of I and II. Stresses in the 

vicinity of the free edge increase when the temperature decreases. This tendency 
does not agree with experimental results, that is, the delamination area is large for 

the room temperature at the 90/90 interface and for the high temperature at the 
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Figure 7. The distributions of stresses Qx and a2 along y direction at .r/a = 0.5 in each ply of the 

(0/45/-45/90)s carbon/epoxy laminate at various temperatures. 

- 45/90 interface. Since the delamination starts from the transverse crack tips, it 

might be necessary to perform the analysis with a crack together with obtaining the 

temperature-dependent critical strength of each damage mode. 

5. CONCLUSIONS 

The three-dimensional finite element method (FEM) is applied to a (0/45/-45/90)s 

quasi-isotropic CFRP composite laminates to investigate the relationship between 
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Figure 8. The distributions of stresses az and T;; along y direction at x/a = 0.5 at each interface of 
the (0/45/-45/90)S carbon/epoxy laminate at various temperatures. 

stresses and damage behaviors at various temperatures, where initial residual 

thermal stresses and temperature-dependent mechanical properties are taken into 

account. The following conclusions are obtained. 

(1) The fiber tensile strength at a polished edge surface might be affected by 
both friction and wear damage and temperature since the stresses at different 

temperatures could not explain the damage observed near the edge surface only 
at a high temperature. 
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(2) The transverse crack propagation both in the 90° and in the -45° ply is 

explained well by calculated stress distributions. 

(3) The delaminations at the 90/90 and the -45/90 interfaces are predicted 

numerically to be the mode I and mixed mode of I and II, respectively. 

(4) The delamination propagation behavior needs the research into the temperature- 

dependent strength of various interfaces. 
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