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SUMMARY 
The accelerated testing methodology (ATM) for the fatigue life prediction of CFRP 

laminates proposed and confirmed experimentally in the previous ONR project of Grant # 
N000140110949 was verified theoretically and refined quantitatively based on the viscoelasticity of 
matrix resin in this ONR project. 

1. The advanced accelerated testing methodology (ATM-2) in which the role of viscoelastic behavior 
of matrix resin on the long-term fatigue life of CFRP laminates was cleared statistically and 
quantitatively was proposed and the formulation of long-term fatigue life of CFRP laminates under 
an actual loading was constructed based on ATM-2. 

2. The formulation by ATM-2 was applied to the flexural fatigue strengths of three kinds of CFRP 
laminates for marine use and the parameters in the formulations were determined. 

3. The flexural fatigue strengths of quasi-isotropic CFRP laminates exposed to general loading in 
which the stress and temperature are changed with time were predicted by the formulation by ATM-2 
and measured experimentally. The validity of ATM-2 was confirmed by comparing of the predicted 
ones and the measured data. 

4. ATM-2 for the fatigue life prediction of CFRP laminates was expanded to MMF/ATM method for 
the fatigue life prediction of the structures made of CFRP laminates. 

5. Damage evolution under post-impact fatigue of CFRP laminates for marine use were discussed in 
this project. 

NAVY RELEVANCE 
The proposed accelerated testing methodology (ATM-2) has effectively combined the effects 

of time, temperature and water absorption on the strength and life of composite materials. It was 
confirmed that the methodology is applicable to the innovative CFRP laminates for marine use 
exposed to active loading of variable stress and temperature history. 

MAJOR ACCMPLISHMENTS 
The major accomplishments of this ONR project were reported at ONR Review Meetings 

for Solid Mechanics Program held in September of every year at The Inn and Conference Center, 
University of Maryland University College, Adelphi, MD. The following reports are the extended 
abstracts of this project published on the proceedings of ONR Solid Mechanics Programs. 



PARTI 
2007 ONR Solid Mechanics Program 

Verification of Accelerated Testing Methodology for 
Long-Term CSR Strengths on Three Directions of Unidirectional CFRP 

Yasushi Miyano and Masayuki Nakada 
Materials System Research Laboratory, Kanazawa Institute of Technology 

3-1 Yatsukaho, Hakusan, Ishikawa 924-0838, Japan 

OBJECTIVE 
As the coupon-level constant strain rate (CSR) strength of CFRP laminates is 

matrix-dominated and the initial failure controls the ultimate fracture, it is shown to be valid that the 
failure process is unchanged due to the accelerated loading history under elevated temperature and 
that the same time-temperature superposition principle (TTSP) for the viscoelastic behavior of matrix 
resin holds for the CSR strength of CFRP laminates. 

APPROACH 
Time and temperature dependent CSR strengths for three directions of unidirectional CFRP 

laminates, which are the tensile and compressive CSR strengths for the longitudinal direction and the 
tensile strength for the transverse direction, were measured at various strain rates and temperatures in 
our previous paper. By using these measured data, the master curves of these CSR strengths are 
constructed based on the time-temperature superposition principle to be held for the creep 
compliance of matrix resin. And the relationships between the viscoelastic behavior of matrix resin 
and these CSR strengths are evaluated on the viewpoints of failure mechanism. 

RECENT ACHIEVEMENTS 
The same time-temperature superposition for the viscoelastic behavior of matrix resin holds 

for each of CSR strengths for typical three kinds of direction for unidirectional CFRP laminates 
because the smooth master curves of three kinds of CSR strength are obtained by using the 
time-temperature shift factor for the viscoelastic behavior of matrix resin. The relationship between 
the viscoelastic behavior of matrix resin and each of three kinds of CSR strength is uniquely 
determined on the viewpoints of failure mechanism. As results, the long-term CSR strengths of 
CFRP laminates can be predicted by using the short-term CSR strengths measured based on TTSP for 
the viscoelastic behavior of matrix resin and the accelerated testing methodology (ATM) can be 
applied to predict the long-term CSR strength of CFRP laminates. 

1. Introduction 
The mechanical behavior of polymer resins exhibits time and temperature dependence, 

called viscoelastic behavior, not only above the glass-transition temperature Tg but also below Tg. 
Thus, it can be presumed that the mechanical behavior of CFRP using polymer resins as matrices also 
depends on time and temperature even below T% which is within the normal operating-temperature 
range. The presumption is confirmed experimentally by Aboudi et al. [1], Sullivan [2], Gates [3], 
and Miyano et al. [4-7]. 

In our previous papers [8-10], the time-temperature dependence of the CSR, creep and 
fatigue strengths for various directions of CFRP laminates with various combinations of fiber and 
matrix were measured at various frequencies and temperatures. The master curves of these CSR, 
creep and fatigue strengths of CFRP laminates were constructed by using measured data based on the 
time-temperature superposition principle (TTSP) to be held for the creep compliance of matrix resin. 
As results, it was cleared experimentally that the long-term CSR, creep and fatigue strengths of 
CFRP laminates can be predicted by using the short-term strengths measured based on TTSP for the 
viscoelastic behavior of matrix resin. The accelerated testing methodology (ATM) to predict the 
long-term CSR, creep and fatigue strengths of CFRP laminates by measuring the short-term strengths 
based on TTSP for the viscoelastic behavior of matrix resin was proposed. 



Time and temperature dependent CSR strengths for typical three directions of unidirectional 
CFRP laminates, which are the tensile and compressive CSR strengths for the longitudinal direction 
and the tensile strength for the transverse direction, were measured at various strain rates and 
temperatures in our previous paper [4]. By using these measured data, the master curves of these 
CSR strengths are constructed based on TTSP to be held for the creep compliance of matrix resin. 
Additionally, the relationships between the viscoelastic behavior of matrix resin and these CSR 
strengths are evaluated on the viewpoints of failure mechanism. The applicability of ATM for 
predicting the long-term CSR strengths on CFRP laminates is discussed experimentally and 
theoretically. 

2. Experimental Procedure 

2.1 Preparation of Specimen 
The compositions and cure conditions for the epoxy resin used as the matrix and the 

unidirectional CFRP laminates are given in Table 1. The epoxy resin plates were made by the 
infusion technique and the unidirectional CFRP laminates plates were made by the filament winding 
technique. It was confirmed by microscopic observation that the plates of epoxy resin and CFRP 
laminates were void-free. Two types of epoxy resin specimens and three types of CFRP laminates 
specimens were machined from the plates of epoxy resin and CFRP laminates, respectively. 

Table 1 Compositions and cure conditions for the epoxy resin and the unidirectional CFRP 
laminates 

Composition 

Resin CFRP 

Epoxy :EPIKOTE 828/100* 

Hardener : Methyl himic anhydride / 104* 

Cure accelerator : 2-ethyl-4-methylimidazol / 1* 

Matrix: Epoxy resin 

Carbon fiber : TORAYCA T300-3K 

Volume fraction of fiber : 53.4% - 58.0% 

Curing condition 

70°C for 12h (5MPa), 150°C for 4h and 190°C for 2h 

Weight fraction 

2.2 Test Procedures 
The bending creep tests for the epoxy resin were carried out for getting the creep compliance 

and the tension CSR tests for the epoxy resin were carried out for getting tensile CSR strength. 
The tension CSR tests for the longitudinal direction, the bending CSR tests for the 

longitudinal direction and the bending CSR tests for the transverse direction of unidirectional CFRP 
laminates were carried for getting the tensile and flexural CSR strengths for the longitudinal direction 
and the transverse direction of unidirectional CFRP laminates. These testing methods and 
conditions are shown in Fig. 1 and Table 2, respectively. 

The flexural strengths for the longitudinal and transverse directions of unidirectional CFRP 
laminates can be considered to be the compressive and tensile strength, respectively, because the 
failure mode in the bending tests for the longitudinal direction is compressive and that for the 
transverse direction is tensile in all ranges of deflection rate and temperature. 

These CSR strengths for three directions of unidirectional CFRP laminates were measured in 
our previous paper [4].   The details of testing methods and data are published in this paper. 
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Fig. 1 Configurations of specimen and testing methods 



Table 2 Testing conditions 

Displacement or 
deflection rate 

[mm/mini 

Temperature 
[°C] 

Bending creep test for neat epoxy resin 40,60,70,80,90,100,110, 
120, 130, 140, 150, 160, 180 

Tension CSR test for neat epoxy resin 0.05, 0.5, 5, 50 

Longitudinal tension CSR test for CFRP 0.5, 5, 50 

Longitudinal bending CSR test for CFRP 0.05, 0.5, 5, 50 

Transverse bending CSR test for CFRP 0.01, 0.1, 1, 10 

60, 80, 100, 120, 
140, 160, 180 

3. Results and Discussion 

3.1 Time-Temperature Shift Factor for Creep Compliance of Matrix Resin 
The left side of Fig.2 shows the creep compliance DM versus loading time / at various 

temperatures T for the epoxy resin. The master curves of DM versus the reduced loading time f 
were constructed by shifting DM at various constant temperatures along the log scale of time. Since 
the smooth master curve of DM can be obtained as shown in the right side graph, the TTSP is 
applicable for DM. 

