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Abstract-Microscopic damage progress under static tensile loading in quasi-isotropic CFRP laminates 
was observed by an optical microscope and a scanning acoustic microscope (SAM). Material systems used 
were toughened-type CFRP, T800H/3631 and newly developed CFRP with interlaminar-toughened layers, 
T800H/3900-2. The laminate configurations were quasi-isotropic [0/45/90/- 45]s2 for T800H/3631 and 
[0/45/90/-45]s for T800H/3900-2. Both plain specimens and specimens with a circular hole were 
tested. By the edge observation of the plain specimens, transverse crack density was measured as a 
function of laminate strain. The effect of interlaminar-toughened layers on the behavior of the microscopic 
damage was clarified experimentally. By the SAM observation of specimens with a hole, delamination 
onset and growth were detected. To discuss the delamination onset from the edge of the open hole, the 
energy release rate associated with delamination growth was calculated following O'Brien and Raju. The 
energy release rate predictions of delamination onset and growth was qualitatively consistent with the 
experimental observation. 

Keywords: CFRP; delamination; energy release rate; quasi-isotropic laminates; transverse crack; scanning 
acoustic microscopy. 

1. INTRODUCTION 

Carbon fiber reinforced plastics (CFRP) are remarkable for their high specific modulus 
and strength. This material is usually used in the shape of multidirectional laminates. 
In the failure process in CFRP laminates, unique microscopic damages, such as trans- 
verse cracks and delaminations occur. It is important to understand the behavior of 

microscopic damages. 
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O'Brien [I] conducted static and fatigue tensile tests for quasi-isotropic CFRP lam- 

inate plain specimens. Delamination onset and growth were observed by X-ray ra- 

diography. He derived the energy release rate associated with straight free-edge de- 

lamination by using the classical lamination theory. O'Brien and Raju [2] extended 

the analysis to the delamination onset from an open hole in a composite laminate. 

Masters and Reifsnider [3] observed multiplication of transverse cracks in quasi- 

isotropic CFRP laminates under tensile loading by using the replica technique. It 

was found that transverse crack spacing saturates before the final fracture of the lam- 

inates. They explained the saturated crack spacing by using the shear-lag analysis. 
Crossman and Wang [4] found that onset and growth of transverse cracks and de- 

laminations in [:::I:25/901l]s laminates depend on the thickness of 90° ply. As listed 

above, the experimental observations of damage progress in quasi-isotropic CFRP 

laminates have been conducted, but the modeling of damage progress is not yet well 

established. 

On the other hand, it is pointed out that CFRP has low interlaminar fracture tough- 
ness. To overcome this problem, some methods to toughen laminates are suggested. 
One of them is 'interleaving', that refers to sandwiching thin layers of resin be- 

tween the plies [5-8]. The second approach is to utilize good processability of ther- 

moset resin and high fracture toughness of thermoplastic resin. This hybridization 
of thermoset and thermoplastic resins is achieved by dispersing particulate thermo- 

plastic polymer into thermoset base resin. One example of these material systems is 

T800H/3900-2 which is used in the present study. 

Odagiri et al. [9, 10] showed that T800H/3900-2 laminates provided both high 

compressive strength after impact damage and high compressive strength at elevat- 

ed temperatures for moistured test specimens. This was achieved by the heteroge- 
neous interlaminar-toughened layers, introducing fine particles composed of amor- 

phous polyamide onto the prepregs. The delamination growth was suppressed to a 

great extent by introducing the interlaminar-toughened layers. 

Investigations of the enhancement of interlaminar fracture toughness or impact re- 
sistance of interleaved or hybridized laminates have been conducted. However, few 

studies of the failure process of these laminates have been conducted [ 11 ]. 
In the present study, microscopic damage progress in quasi-isotropic CFRP lami- 

nates under static tensile loading is investigated. The observation of the damages were 

conducted by an optical microscope and a scanning acoustic microscope (SAM). To 

discuss the effect of interlaminar-toughened layers, two material systems were used. 

Both plain specimens and specimens with a circular hole were tested. 

2. EXPERIMENTAL PROCEDURE 

2.1. Materials 

The materials used were toughened-type CFRP composite T800H/3631, and new- 

ly developed CFRP with interlaminar-toughened layers, T800H/3900-2, supplied by 
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Table 1. 
Material properties 

*Assumed value. 

Toray Inc. The T800H/3900-2 prepreg system has tough and fine polyamide parti- 
cles on its surfaces, which results in formation of the interlaminar-toughened layers 
at every ply interface in the laminates. The thickness of the interlaminar-toughened 
layers is about 30 >m. Material properties are shown in Table 1 [12]. In-plane shear 
modulus and in-plane Poisson's ratio are assumed values which are in need for the 

delamination analysis. The matrix base resin in T800H/3900-2 is very similar to that 
in T800H/3631. 