The time-temperature shift factor CITO(T) at a reference temperature 7o plotted in Fig.3, which 
is the horizontal shift amount, is defined by 

log a, (7") = log/-log/' (1) 

The aTo(T) are described by two Arrhenius' equations shown in Eq.(2) with different 
activation energies AH. 

lOg Or (7") = 
AH d-i) 2.303G  7"    r„ (2) 

where G is the gas constant, 8.314x10   [kJ/(K mol)]. 
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Fig.2 Master curve of creep compliance for epoxy resin 
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Fig.3 Time-temperature shift factor of creep compliance for epoxy resin 

3.2 Master Curve of Tensile CSR Strength of Matrix Resin 
The left side of Fig.4 shows the tensile CSR strength ou versus time to failure /s at various 

temperatures T for epoxy resin, where ts is the time period from initial load to maximum load during 
testing. The master curve of au versus the reduced time to failure t% were constructed by shifting 
au at various constant temperatures along the log scale of U using the same time-temperature shift 
factors for DM shown in Fig.3. Since the smooth master curve of ou can be obtained as shown in 
the right side graph, the TTSP for DM of epoxy resin is also applicable for the au of epoxy resin. 

£ 100 

P   50- 

z 
°   20 - 

£    10 
c I » 

w 
u 
B 

Reduced temperature T [°C] 
60 80 100 120      140     160     180 

-It** 
• § 

•fa 
* 

K 

1         1         1 

• 
1       1       1         1              1 I          I 

EP resin 
T0 = 60°C 
/,(,= 1min 

• # Dry 

•fi 
* 

K 

I         I         I 

•   60°C 
O   80°C 
o 100°C 
o 120°C 
a   140°C 
< 160°C 
* 180°C 

I       I I       I       I 

100 

50 

20 ra 
a 
? 

10 p 

b r- 
e 

-2      0      2-2 
log fs [min] 

4      6      8 
log rs'[min] 

10    12    14    16 

Fig.4 Master curve of tensile CSR strength for epoxy resin 

3.3 Master Curves of Various CSR strengths of Unidirectional CFRP 
The left side of each graph in Figs.5-7 shows the tensile and flexural CSR strengths, CTLT and 

CTLB, for the longitudinal direction and the flexural CSR strength, aTB, for the transverse direction of 
unidirectional CFRP laminates, which are plotted against time to failure /s at various temperatures T, 
where /s is the time period from initial load to maximum load during testing. The master curve for 
each strength versus the reduced time to failure ?s' was constructed by shifting each strength at 
various constant temperatures along the log scale of ts using the same time-temperature shift factors 
for Dc of epoxy resin shown in Fig.3. Since the smooth master curve for each strength can be 
obtained as shown in the right side of each graph, the TTSP for DQ of epoxy resin is also applicable 
for each strength. 
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Fig.6 Master curve of flexural CSR strength for the longitudinal direction of unidirectional CFRP 
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3.4 Relationships between CSR strengths of Unidirectional CFRP and Creep Compliance of Matrix 
Resin 

Figs.8-10 show the graphs that the tensile and flexural CSR strengths of the longitudinal 
direction and the flexural CSR strength of the transverse direction of unidirectional CFRP laminates 
are plotted against the inverse of creep compliance for epoxy resin at the same conditions of time and 
temperature. The relationship of each CSR strength of CFRP laminates versus the inverse creep 
compliance of epoxy resin makes smooth curve, respectively. Therefore, each of three kinds of 
CSR strength of CFRP laminates is uniquely determined by the creep compliance of matrix resin. 
Therefore, it is cleared experimentally that these CSR strengths are controlled by the viscoelastic 
behavior of matrix resin. 

The tensile CSR strength for the longitudinal direction of unidirectional CFRP laminates, 
GLT, can be shown by the following equation based on Rosen's shear lag model [11]. 

a LT (hJ) 
ffLTg 

Gm(t,T) 
Gmg 

l/(2m) 

(3) 

where aLT and cjLTg is the tensile CSR strength at time to failure and temperature and its glassy value, 
Gm{t,T) and Gm are the shear relaxation modulus of matrix resin at relaxation time and temperature 
and its glassy value, and m is Weibull shape parameter of tensile strength of carbon fiber (T300, 
m=8.2). Gn/Gmg is nearly equal to Em/Emg, where Em and Emg are the relaxation modulus of matrix 
resin at relaxation time and temperature and its glassy value. In Fig. 8, the straight line with slope 
of l/2m = 1/16.4 capture the test data approximately, therefore, it is also cleared in the view point of 
failure mechanism that the time-temperature dependent tensile CSR strength for the longitudinal 
direction of unidirectional CFRP laminates is controlled by the viscoelastic behavior of matrix resin. 

The flexural fracture in the longitudinal direction of unidirectional CFRP laminates is the 
microbuckling of carbon fibers in the compression side of specimen. In this case, the flexural CSR 
strength for the longitudinal direction of unidirectional CFRP laminates, <TLB, can be shown by the 
following equation based on Dow's microbuckling theory [12]. 

CTLBg 

Em(U) 
ßmg 

I  2 

(4) 

where CTLB and aLBg is the flexural CSR strength at time to failure and temperature and its glassy 
value, Em(t,T) and £mg are the relaxation modulus of matrix resin at relaxation time and temperature 
and its glassy value. In Fig.9, the straight line with slope of 1/2 capture the test data adequately, 
therefore, it is also cleared in the view point of failure mechanism that the time-temperature 
dependent flexural CSR strength for the longitudinal direction of unidirectional CFRP laminates is 
controlled by the viscoelastic behavior of matrix resin. 

The flexural CSR fracture for the transverse direction of unidirectional CFRP laminates is 
triggered by the tensile fracture of matrix resin in the tension side of specimen. It can be 
theoretically presumed that this CSR strength of CFRP laminates is uniquely determined by the creep 
compliance of matrix resin, because the same TTSP for the creep compliance of matrix resin holds 
for the tensile strength of epoxy resin. Fig. 10 shows that this presumption is also experimentally 
true. 

4. Conclusion 
Time and temperature dependent CSR strengths for typical three directions of unidirectional 

CFRP laminates, which are the tensile and compressive CSR strengths for the longitudinal direction 
and the tensile strength for the transverse direction, are measured at various strain rates and 
temperatures. The master curves of these CSR strengths are constructed by using measured data 
based on TTSP to be held for the creep compliance of matrix resin. Additionally, the relationships 
between the viscoelastic behavior of matrix resin and these CSR strengths are evaluated on the 



viewpoints of failure mechanism.   The applicability of ATM for predicting the long-term CSR 
strengths of CFRP laminates is confirmed experimentally and theoretically. 
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Fig.8 Tensile CSR strength for the longitudinal direction for unidirectional CFRP versus inverse of 
creep compliance of matrix resin 
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Fig.9 Flexural CSR strength for the longitudinal direction for unidirectional CFRP versus inverse 
creep compliance of matrix resin 
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Fig. 10 Flexural CSR strength for the transverse direction for unidirectional CFRP versus inverse 
creep compliance of matrix resin 



NAVY RELEVANCE 
The proposed accelerated testing methodology has effectively combined the effects of time, 

temperature and water absorption on the strength and life of composite materials. It can be confirmed 
experimentally and theoretically that the methodology is applicable to the innovative CFRP laminates 
for marine use. 
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OBJECTIVE 
The damage tolerance performance of CFRP laminates for marine use was evaluated based 

on the clarification of impact damage and its evolution behavior. The damages within CFRP 
laminates were clarified with non-destructive methods and the direct observation of cross-section 
three-dimensionally. 

APPROACH 
The impact damage and its propagation behavior under fatigue loading and water 

environment of T300-3K plain woven and T700S-12K multi-axial knitted CFRP laminates were 
discussed. Matrix resin was vinylester, and the molding method was vacuum assisted resin transfer 
molding (VARTM). The damage mechanism within candidate CFRP laminates was evaluated based 
on the precise observation. Ultrasonic scanning was conducted as a non-destructive observation 
method, and the cross-sectional observation was also conducted at multiple sections of laminate. The 
difference between post-impact fatigue (PIF) damage morphology of plain woven and multi-axial 
knitted CFRP laminates was characterized under dry and wet condition. 

RECENT ACHIEVEMENTS 
The damage tolerance performance of CFRP laminates for marine use was evaluated. For 

this purpose, the impact damage mechanism and its propagation behavior of T300 plain woven and 
T700 multi-axial knitted CFRP laminates were observed by non-destructive and destructive 
observation methods. Each image observed by these approaches was integrated and 
'three-dimensional' damage distribution images were obtained. In addition, environmental effects 
on mechanical properties of damaged CFRP laminate were evaluated. 

1. Introduction 
When composites are applied to large-scale structures such as ships, the number of stacking 

layer becomes larger with conventional thin prepreg or woven fabric, thus long time to molding, 
labor and cost are necessary. In order to clear these problems, multiaxial knitted fabric which has 
comparatively thickness and no-crimp is focused as one of new-style reinforcement fabric [1-5]. This 
fabric has the characteristic configuration in which fiber layers aligned in multiaxial direction are 
stacked and knitted each other. Therefore thickness and fiber alignment can be obtained with less 
number of stacking. Additionally, it is thought that no-crimp configuration appears excellent 
mechanical properties of reinforcement fibers easier than conventional woven fabric etc. On the 
other hand, as the molding method to be able to facilitate and reduce the price of molding composite 
for large-scale structures by combining with multiaxial knitted fabric, vacuum assisted resin transfer 
molding (VARTM) method is paid to attention. Because VARTM does not need the closed mold 
and pressurized device to the resin either, VARTM is expected as a highly accurate molding method 
that takes the place of a conventional RTM. Besides, objective large-scale structures are affected by 
the environment such as variable temperature and humid. The studies of the effect of temperature of 
polymer composite materials have been conducted [6,7]. 

In this study, the impact damage and its propagation behavior under fatigue loading and 
water environment of T300-3K plain woven and T700S-12K multi-axial knitted CFRP laminates 
were discussed.   Matrix resin was vinylester, and the molding method was vacuum assisted resin 



transfer molding (VARTM). The damage mechanism within candidate CFRP laminates was 
evaluated based on the precise observation. Ultrasonic scanning was conducted as a non-destructive 
observation method, and the cross-sectional observation was also conducted at multiple sections of 
laminate. The difference between impact damage morphology of plain woven and multi-axial 
stitched CFRP laminates was characterized three-dimensionally. 

2 Materials and Testing Methods 
2.1 Materials 

The candidate material is a basic type of plain woven fabric, T300B-3K, and newly 
developed multi-axial knitted fabric, T700S-12K, both of them supplied by Toray Industries, Inc. 
The innovative multi-axial knitted fabric is expected to apply to the thick and large structural 
component such as marine ships, because it has much thickness than the conventional T300 fabric 
(Fig. 1(a)), and good mechanical property is expected by its no-crimp configuration and smooth 
warping performance. Multi-axial knitted fabric consists of several unidirectional or random-mat 
layers joined by polyester knitting fibers as shown in Fig. 1(b). CFRP laminates are molded based 
on vacuum assisted resin transfer molding (VARTM), which is suitable molding method for 
large-scale structures. In VARTM, resin is impregnated into reinforcements by atmospheric 
pressure, unlike conventional RTM with the pressurized resin pot and the rigid closed mold. Figure 
2 shows a schematic image of VARTM setup. Resin firstly flows into a flow medium, and then flows 
into reinforcements.    The driving force of resin flow is atmospheric pressure. 
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Fig.3 Schematic of vacuum assisted resin transfer molding (VARTM) setup 

2.2 Impact test 
A drop weight with a steel semi-spherical tip was used as an impactor. The weight of the 

impactor was 1113.5 g and the diameter of the tip was 16 mm. The specimen was mounted between 
supporting steel plates with a cutout hole 30 mm in diameter, as shown in Fig. 4, and was subjected 
to impact energy directly using the impactor. Impact loading of 1 J per mm thickness was applied 
to the center of the specimen by the impactor. The impact damage in the specimen was observed 
and characterized by ultrasonic C-scan method and direct cross-section observations. 



2.3 Compression after impact (CAI) test and post-impact fatigue (PIF) test 
Compressive strength after impact (CAI) and post-impact fatigue (PIF) properties were 

evaluated. In this study, CAI and PIF tests were conducted with same specimen level as shown 
in Fig.5. Figure 6 shows a fixture for CAI test. Gauge length was 50 mm. Compressive load 
was applied by Servopulser EHF-EB100kN-20L (Shimadzu Co., Ltd.). Test speed of CAI was 
1.0 mm/min.    In PIF tests, stress ratio R was -1, that is, tension-compression test. 
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Fig.4 Schematic image of a fixture of impact test 
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Fig.5 Dimension of the specimen Fig.6 The fixture of CAI test 

2.4 Water absorption condition 
The effect of water absorption on CAI and PIF strength of CFRP laminates for marine 

use was evaluated with specimens immersed water bath. Same level coupon specimens as well 
as normal dry CAI and PIF tests were used for water absorbed CAI and PIF tests. In order to 
absorb water to specimens up to saturation water content, the accelerated water absorption tests 
were conducted as shown in Fig.7.   Based on these tests, water absorption conditions were 



decided as follows; both multi-axial knitted and plain woven CFRP specimens were soaked in a 
water bath at 95°C for 120 hours up to saturation water content of 0.6wt%. After absorption of 
water, same level impact (1 J per unit thickness) was applied to these specimens. Specimens 
after soaking were named as "Wet", as contrasted with "Dry" ones. In order to keep the water 
content of Wet specimen through the PIF test, gauge region of specimen was covered by plastic 
bag and filled with water inside of it, as shown in Fig.8. Stress amplitude in PIF tests was 
80 %, 70 % and 60 % for both multi-axial knitted and plain woven CFRP. 

A T30OA/E • P-1 

O T300/VE-P-2 

V T300/VE • P-3 

10 15 
time t"2   (hour) 

20 25 

sealant 
tape 

mpact point 

43mm 

I Thickness 
Plain Woven: 2.0mm 
Multi-Axial. 2.5mm 

Fig.7 Water content versus time. Fig.8 Configuration of Wet specimen. 

3. Approach to evaluate damages 
3.1 Non-destructive evaluation 

Damage progress behavior was observed from the opposite side of impact side of 
specimens by thermo-elastic stress analyzer (TESA) (JER-8010, JEOL.Ltd) and ultrasonic 
scanning (UT-2000, Toray Engineering Co., Ltd.). TESA can detect instantaneous changes in 
a material's surface stress state as instantaneous changes in the material's surface temperature. 
Therefore 'in-situ' damage propagation behavior can be observed by TESA. Ultrasonic 
scanning (C-scan) can observe internal damage distribution, especially delamination. C-scan 
produces an image showing the shape, size, location, and depth of delamination. In this study, 
the frequency of the transducer was 25 MHz. 

3.2 Direct observations 
Multiple cross-sections of the same laminate as observed by C-scan, were observed by 

optical microscope. A square portion with 30-mm sides and with the impact point as the 
center was cut and embedded in resin to facilitate easy grinding and polishing of the cross 
section of the laminate. After curing the resin, the face normal to the cross section of the 
laminate was ground using No. 320 sandpaper, and polished using 9 urn, 3 urn and 1 urn 
diamond slurry stepwise using a precision polishing machine (TegraPol-15, Struers Co., Ltd.). 
The mirror-finished cross-section was scanned using a blue-ray microscope (VL2000D, 
LaserTech Co., Ltd.). 

3.3 Three-dimensional characterization of the impact damage within laminate 
In order to characterize the impact damage on CFRP laminate, both images observed 

by ultrasonic C-scan device and cross-sectional observation were compared and integrated as 
shown in Fig.9. This figure shows the flow in the characterization methodology of the impact 
damage on CFRP laminate. Both observation methods give different plain information each 
other about the impact damage, and information obtained is evaluated synthetically. Finally 
the three-dimensional damage distribution image is estimated. 
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Fig.9 Methodology of the three-dimensional characterization of the impact damage inside laminate 

4 Effect of water absorption on post-impact fatigue properties 
Figure 10 shows the compressive strength of plain woven and multi-axial knitted CFRP. 

Here, the specimens without impact damage were named as "bulk" ones, and plain woven and 
multi-axial knitted CFRP were described as "PW" and "MA", respectively. From this graph, the 
compressive strength of bulk plain woven and multi-axial knitted CFRP decreased in 59 % and 
66 % by the impact damage, respectively. On the other hand, CAI strength of Wet plain 
woven and multi-axial knitted CFRP were 4.4 % and 7.7 % lower respectively than that of Dry 
ones.    Consequently, the effect of water absorption on CAI strength was little. 

Figure 11 shows the result of PIF tests of both plain woven and multi-axial knitted 
CFRP laminates. All S-N curves in this figure showed approximately inverse linear relation. 
Both CAI and PIF strength of Dry multi-axial knitted CFRP were higher than that of the other 
specimens. Slope of approximation line of multi-axial knitted CFRP was smaller than that of 
plain woven CFRP. Stress amplitude level of Dry multi-axial knitted CFRP was higher than 
that of Dry plain woven CFRP. Consequently, it is obvious that fatigue performance of MA 
Dry is fairly higher than that of the others. 
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Fig. 10 Compressive strength after impact 
of plain woven and multi-axial knitted 
CFRP under dry and wet condition. 