The laminate configurations were quasi-isotropic [0/45/90/- 45]s2 ([0/45/90/ 
- 452/90/45/02/45/901-452/90/45/0]) for T800H/3631 and [0/45/90/-45]s 
([0/45/90/-452/90/45/0]) for T800H/3900-2. Specimen configuration is shown 

in Fig. 1. Plain specimens and specimens with a circular hole were prepared. 
The specimens with a circular hole had a hole whose diameter was 10 mm at the 

center. The fiber volume fraction was about 64% for T800H/3631, and 55% for 
T800H/3900-2. The low fiber volume fraction in T800H/3900-2 is due to the in- 

troduction of interlaminar-toughened layers. GFRP tabs were glued on the speci- 
mens. 

2.2. Damage observation 

Quasi-static tensile tests were performed at room temperature. The cross-head speed 
was 0.5 mm/min. 

By the observation of polished edge of the plain specimens, damage progress was 

measured as a function of laminate strain. During the tests, the testing machine 

was periodically stopped, and the specimens were observed by an optical microscope 

directly. The observed area was 50 mm long at the center of the specimens. The 

number of transverse cracks in the specimen was counted to obtain the transverse 

crack density, which was defined as the number of transverse cracks per unit specimen 

length. 
Both plain specimens and specimens with a hole were also observed by a scan- 

ning acoustic microscope (SAM, Olympus UH-3, Pulse-Wave Mode, 30 MHz, HA 

lens [13]) to detect delamination onset and growth. High resolution images includ- 

ing transverse cracks can be observed by introducing transverse waves as well as 

longitudinal ones in composite laminates. 
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Figure 1. Specimen configurations of test specimen: (a) plain specimens; (b) specimens with a circular 
hole. 

3. RESULTS 

3.1. Plain specimens 

Laminate properties obtained from tensile tests are shown in Table 2. The lower 

Young's modulus in T800H/3900-2 than that of T800H/3631 is due to the lower 
fiber volume fraction. Both laminates have almost the same tensile strength, however, 
T800H/3900-2 laminates have higher ultimate strain than T800H/3631 laminates. 

Figure 2 shows edge damage state in a T800H/3631 plain specimen ((a) E = 1.12%, 

(b) E = laminate strain). In Fig. 2a, a transverse crack in 90° ply is 
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Table 2. 

Properties of plain specimens 

Figure 2. Damage progress in a T800H/3631 [0/45/90/-45]51 plain specimen: (a) s = 1.12%; (b) s = 
1.39% (r:;: laminate strain). 
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observed. In Fig. 2b, new transverse crack in 45° ply is observed at higher strain. 
In this specimen, the first microscopic damage observed was transverse crack in 90° 

ply. At higher strain levels, transverse cracks in 45° and -45° plies were observed. 
Transverse cracks in -45° plies always ran through the thickness of two adjacent -45° 

plies. As the laminate strain increased, the number of cracks in each ply increased. 

Just before the final fracture, free edge delamination at 45/90 interface from trans- 
verse crack tips were observed. Figure 3 shows delamination at 45/90 interface 

observed by a scanning acoustic microscope (SAM, Pulse-Wave Mode, HA lens, 
30 MHz). The white area indicated by the arrows correspond to delaminations. The 

intensity of reflected acoustic wave from delaminated area is larger which results in a 
formation of the white area. By the combination of the edge observation, it was found 

that the delaminations occurred from the tips of the transverse cracks at 45/90 inter- 

face. Extensive growth of delaminations was not observed because the final fracture 
of the laminate occurred. 

Figure 4 shows edge damage state in a T800H/3900-2 plain specimen ((a) F = 

1.01%, (b) - = 1.49%). Interlaminar-toughened (polyamide particle-dispersed) layers 
are observed at every ply interface. The behavior of transverse cracks in each layer in 
this specimen is similar to that in T800H/3631 specimens. That is, the first transverse 
crack is observed in 90° ply, and then, in 45° and -45° plies. In this specimen, 
delamination was not observed, which is due to the enhancement of interlaminar 
fracture toughness supplied by the interlaminar-toughened layers. 

As shown in Figs 2 and 4, the surface of the transverse cracks in 90° plies were 
not perpendicular to the loading direction. Figure 5a shows a schematic illustration 
of transverse cracks observed from both edges. This inclination of transverse crack 

Figure 3. Delamination in a T800H/3631 [0/45/90/- 45]S2 plain specimen at E = 1.28%. 
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surface in the 90° ply is attributed to the cross-elasticity effect of adjacent off-axis 

plies (Fig. 5b) which result in generation of shear stress in 90° plies (Fig. 5c). 

Figures 6 and 7 show the transverse crack density as a function of the laminate strain 

for T800H/3631 and T800H/3900-2 specimens, respectively. The transverse crack 

density is defined as the number of cracks in a ply per centimeter. There are four 

and two 90° (45°) plies in T800H/3631 and T800H/3900-2 specimens, respectively. 
Transverse crack density was measured for each ply, but transverse crack density for 

the plies with the same fiber orientation was very similar. Therefore, the average 
values were plotted in Figs 6 and 7. The two adjacent -45° plies were treated as one 

ply, because the transverse cracks in this ply always ran through the thickness of the 

two -45° plies. 

Figure 4. Damage progress in a T800H/3900-2 [0/45/90/-45]s2 plain specimen: (a) s = 1.01%; 
(b) s = 1.49%. 
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Figure 5. Schematic of transverse crack formation in plain specimens. 

The onset strain of transverse cracks in the 90° ply in T800H/3900-2 is smaller 
than that in T800H/3631. This can not be explained by the transverse ultimate strain 
for each lamina listed in Table 1. It is necessary to consider the thermal residual 
strain and the shear stress generated by the cross-elasticity effect. The onset strain 
of transverse cracks in the 45° and -45° plies for T800H/3900-2 is larger than for 
those in T800H/3631. This may be partly because of the reduction of in-plane shear 
stress in 45° and -45° plies by introducing the interlaminar-toughened layers. In 
both material systems, transverse crack density in the -45° ply is higher than that in 
the 45° ply. This is the effect of the difference in thermal residual strain which is due 
to the difference in thickness of the -45° ply group and +45° ply. 

3.2. Specimens with a circular hole 

Stresses at final fracture of the specimen with a hole obtained from tensile tests are 
shown in Table 3. For a plain specimen, T800H/3900-2 laminates have higher ten- 
sile strength and ultimate strain than T800H/3631 laminates; however, for specimens 
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Figure 6. Transverse crack density as a function of laminate strain in T800H/3631 [0/45/90/- 45]sz 
plain specimens. 

Figure 7. Transverse crack density as a function of laminate strain in T800H/3900-2 [0/45/90/- 45]s 
plain specimens. 
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Table 3. 
Stresses at final fracture of specimens with a hole 

Figure 8. SAM image (30 MHz HA pulse lens) of T800H/3631 [0/45/90/- 45]s2 specimen with a 
circular hole: (a) Œ = 294 MPa; (b) a = 343 MPa; (c) a = 412 MPa; (d) c7 = 450 MPa (Œ: remote 
stress). 
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with a hole, T800H/3631 have higher strength. It should be noted that the laminate 

configuration is different between these material systems. It is considered that the 

T800H/3631 [0/45/901-451s2 laminate has two 0° plies in the middle of the lami- 

nate. It is considered that the 0° ply group reduces the notch sensitivity (the net of 

the strength of the specimens with a hole to that of plain specimens). To compare the 

notch sensitivity between the two laminates, it is necessary to test material systems 
with the same laminate configuration. 

In the T800H/3631 specimens with a hole, delamination onset and growth around 

the hole was observed as shown in Fig. 8. First, longitudinal splitting occurred 

from the edge of an open hole and delamination occurred at near 70°, 110°, 250° 

and 290° at 0/45 interface (Fig. 8a, or = 294 MPa, Œ: remote tensile stress). As the 

Figure 8. (Continued). 
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Figure 9. SAM image (30 MHz HA pulse lens) of T800H/3900-2 [0/45/90/- 45]s specimen with a 
circular hole (cr = 312 MPa). 

Figure 10. Specimen with a circular hole after final fracture: (a) T800H/3631 [0/45/90/-45]s2; 
(b) T800H/3900-2 [0/45/90/- 45Js. 

laminate strain increased, delamination onset at near 120° and 300° at 45/90 interface 

(Fig. 8b, or = 343 MPa), and near 90°, 120°, 270° and 300° at 90/- 45 interface 

(Fig. 8c, Q = 412 MPa). Delamination at 45/90 interface grew extensively (Fig. 8d, 
a = 450 MPa). 

Figure 9 shows delamination in the T800H/3900-2 specimen, (cr = 312 MPa). 

First, the longitudinal splitting from the edge of an open hole occurred in the 0° ply. 
Then delamination at the 0/45 interface occurred around the longitudinal splitting. 
Extensive growth of the delamination was not observed. This is due to the high in- 
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Figure 10. (Continued). 

terlaminar toughness created by the interlaminar-toughened layers. Delaminations at 
the 0/45 interface were caused by stress concentration around the tip of the longitu- 
dinal splitting. Delaminations at other interfaces were not observed. Final fracture of 

the laminate occurred by instant coalescence of transverse cracks and delaminations 
induced by the transverse cracks. 