Fig. 11 Fatigue strength under water absorption 
condition of plain woven and multi-axial knitted 
CFRP laminates 

4.1 Plain woven CFRP laminates 
For damage propagation observation, specimens were stopped at the cycle just before 

failure for Dry and Wet conditions, respectively. Here, we measured the stroke variations and 
also 'the sound of fiber breakage' for helping to determine the 'cycle just before failure'. 
Figure 12 shows ultrasonic C-scan images of both Dry and Wet specimens before and after 
fatigue tests. Load was applied in perpendicular direction in these images. In these images, 
damage propagation was not detected comparing with damage caused by impact only. 
Actually, plain woven CFRP laminate specimens showed sudden failure at the impact point in 
the final stage of PIF tests, and almost no-signs were observed before failure. 
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only) 
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(a) Dry specimen (b) Wet specimen 

Fig. 12 Damage propagation shown in ultrasonic C-scan images of plain woven CFRP 
laminate 

Figure 13 shows cross-sectional photographs of both Dry and Wet specimens before 
and almost final stage of fatigue tests. Cross-sections observed were along the loading 
direction, which is the perpendicular direction in the ultrasonic scanning images shown in 
Fig. 18. However it is clear that the amount of delamination observed in the cross-sections of 
Wet specimen was larger than that of Dry specimen, increase of such delamination was not 
confirmed in the in-plain direction but in the through-thickness direction, as mentioned in 
Fig. 12.   Therefore, the characteristic damage morphology in plain woven CFRP is that the 



number of delaminations increases almost only in through-thickness direction, not in the 
in-plain direction. 

Figure 14 shows magnified images of cross-section of Dry specimen at both N/Nf = 0 
(impact only) and N/Nf • 0.9. Compared to the section at N/Nf = 0, multiple transverse cracks 
(indicated as arrows in Fig. 14) and evolution of delamination initiated from the tip of these 
cracks were observed. 

Figure 15 shows magnified images of cross-section at N/Nf = 0 (impact only) in Fig. 13. 
In dry condition, it is obvious that delamination occurred mostly between 'crossed' 0790° fiber 
bundles. On the other hand, delamination of Wet specimen occurred between 'parallel' fiber 
bundles aligned same direction (indicated as arrows in Fig. 15) in addition to the interface 
between 'crossed' fiber bundles. This fact shows an evidence of interfacial degradation caused 
by water absorption. 
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Fig. 13 Damage evolution behavior observed in cross-sectional photographs of plain woven 
CFRP. 
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Fig. 14 Damage evolution morphology in plain woven CFRP in dry condition. (Arrows 
indicates the transverse cracks.) 



Dry 
condition 

N/Nf=0 

Wet 
condition 

N/Nf=0 

Fig. 15 Effects of water absorption on the initial damage of plain woven CFRP. (Arrows 
indicates the delamination between fiber bundles aligned in same direction.) 



4.2 Multi-axial knitted CFRP laminates 
Figure 16 shows the ultrasonic C-scan images before and after fatigue test, respectively. 

Load was applied in perpendicular direction in these images. It is clear that the damage 
propagated in load direction in both Dry and Wet. However, this large delamination in loading 
direction propagated just after starting of fatigue test in the back side of impact side. Therefore 
it is premature to determine that only this large delamination is the damage propagated by 
fatigue, thus it is not enough to observe damages only with ultrasonic scanning. Final failure 
occurred in horizontal direction centering on the impact point. 
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Fig. 16 Damage propagation shown in ultrasonic C-scan images of multi axial knitted CFRP 
laminate. 

Figure 17 shows cross-sectional photographs of both Dry and Wet specimens before 
and almost final stage of fatigue tests. Cross-sections observed were along the loading 
direction, which is the perpendicular direction in the ultrasonic scanning images shown in 
Fig. 16. The increase of transverse crack was dominant damage in the cross-section of both 
Dry and Wet specimen in PIF tests. On the other hand, delamination growth was little, except 
the delamination in back-side of impact side. 

Figure 18 shows magnified images of cross-section of both Dry and Wet specimens at 
N/Nf = 0.9 (almost final stage in PIF test) in Fig. 17. Through the PIF test, multiple transverse 
cracks occurred, and delaminations propagate from the tip of these cracks. Therefore, 
delamination area increased with the progress of fatigue. 



(a) Dry condition 

(b) Wet condition 

Fig. 17 Damage evolution behavior observed in cross-sectional photographs of multi-axial 
knitted CFRP. 



Fig. 18 Differences of damage evolution behavior between dry and wet conditions. 

5 Conclusions 
In this study, the damage evolution behavior under post-impact fatigue and water 

environment of T300-3k plain woven (PW) and T700S-12k multi-axial knitted (MA) CFRP 
laminates were evaluated. The effect of water absorption on CAI and PIF properties was small 
for PW CFRP laminates. Conversely, PIF properties of water absorbed MA CFRP laminates 
drastically decreased than that of dry ones. CAI strength was not affected by water absorption. 
PIF performance of dry MA CFRP was fairly higher than that of the others. 

Delamination area of PW CFRP is almost unchanged through the PIF test. The 
characteristic damage morphology in PW CFRP is that the number of delaminations increases 
almost only in through-thickness direction, not in the in-plain direction. Delamination area of 
MA CFRP increases with the progress of PIF test. From the observation of cross-sections, it 
was confirmed that the interface between fibers or fiber bundles could be affected by the water 
absorption in both PW and MA CFRPs. 
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OBJECTIVES 
The main objectives of this research include: (a) proposing theoretically an advanced 

accelerated testing methodology (advanced ATM) for the long-term fatigue life prediction of 
polymer composites on the viewpoint of viscoelastic behavior of matrix resin; (b) verifying 
experimentally the proposed advanced ATM for CFRP laminates for marine use. 

TECHNICAL APPROACH 
The advanced ATM is proposed based on the viscoelastic behavior of matrix resin. 

The formulation of long-term fatigue life of polymer composites is established for the advanced 
ATM. The advanced ATM is verified by applying the formulation to the long-term fatigue of 
CFRP laminates for marine use. 

RECENT ACCOMPLISHMENTS 
Previously, authors of this paper have developed an accelerated testing methodology 

(ATM) to predict the long-term fatigue life of the polymer matrix composites based on the 
time-temperature superposition principle (TTSP) held for the viscoelastic behavior of matrix 
resin. The ATM using the TTSP enables us to describe the long-term life by means of master 
curves covering wide ranges of loading and environmental conditions, including load duration, 
temperature, frequency of load cycles, load amplitude ratios, etc. The ATM has been applied 
for various composites and their joint structures, and demonstrated with a great success as a 
robust and power methodology for the long-term life prediction. This methodology can be 
applied to the life prediction of polymer composites exposed only to the constant load pattern 
(load amplitude and frequency) and environmental condition (temperature and water 
absorption). 

In the present paper, we propose an advanced accelerated testing methodology 
(advanced ATM) which can be applied to the life prediction of polymer composites exposed to 
an actual load and environment history. First, the four conditions for the advanced ATM are 
introduced. Second, the long-term fatigue strength of polymer composites exposed to an 
actual load and environment history is formulated based on the four conditions. Third, the 
parameters in the formulation are determined for CFRP laminates for marine use. As results, it 
is verified that the advanced ATM is applicable to the long-term fatigue life prediction of CFRP 
laminates for marine composites exposed to an actual load and temperature history. 

1.   Advanced ATM 
The advanced ATM is established with four following conditions: (A) the same TTSP is 

applicable for both non-destructive viscoelastic behavior and destructive strength properties of 
matrix resin and their composites; (B) strength variation is caused by viscoelastic compliance of 
matrix resin; (C) failure probability is independent of time, temperature, frequency and stress 
ratio; (D) strength degradation is caused by linear cumulative damage of cyclic loading. 



A key component of the advanced ATM is also the empirical observation (A), which 
has been demonstrated its applicability for various polymeric composite materials and their 
structures. Based on the condition (A), the master curves of constant strain rate (CSR), creep 
and fatigue strengths in the wide range of time and temperature can be determined by the data 
measured by these tests under the short-term and elevated temperature conditions. With the 
condition (B), it is possible to calculate the strength variation by the viscoelastic compliance of 
matrix resin determined by the creep compliance of matrix resin and the history of load and 
temperature changed with time. With the condition (C), the reference strength and the failure 
probability can be obtained by measuring CSR strength at an arbitrary strain rate under room 
temperature. With the condition (D), it is possible to calculate the strength degradation by load 
cycles undergoing to the linear cumulative damage law. The formulation for long-term fatigue 
strength of polymer composites exposed to an actual load and environment history are 
conducted under the four conditions of advanced ATM. 

The procedure for determining the materials parameters in the formulation of the 
advanced ATM is illustrated in Fig. 1. First, the change in modulus or compliance of 
viscoelastic matrix resin is measured over time at a constant temperature. The tests are 
repeated for several elevated temperatures, which results in several modulus or compliance 
curves with the function of time. The time-temperature shift factor are then determined by 
shifting the viscoelastic modulus or compliance curves at the several temperatures into time 
scale to form a master curve of the modulus or compliance at a reference temperature. The 
time-temperature shift factor is thus the measure of the acceleration of the life of matrix resin by 
means of the elevated temperatures. The next step is to obtain the creep strength master curves. 
This step consists of two parts. The first part is to determine CSR strength master curve of the 
composites from the CSR loading tests conducted at a single strain rate and several elevated 
temperatures using the time-temperature shift factor for matrix resin, and the second part is to 
convert CSR strength master curve to the creep strength master curve of the composites. Third, 
the master curves of fatigue strength of the composites at zero stress ratio are determined by 
conducting the fatigue tests at several stress levels, a single frequency, stress ratio (zero stress 
ratio) and temperature using CSR strength master curve. Finally, the master curves of fatigue 
strength at an arbitrary stress ratio are determined by the creep strength master curve and the 
fatigue strength master curves at zero stress ratio. Through these procedures, all of materials 
parameters in the formulations can be determined for the long-term fatigue strength at an 
arbitrary load condition in which the stress and temperature arbitrarily changed with time. 
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2.   Formulation 
2.1 Long-term fatigue strength of polymer composites under actual loading 

The long-term fatigue strength oj(f',Nf,R,T0) under actual loading can be formulated 
based on the four conditions of advanced ATM. 

\ogo{(t\N{,RJ0) = \ogos(t'0,T0) + Uog[-\n(\-P{)]-\og 

log 

(i-Ä) (1) 

/(1-*D) 

where the first term <TS(?'0, T0) is the scale parameter of CSR strength measured at an initial 
reduced time / '0 at a reference temperature T0 which is the static strength at glassy state. 

The second term shows Weibull distribution of failure probability P{ in which the shape 
parameter is a. The a is independent of time to failure, temperature, frequency and stress 
ratio from the condition (C) based on Christensen's theory. 

The third term shows the variation caused by the viscoelastic compliance D* of matrix 
resin defined by the following equation based on the condition (B). The «r in this term is the 
parameter to be dependent on the failure mechanism. 

*»(*') 

D*(t',T0): 
B(f,r0)   j^/'-f.r.)-^*1 

°(t'Jo) °(l'J0) (2) 

where Dc(t\T0) is the creep compliance of matrix resin,    f is the reduced time at the reference 
temperature T0 which is shown by the following equation based on the condition (A). 

•'-{ 
dx 

aTo(T(z)) (3) 

where am{T) is the time-temperature shift factor for the creep compliance of matrix resin. 
The fourth term shows the degradation caused by cumulative damage of cyclic loading. 

In this term, N{ and R is the number of cycles to failure and the stress ratio at the final step, 
respectively. N0 is the reference number of cycles to failure = 1/2 and «f is the parameter to be 
dependent on the failure mechanism. fc> is defined as the following equation based on the 
condition (D). 

*»=I^<! 
M'JOI (4) 

where n, and A^ are the number of cycles and the number of cycles to failure at the loading of 
step /, respectively. 

2.2 Creep compliance of matrix resin 
The formulation for the master curve of creep compliance of matrix resin De(t',T0) in 



Equation (2) and the time-temperature shift factor of matrix resin aTo{T) in Equation (3) should 
be performed for the long-term fatigue strength of polymer composites under actual loading. 
The master curve of De(t\T0) can be represented by two tangential lines, whose slopes are mg 

and m„ respectively. With these parameters, the master curve of DJj\T0) can be fit with the 
following equation, 

iogDc(?',7;) = iogDc(/'0,r0)+iog 
v>'oy 

(5) 

where f0 is an initial reduced time at a reference temperature T0.   t\ is the reduced glassy time 
at a reference temperature T0.   m% and m a are the parameters. 

The time-temperature shift factor aTo(T) that is the amount of the horizontal shift, can 
be fit with the following equation, 

•og%0(7>-^ 
2.303G 

\_ 
T 

1 
H(Tg-T) 

AH, 
2.303G 

AH, 
2.303G 

e J 

(6) 

(i-H(rg-7-)) 

where G is the gas constant, 8.314* 10" [kJ/(Kmol)], AH{ and AH2 are the activation energies 
below and above the glass transition temperature Tg, respectively, and H is the Heaviside step 
function. The temperature shift factor, bTo(T), which is the amount of the vertical shift, can be 
fit with the following equation, 

iogiro(2')=Ä1(r-r0)H(rg-r) 
(7) 

where b\ and b2 are slopes of two line segments below and above Tg. 
Alternatively, the viscoelastic behaviors of the matrix resin can be represented by the 

storage modulus £" which can easily be measured with experimental devices such as the 
dynamic mechanical analyzer (DMA) conducted at various frequencies and temperatures. 
Note that De can approximately be obtained from E' by using 

£>  = ME (8) 

2.3 CSR, creep and fatigue strength of polymer composites 
For the CSR strength <js(/',ro) , the Equation (1) can be simplified to following 

equation, 

logas(/',7;) = logas(/
1
0,7;) +—log[-ln(l-Pf )J - log 

(9) 

For the creep strength <7c(t\T0), the Equation (1) can be simplified to following 
equation, 



iogoe(r',r0)=iogo,(r0,r0)+^-iog[-in(i-/»f)]-iog 

For the fatigue strength a£t\T0) under cyclic loading which stress ratio R is zero, the 
Equation (1) can be simplified to following equations, 

logcf(/
,,/',ro) = logo,(/'0,r„) +—log[-ln(l-Pf)]-log 

af 

--log 

(10) 

N, 

Nn 

(11) 

where 

D\t\T0)^Dc(t\T0) + ±D{^-,T0 
4/' 

(12) 

where/ is the reduced frequency at the reference temperature T0. 

3.    Long-term fatigue strength of CFRP laminates for marine use 
All parameters in the formulation for the long-term fatigue strength under actual 

loading for three kinds of CFRP laminates are determined in this section. Three kinds of 
CFRP laminates are plain woven T300 carbon fibers fabric/vinylester (T300/VE), plain woven 
T700 carbon fibers flat fabric/vinylester (T700/VE-F) and multi-axial knitted T700 carbon 
fibers fabric/vinylester (T700/VE-K) for marine use. 

3.1 Creep compliance and time-temperature shift factors 
The creep compliances of matrix resin at various temperature were measured by the 

three-point bending creep tests. The storage moduli at various temperatures were also 
measured by the dynamic mechanical analyzer (DMA) in order to get the accurate shift factors 
in the wide range of temperature. 

The creep compliances at various temperatures shown in the left of Figure 2 were 
shifted horizontally and vertically to construct the smooth master curve of creep compliance 
shown in the right of this figure. The activation energy AHX in the horizontal time-temperature 
shift factor aTo{T) shown by Equation (6) and the parameter b\ in the vertical temperature shift 
factor bro{T) shown by Equation (7) were determined through the construction of creep 
compliance master curve as shown in Figure 4. 

The storage moduli at various temperatures shown in the left of Figure 3 were shifted 
horizontally and vertically to construct the smooth master curve of storage modulus shown in 
the right of this figure. The activation energy AH2, the parameter b2 and the glass transition 
temperature Tg in Equations (6) and (7) were determined through the construction of storage 
modulus master curve. 

The material parameters of DJJ\, T0), t\, mi and m a in the creep compliance master 
curve shown by Equation (5) are determined after the reconstruction of creep compliance master 
curve by shifting horizontally and vertically the creep compliances at various temperatures as 
shown in Figure 2. 
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Figure 4 Master curves of horizontal shift factor and vertical shift factor of matrix resin 

3.2 Flexural CSR strength of CFRP laminates 
The left side of each graph in Figure 5 shows the flexural CSR strength <rs versus time 

to failure ts at various temperatures T for three kinds of CFRP laminates, where fs is the time 
period from initial loading to maximum load during testing. The master curves of a% versus 
the reduced time to failure rs' were constructed by shifting <js at various constant temperatures 
along the log scale of ts using the same time-temperature shift factors for Dc and E of matrix 
resin shown in Figure 4. It is cleared from Figure 5 that the <rs for all three CFRP laminates 
strongly decreases with increasing time and temperature. 



The flexural CSR strength for three kinds of CFRP laminates were formulated using 
Equation (9), whose parameters are listed in Table 1. Weibull plots of the CSR strength data 
are also shown in Figure 5. During the formulation, the parameter «rwas fixed to 0.5 for the 
micro-buckling failure mechanism. 

The formulated curves of CSR strength of all three kinds of CFRP laminates agree well 
with the experimental data. 

Weibull shape parameters as in the case that the material parameter «r is fixed to 0.5 
were compared with those in the case that the material parameter nT as shown in Figure 6. The 
shape parameters from both methods are very close. Therefore, the CSR strength formulation 
with fixed nx is reasonable as the standardized formulation method. 
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Figure 5 Master curves of flexural CSR strength and Weibull distributions 
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3.3 Master curves of fatigue strength of CFRP laminates 
To construct the master curve of flexural fatigue strength ofe we need the reduced 

frequency/' in addition to the reduced time to failure ti defined by the following equations 

/'=/•<* PO (13) 

where N{ is the number of cycles to failure. 
S-N curves showing the relations of ot and N[ at frequency f=2Hz at various 

temperatures were measured for three kinds of CFRP laminates shown in Figure 7. These S-N 
curves were formulated using the Equation (11). The time-temperature shift factors aTJJ) of 
the creep compliance of matrix resin was used to convert/and Jv> into/' and ti for each CFRP 
laminates. The formulation parameters for fatigue strength of three kinds of CFRP laminates 
are listed in Table 1. The formulated curves of fatigue strength of all three kinds of CFRP 
laminates agree well with the experimental data. 
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Figure 7 S-N curves at various temperatures and Weibull distributions 

Using the formulation parameters, the master curves of fatigue strength versus the 
reduced time t' for distinct Nt can be constructed as depicted in solid line in Figure 8. It is 
cleared from Figures 7 and 8 that the <xf of all three CFRP laminates strongly decreases with 
time to failure, temperature although the crf decreases scarcely with Nf,. 