Figure 10 shows specimens after final fracture for both material systems. Delamina- 
tion area in T800H/3631 is larger than that in T800H/3900-2. This also indicates the 
effect of high interlaminar toughness supplied by the interlaminar-toughened layers. 

4. DISCUSSION 

O'Brien [1] derived an equation for the energy release rate associated with straight- 
edge delamination growth, G, as 

where ? is the nominal strain, t is the laminate thickness, m is the number of de- 

laminations formed, and ELAM and E* are the laminate modulus before and after 
delamination. It is known that the energy release rate associated with edge delamina- 
tion growth increases as the delamination length increases and reaches the value of 

equation (1). 
O'Brien and Raju [2] extended the analysis to the delamination onset from an 

open hole in a composite laminate and derived the energy release rate associated 
with delamination onset around an open hole, G(O) at 0 portion from the loading 
direction. In the present study, we assume that the loading direction is 0° and that 
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counterclockwise is the positive direction. G(0) is expressed as 

where ELAM and E* (8) are the laminate modulus before and after delamination at the 

0 portion modeled as a straight edge and £0 is the remote tensile strain. Hence, with 

a remote tensile stain of so, G will vary with 0 due to the variation in circumferential 

strain as well as the variation in laminate modulus after delamination, E*. Therefore, 

equation (2) was normalized to yield 

Figure 11 shows the distribution of normalized energy release rate associated with 

the delamination growth calculated by equation (3). The values are plotted in the 

radial direction for each 0 portion. Material properties used in the analysis are list- 

ed in Table 1. Although the maximum value of normalized energy release rate in 

T800H/3900-2 is larger than that in T800H/3631, only a little delamination was ob- 

served in T800H/3900-2. This shows that a large critical energy release rate was 

achieved by using interlaminar-toughened layers. The energy release rate derived in 

the above analysis is an asymptotic value for an extended delamination. It is known 

that the energy release rate associated with edge delamination growth increases and 

reaches the value of equation (1). 
Therefore it is impossible to predict delamination onset by the energy release rate 

calculated by equations (1) and (2). Here, it is assumed that an inherent flaw which 

can be regarded as a small delamination exists, and that the energy release rate is 

larger at the interface where the energy release rate calculated by equations (1) and 

(2) is larger for a flaw with same length. With the assumption that the delamination 

occurs at earlier stage where the energy release rate is larger, the order of delamination 

onset can be predicted. 
The order of delamination onset location predicted is shown in Table 4. The order 

of delamination onset location in T800H/3631 laminates predicted is (1) at 108° and 

288° at a 45/90 interface; (2) at 64°, 116°, 244° and 296° at a 0/45 interface; and (3) at 

84°, 125°, 264° and 305° at a 90/- 45 interface. In the experiments, the order was 

reversed for the first and the second. This is due to the stress concentration around the 

tips of the longitudinal splittings in the 0° ply. In T800H/3900-2 laminates, only small 

delaminations at 0/45 interface were observed which correspond to the delamination 

of third order in the prediction. This is also due to the stress concentration around 

the longitudinal splittings. 
As shown in Fig. 8, the most extensive growth of delamination is observed at the 

45/90 interface. The locations are near the locations where the energy release rate 

calculated by equation (3) is maximum (45/90 interface 108°, 288°, see Table 4 and 

Fig. 11). For a quantitative characterization of delamination growth, it is necessary 
to estimate mode I, II and III components of the energy release rates. In addition, the 

delamination growth criterion must be established. 
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Figure 11. Normalized energy release rate associated with delamination growth in specimen with a circu- 
lar hole: (a) T800H/3631 [0/45/90/- (b) T800H/3900-2 [0/45/90/- 451s ((+) [0/45] interface; 
(0) [45/90] interface; (0) [90/- 45] interface). 
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Table 4. 
The order of delamination onset (prediction and experimental 
results) 

Although the analysis does not consider the thermal residual stress generated during 
the curing process, the prediction is useful for predicting the location of the delami- 
nation onset. 

5. CONCLUSION 

Microscopic damage progress under static tensile loading in quasi-isotropic CFRP 

laminates with and without interlaminar-toughened layers was observed by an optical 
microscope and a scanning acoustic microscope (SAM). 

(1) By the edge observation of the plain specimens, transverse crack density was 
measured as a function of laminate strain. 

(2) By the SAM observation of specimens with a circular hole, delamination onset 
and growth were detected. 

(3) The energy release rate analysis conducted by O'Brien and Raju can be used for 

qualitative prediction of delamination onset and growth. 
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