The scale parameters as of CSR strength for three kinds of CFRP laminates at an initial 
reduced time at a reference temperature are clearly different from each other, as shown on Table 
1, because the carbon fibers and weave structure are different. The shape parameters ck and Of 
of both CSR and fatigue strengths, the formulation parameters nr and «f have approximately the 
same values for three kinds of CFRP laminates. The ri{ is very small. From these facts that 
the failure mechanism is the same for these CFRP laminates and the degradation of these fatigue 
strengths is controlled by matrix resin. The effect of number of load cycles on the flexural 
strength of these CFRP laminates is negligible small. 



Table 1 Formulation parameters of three kinds of CFRP laminates 
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NAVY RELEVANCE 
The proposed methodology has effectively combined the effects of time and temperature 

on the strength and life of composite materials. It can be confirmed that the methodology is 
applicable to the innovative CFRP laminates for marine use. 
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Objectives 
The aim of this study is the verification of the accelerated testing methodology to FRP 

laminates from the point of view of damage propagation behavior. It is essentially important 
to verify the mechanism of acceleration per increment of elevated temperature on deformation, 
strength, damage growth in CFRP laminates. 

Technical approach 
Verification of the accelerated testing methodology to FRP laminates is supported by 

the observation of failure process and the statistical estimation of fatigue strength. In this study, 
applicability of ATM on the crack propagation behavior was verified by the Mode I interlaminar 
fracture toughness test as the first step. The effect of temperature on the Mode I interlaminar 
fracture toughness was evaluated at the various temperatures. 

Recent accomplishments 
The effect of impact damage and water absorption on both the compressive strength 

after impact (CAI strength) and the post-impact fatigue (PIF) performance was evaluated with 
plain woven T300B-3k (PW) and multi-axial knitted T700S-12k (MA), respectively. The 
effect of water absorption on the performances of compression after impact (CAI) and PIF were 
small in PW CFRP laminates. Conversely, PIF properties of water-absorbed MA CFRP 
laminates drastically decreased than that of dry ones. CAI strength was not affected by water 
absorption. PIF performance of dry MA CFRP was fairly higher than that of the others. 
However the delamination area of PW CFRP was almost unchanged through the PIF test, the 
transverse cracks and delaminations were increased not in the in-plane direction but in the 
through-thickness direction. Delamination area of MA CFRP was almost unchanged through 
the PIF test however increase of the number of transverse cracks was recognized. In Wet 
condition, it is clear that delaminations were propagated between 0° and 90° fiber bundles. 
Therefore, it is thought that the large decrease in S-N curves in the PIF test was caused by the 
incidence of these "critical" delaminations. 

Static and fatigue Mode I and Mode II interlaminar fracture toughness and the crack 
growth property under thermal and water environments of multiaxial knitted CFRP laminates 
were clarified. 

Impact 3-point bending was applied to the CFRP specimen in order to induce 
penetrating damage in the through-width direction, and then 3-point bending loading was 
applied to the specimen. Damage evolution mechanism was evaluated by monitoring of 
damages appearing on the edge face of specimen. 



1. introduction 
Over the past 5 years, our KIT group has conducted the research works about the 

evaluation of "the accelerated testing methodology (ATM) for long-term durability and the 
damage tolerance performance of marine composites", as a project of the Office of Naval 
Research (ONR) (ONR Award Number: N000140110949). Through these works, it was 
cleared that the time-temperature superposition principle (TTSP), which is the most important 
scientific base of the accelerated testing methodology, holds for the flexural fatigue strength of 
CFRP laminates under water absorption condition, and that the long-term fatigue life is 
performed by using the master curves of the flexural fatigue strength constructed. Besides, the 
integrated damage evaluation methodology (IDEM) was established by the observation of 
damaged CFRP laminates under dry and wet condition through the compression after impact 
(CAI) tests and the post impact fatigue (PIF) tests. 3-D damage observation of FRP has been 
conducted based on both the non-destructive and direct observation methods. 

For establishing more reliable ATM for the prediction of long-term creep and fatigue 
life for CFRP laminates for marine use under temperature and water environments, it is 
important to clear theoretically and experimentally that the time-temperature superposition 
principle (TTSP) holds for the damage growth under constant and cyclic loadings as well as the 
creep and fatigue lives. Therefore it is necessary that the damage evolution behavior in the 
accelerated testing is clarified based on the damage evaluation technique established. That is, 
the integration of ATM and damage evaluation approaches is very important as shown in Fig.l. 

However, in the past damage evaluation technique, continuous observation is not 
conducted in one specimen because this is a destructive observation method. Therefore the 
scattering of damage evolution behavior in each specimen should be considered. 

In order to solve these issues, the best way is the establishment of direct 'in-situ' 
damage observation. However complete NDE, such as radiography, is suitable method for these 
demands, complex and expensive apparatus should be necessary. On the other hand, the edge 
face observation is traditional but easy and simple way to follow up the damage evolutions. In 
addition, especially 3-point or 4-point bending tests are suitable for accelerated testing at 
elevated temperature and long-term fatigue testing. 

The aim of this study is the verification of the applicability of ATM on the crack 
propagation behavior. For the first step of this objective, the effect of temperature on the Mode 
I interlaminar fracture toughness was evaluated at the various temperatures. 

Verification of applicability of the integrated approach 

Fig.l Verification of applicability of ATM with the integrated approach. 

2. Materials and testing methods 
Materials used in this study were a laminate consisted of T300-3k plain woven fabric 

and vinylester resin (Neopole 8250L, U-PICA Company. Ltd.). Stacking sequence was 
[0/90] 18 and the thickness of laminate was approximately 4mm.   Molding method of CFRP 



laminate was the vacuum assisted resin transfer molding (VARTM) process. 

2.1. Dynamic viscoelastic test 
First, the dynamic viscoelastic measurement test was conducted in order to obtain the 

time-temperature shift factor of the storage modulus of matrix resin. Resin specimen was 
prepared at the same curing condition as CFRP laminate. Geometry of specimen was 45.0mm in 
length, 6.4mm in width and 1.6mm in thickness. Dynamic viscoelastic measurement was 
conducted by RSA III (TA Instruments), and test mode was dual cantilever bending. Span of the 
fulcrums was 36.7mm. 

2.2. Mode I interlaminar fracture toughness test 
Specimen was prepared pursuant to the Japanese Industrial Standard (JIS) K7086 

"Testing methods for interlaminar fracture toughness of carbon fibre reinforced plastics". 
Polytetrafluoroethylene film of 25p.m in thickness was placed in the neutral plane of this 
laminate in order to insert a precrack. Dimension of the specimen of double cantilever bending 
(DCB) test was follows: 25mm in width, 100mm in length and 4mm in thickness (Fig.2). 
Because it was necessary that DCB test was conducted in the thermostatic chamber, the length 
of specimen was reduced than that of JIS. In addition, the thickness of specimen was 
increased by 1mm in order to prevent bending failure of DCB specimen in the high temperature 
condition. 

All tests were conducted with servohydraulic testing machine (EHF-FB05-4LE 5kN, 
Shimadzu Corporation). The temperature dependency on the Mode I interlaminar fracture 
toughness was evaluated in the constant testing speed of 5.0mm/min. Temperature conditions 
were varied as follows: 25°C, 70°C, 80°C, 90°C, 100°C, 105°C, 110°C and 115°C. 

On the other hand, the test speed dependency on the Mode I interlaminar fracture 
toughness was evaluated at the following conditions: 0.05mm/min, 0.5mm/min, 5.0mm/min and 
50mm/min at 25°C; 0.5mm/min, 5mm/min and 50mm/min at 105°C. Test specimen caused 
bending failure before crack propagation under test condition of 0.05mm/min at 105°C. All 
testing conditions were shown in Table 1. 
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Fig.2 Geometry of the specimen for Mode I interlaminar fracture toughness test. 



Table 1 Testing conditions conducted. 

Temperature [°C1 
25 70 80 90 100 105 110 115 

Speed 
[mm/min] 

0.05 X 

0.5 X X X X X 

5.0 X X X X X X X X 

50 X X X 

3. Results and discussions 
3.1. Viscoelastic properties of matrix resin 

Figure 3 shows the measurement results of glass transition temperature (7"g) of matrix 
resin through the dynamic viscoelastic measurement test. From the measurement result of tan<5, 
Tg of vinylester used in this study was 118.1°C. 
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Fig.3 Results of dynamic viscoelastic measurement test. 

The left side of Fig.4 shows the storage modulus £" versus testing time t at various 
temperatures T. The master curves of £" versus the reduced time /' were constructed by 
shifting £" at various constant temperatures along the log scale of /. Since the smooth master 
curve of £" for each specimen can be obtained as shown in the right side of each graph, the 
TTSP is applicable for each £". 

The horizontal time-temperature shift factor aTo(T) and the vertical temperature shift 
factor bj0(T) at a reference temperature T0 are defined by follows: 

logaro(r) = logf-logf (1) 

\ogb,{T)=logE'{t,T)-\ogEit',T0) (2) 

Both the aTo(T) and bTo(T) for each £' obtained experimentally in Fig.4 are plotted in 
Fig.5 and Fig.6. The aTo(T) and bTo(T) for each £"are described by two Arrhenius' equations 
with different activation energies AH: 



lOg 0.(7): 
AH 

2.303G 
1      1 
T    T, 0 J 

(3) 

where G is the gas constant 8.314xl0'3 [kJ/(K-mol)]. 
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Fig.4 Master curve of storage modulus for neat vinylester resin. 
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3.2. Temperature dependency on Mode I interlaminar fracture toughness 
Figure 7 shows the energy release rate values measured at various temperatures in the 

test speed of 5.0mm/min. Both GIC and G[R increased drastically at above 115°C, which 
corresponds to 7^ measured by the dynamic viscoelastic test. 
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Fig.7 Effect of temperature on Mode I energy release rate. 

3.3. Test speed dependency on Mode I interlaminar fracture toughness 
Figure 8 shows the energy release rate values measured at 25°C and 105°C in the test 

speed of 0.05mm/min, 0.5mm/min, 5.0mm/min and 50mm/min. Energy release rate was not 
affected by the test speed at 25°C. On the other hand, energy release rate increased at 105°C, 
especially in the test speed of 0.5mm/min. However, scatter was increased at the higher 
temperature. 
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Fig.8 Effect of test speed on Mode I energy release rate. 

3.4. Application of time-temperature superposition principle 
Figures 9 and 10 show the Mode I energy release rate versus log scale of time to failure 

/ at various temperatures T. The master curves of GIC and GIR versus the reduced time to 
failure t' were constructed by shifting Gc and GR at various constant temperatures along the log 
scale of t and the log scale of Gc using the same time-temperature shift factors for £" of matrix 
resin shown in Fig.9 and Fig. 10. Since the smooth master curve of Gic and GR for each 
specimen can be obtained as shown in the right side of each graph, the TTSP for E of matrix 
resin is also applicable for the Gc and GR of corresponding FRP laminates. It is cleared from 
Fig.9 that the Gc and GiR drastically increases with increasing time and temperature. 
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4. observation of crack propagation behavior 
R-curves obtained at various temperatures are shown in Fig. 11. Scatters of energy 

release rate (GO were drastically increased at the temperature above 90°C. From this result, it 
was cleared that crack propagation behavior was largely affected by temperature. Besides, 
however crack propagated in the resin at less than 70°C, crack path was gradually changed to 
the interface between reinforcement carbon fabric and matrix resin at 90°C as shown in Fig. 12. 
Finally at 110°C, crack propagated in the interface between reinforcement and matrix. 
Consequently, the master curve was drawn by the shift factor of matrix resin, however, fracture 
morphology of Mode I test was affected gradually by increasing temperature. 
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Fig. 12 Fracture surfaces of the DCB specimen at various temperatures. 



Conclusions 
In this study, the verification of the applicability of ATM on the crack propagation 

behavior was evaluated. For the first step of this objective, the effect of temperature on the 
Mode I interlaminar fracture toughness was evaluated at the various temperatures. In the 
evaluation of temperature dependency on Mode I interlaminar fracture toughness, both GiC and 
GIR increased drastically at above 115°C, which corresponds to Jg measured by the dynamic 
viscoelastic test. In the evaluation of test speed dependency, G was not affected by the test 
speed at 25°C but increased at 105°C, especially in the test speed of 0.5mm/min. However, 
scatter was increased at the higher temperature. 

By using the same time-temperature shift factors for E of matrix resin, the smooth 
master curve of Gc and GR for each specimen was obtained. Therefore the TTSP for E of 
matrix resin is also applicable for the Grc and GIR of corresponding FRP laminates. However, 
fracture morphology of Mode I test was affected gradually by increasing temperature. 

The relationship between temperature and fracture morphology will be studied more 
precisely in the future work. Especially the crack initiation and its propagation behavior will 
be followed up by the edge observation at the various temperatures. 
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OBJECTIVES 
The main objectives of this research include: (a) proposing theoretically an advanced 

accelerated testing methodology (advanced ATM) for the long-term fatigue life prediction of 
polymer composites on the viewpoint of viscoelastic behavior of matrix resin; (b) applying 
experimentally the proposed advanced ATM for CFRP laminates for marine use. 

TECHNICAL APPROACH 
The advanced ATM is proposed based on the viscoelastic behavior of matrix resin. 

The formulation of long-term fatigue life of polymer composites is established for the advanced 
ATM. The advanced ATM is applied to the formulation for the long-term fatigue of CFRP 
laminates for marine use under the actual environmental and load conditions. 

RECENT ACCOMPLISHMENTS 
The advanced ATM for the long-term life prediction of polymer composites exposed to 

the actual loading of variable stress and temperature history was proposed based on the fact that 
the time and temperature dependence on the strength of polymer composites is controlled by the 
viscoelastic modulus of matrix resin. 

The modified time-temperature superposition principle was proposed for the 
determination of reliable master curve for the viscoelastic modulus of matrix resin. 

The applicability of advanced ATM for the long-term life prediction of CFRP 
laminates for marine use was confirmed under dry and wet conditions. 

The applicability of advanced ATM for the long-term life prediction of CFRP 
laminates was confirmed under the cyclic loading in which loading and unloading are repeated 
as one of examples of actual loading. 

1.   Advanced Accelerated Testing Methodology (Advanced ATM) 
1.1 Concept of advanced ATM 

The advanced ATM is established with four following conditions: (A) the same 
time-temperature superposition principle (TTSP) is applicable for both non-destructive 
viscoelastic behavior and destructive strength properties of matrix resin and their composites; 
(B) the strength variation is caused by the viscoelastic compliance of matrix resin; (C) the 
failure probability is independent of time, temperature, frequency and stress ratio; (D) the 
strength degradation is caused by the linear cumulative damage of cyclic loading. 

A key component of the advanced ATM is also the empirical observation (A), which 
has been demonstrated its applicability for various polymeric composite materials and their 
structures. Based on the condition (A), the master curves of static, creep and fatigue strengths 
in the wide range of time and temperature can be determined by the data measured by these tests 
under the short-term and elevated temperature conditions. With the condition (B), it is 
possible to calculate the strength variation by the viscoelastic compliance of matrix resin 
determined by the creep compliance of matrix resin and the history of load and temperature 



changed with time. With the condition (C), the reference strength and the failure probability 
can be obtained by measuring static strength at an arbitrary strain rate under room temperature. 
With the condition (D), it is possible to calculate the strength degradation by load cycles 
undergoing to the linear cumulative damage law. The formulation for long-term fatigue 
strength of polymer composites exposed to an actual load and environment history are 
conducted under the four conditions of advanced ATM. 

The procedure for determining the materials parameters in the formulation of the 
advanced ATM is illustrated in Figure 1. First, the change in modulus or compliance of 
viscoelastic matrix resin is measured over time at a constant temperature. The tests are 
repeated for several elevated temperatures, which results in several modulus or compliance 
curves with the function of time. The time-temperature shift factor are then determined by 
shifting the viscoelastic modulus or compliance curves for several temperatures into time scale 
to form a master curve of the modulus or compliance at a reference temperature. The 
time-temperature shift factor is thus the measure of the acceleration of the life of matrix resin 
by means of the elevated temperatures. The next step is to obtain the creep strength master 
curves. This step consists of two parts. The first part is to determine static strength master 
curve of the composites from the static loading tests conducted at a single strain rate and several 
elevated temperatures using the time-temperature shift factor for matrix resin, and the second 
part is to convert the static strength master curve to the creep strength master curve of the 
composites. Third, the master curves of fatigue strength of the composites at zero stress ratio 
are determined by conducting the fatigue tests at several stress levels, a single frequency, stress 
ratio (zero stress ratio) and temperature using static strength master curve. Finally, the master 
curves of fatigue strength at an arbitrary stress ratio are determined by the creep strength master 
curve and the fatigue strength master curves at zero stress ratio. Through these procedures, all 
of materials parameters in the formulations can be determined for the long-term fatigue strength 
at an arbitrary load condition in which the stress and temperature arbitrarily changed with time. 
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Figure 1 Procedure of advanced ATM for polymer composites 

1.2 Formulation of long-term fatigue strength of polymer composites under actual loading 
The long-term fatigue strength off, T0) under the actual loading can be formulated 

based on the four conditions of advanced ATM. 
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where the first term crs(r'0, To) is the scale parameter of static strength measured at an initial 
reduced time t '0 at a reference temperature T0 which is the static strength at glassy state. 

The second term shows Weibull distribution of failure probability Pt in which the shape 
parameter is a. The a is independent of time to failure, temperature, frequency and stress ratio 
from the condition (C) based on Christensen's theory. 

The third term shows the variation caused by the viscoelastic compliance D* of matrix 
resin defined by the following equation based on the condition (B). The nr in this term is the 
parameter to be dependent on the failure mechanism. 

D*(t',T0): 
lA(,-x.,r0)M^, (2) 

°(t\T0) 

where £>c is the creep compliance of matrix resin.   /' is the reduced time at the reference 
temperature T0 which is shown by the following equation based on the condition (A). 

(3) 
*>oTo(T( (T(x)) 

where aTv is the time-temperature shift factor for the creep compliance of matrix resin. 
The fourth term shows the degradation caused by cumulative damage of cyclic loading. 

In this term, Nt and R is the number of cycles to failure and the stress ratio at the final step, 
respectively. No is the reference number of cycles to failure = 1/2 and «f is the parameter to be 
dependent on the failure mechanism. The kD is defined as the following equation based on the 
condition (D). 

*>-±3-<* (4) 
UN* 

where n, and A^ are the number of cycles and the number of cycles to failure at the loading of 
step i, respectively. 

2. Modified time-temperature superposition principle 
The formulation for the master curve of creep compliance of matrix resin Dc in 

Equation (1) and the time-temperature shift factor of matrix resin aTo (T) in Equation (3) should 
be performed for the long-term fatigue strength of polymer composites under the actual loading. 
The master curve of Dc can be represented by two tangential lines, whose slopes are wg and mT, 
respectively. With these parameters, the master curve of Dc can be fit with the following 
equation, 

logZ)c = logD(/'0,ro) + log 
( ,<\ 

V'o, 
(5) 

where ?'„ is an initial reduced time at a reference temperature T0.   The t\ is the reduced glassy 



time at a reference temperature T0.   The mg and mr are the parameters. 
The modified time-temperature superposition principle was proposed for the 

determination of reliable master curve for the viscoelastic modulus or compliance of matrix 
resin. The vertical shifting as well as the horizontal shifting should be performed for getting 
the reliable master curve of viscoelastic modulus or compliance of matrix resin. The necessity 
of vertical shift was cleared theoretically and experimentally. The details of results are beyond 
the scope of this paper. 

The horizontal time-temperature shift factor aTo(T) that is the amount of the horizontal 
shift, can be fit with the following equation, 

loga^r)--^ 
2.303G ^ 

2.303G 

H(Tg-T) 

AH, 
T V « 2.303G 

8 ) 

(6) 
(i-H(rg-r)) 

where G is the gas constant, 8.314><10"3 [kJ/(Kmol)], AHj and AH2 are the activation energies 
below and above the glass transition temperature Tg, respectively, and H is the Heaviside step 
function. The vertical temperature shift factor, bTo(T), which is the amount of the vertical shift, 
can be fit with the following equation, 

iogftro(r) = i,(r-7;)H(rg-r) 

^fc-T^b^T-T^-H^-T)), 
(7) 

where b\ and b2 are the slopes of two line segments below and above Tg. 
Alternatively, the viscoelastic behaviors of matrix resin can be represented by the 

storage modulus £" which can easily be measured with experimental devices such as the 
dynamic mechanical analyzer (DMA) conducted at various frequencies and temperatures. 
Note that Z)c can approximately be obtained from E' by using 

Dc(/) = 1/£'(/). 
where it can be considered that the frequency/is equal to the inverse of time \lt. 

(8) 

3.   Long-term life prediction of CFRP laminates under dry and wet conditions 
The long-term fatigue strength for three kinds of CFRP laminates under dry and wet 

conditions are formulated by substituting the measured data in Equation (1). Three kinds of 
CFRP laminates are plain woven T300 carbon fibers fabric/vinylester (T300/VE), plain woven 
T700 carbon fibers flat fabric/vinylester (T700/VE-F) and multi-axial knitted T700 carbon 
fibers fabric/vinylester (T700/VE-K) for marine use. These CFRP laminates were prepared 
under two conditions of Dry and Wet after molding. Dry specimens by holding the cured 
specimens at 150°C for 2 hours in air, Wet specimens by soaking Dry specimens in hot water of 
95°C for 120 hours were respectively prepared. 

3.1 Creep compliance and time-temperature shift factors 
The creep compliances at various temperatures under Dry and Wet conditions shown in 

the left side of Figure 2 were shifted horizontally and vertically to construct the smooth master 
curve of creep compliance shown in the right side of this figure. The activation energy AH\ in 
the horizontal time-temperature shift factor aTo (T) shown by Equation (6) and the parameter b\ 
in the vertical temperature shift factor bTo (T) shown by Equation (7) were determined through 
the construction of creep compliance master curve. Additionally, the storage moduli under 
Dry condition measured at various temperatures in the relative high temperature range were also 



shifted horizontally and vertically to construct the smooth master curve of storage modulus. 
The activation energy AH2, the parameter b2 and Tg in Equations (6) and (7) which are the 
parameters in the high temperature range were determined through the construction of storage 
modulus master curve. 

The material parameters of DJj\, To), t\, m% and m, in the creep compliance master 
curve shown by Equation (5) are determined by fitting the creep compliance master curves 
under Dry and Wet conditions shown in Figure 2. 
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Figure 2 Master curves of creep compliance of matrix resin under Dry and Wet conditions 



% 
•2 

u N 
•K 
o 
X 

2 

0 

-2 

-4 

-6 

-8 

-10 

-12 

-14 

VE resin 
-     °>^                       70 = 25t; 

:     >^ 

- Dry Wet 
A Creep c 0 

DMA A - 
i      I      i      I ,         1          , 

U UD 

0.04 

VE resin 
T0 = 25°C 

o 
rs    o.03 

S.<f 0.02 

o J 

or 
0         A 

\A 

V
er

tic
al

 
lo

g 
o

 
ö

 0/ 
0 r 

0.00 

I      i      I ,         I 
40 80 120 

Temperature TfC] 
160 40 80 120 

Temperature T ft] 
160 

Figure 3 Horizontal and vertical shift factors under Dry and Wet conditions based on the 
modified time-temperature superposition principle 

3.2 Flexural static strength of CFRP laminates under Dry and Wet conditions 
The left side of each graph in Figure 4 shows the flexural static strength <j8 versus time 

to failure U at various temperatures T for three kinds of CFRP laminates under Dry and Wet 
conditions, where /s is the time period from initial loading to maximum load during testing. 
The master curves of <x8 versus the reduced time to failure /s' were constructed by shifting os at 
various constant temperatures along the log scale of fs using the same time-temperature shift 
factors for De and E of matrix resin shown in Figure 3. The flexural static strength for three 
kinds of CFRP laminates under both of Dry and Wet conditions were formulated by using 
Equation (1). The formulated curves of flexural static strength of all three kinds of CFRP 
laminates under both conditions agree well with the experimental data. It is cleared from 
Figure 4 that the <ja for all of three CFRP laminates under both of Dry and Wet conditions 
strongly decreases with increasing time, temperature and water absorption and that the time, 
temperature and water absorption dependent behavior for the flexural static strength is just the 
same for three kinds of CFRP laminates although the scale parameters as of static strength for 
three kinds of CFRP laminates at an initial reduced time at a reference temperature are clearly 
different from each other, because the carbon fibers and weave structure are different. It is 
concluded that the time, temperature and water absorption dependent behavior for the flexural 
static strength of CFRP laminates is perfectly controlled by the viscoelastic behavior of matrix 
resin. 
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Figure 4 Master curves of flexural static strength of three kinds of CFRP laminates under Dry 
and Wet conditions 

3.3 Flexural fatigue strength of CFRP laminates under Dry and Wet conditions 
To construct the master curve of flexural fatigue strength <xf, we need the reduced 

frequency/' in addition to the reduced time to failure tf defined by the following equations 

f' = f-aTo(T)   ,        tt'- 
N, 

«,(n   /' (9) 

where N{ is the number of cycles to failure. The master curves of fatigue strength versus the 
reduced time /'for distinct Nt can be constructed as depicted in solid curves in Figure 5. It is 
cleared from this figure that the or of all three CFRP laminates strongly decreases with time to 
failure, temperature although the or decreases scarcely with Nf.. The effect of number of load 
cycles on the flexural strength of these CFRP laminates is negligible small. 
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Figure 5 Master curves of flexural fatigue strength of three kinds of CFRP laminates under Dry 
and Wet conditions 

4. Prediction of flexural cyclic fatigue and creep lives of CFRP laminates 
The applicability of advanced ATM was confirmed for the long-term life prediction of 

CFRP laminates under the cyclic loading in which loading and unloading are repeated as one of 
examples of actual loading. The upper portion of Figure 6 shows the constant and cyclic load 
conditions in the flexural fatigue tests for CFRP laminates of T300/VE. The lower portion 
shows the failure probability versus number of cycles to failure under constant and cyclic 
fatigue loads. The /' in this figure shows the cycles of loading and unloading at the cyclic 
fatigue load. The fatigue lives for both of constant and cyclic fatigue loadings predicted by 
Equation (1) are shown with the experimental data measured at the fatigue tests. It is cleared 
from this figure that the fatigue life increases by cyclic loading because of the creep recovery 
during unloading. 
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Maximum stress [MPa] 160 160 

Frequency [Hz] 2 2 

Temperature ft] 116 116 

Stress ratio 0.05 0.05 

Loading time fmin] - 10 
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Number of specimen 20 20 
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Figure 6 Test conditions and failure probability versus number of cycles to failure under 
constant and cyclic fatigue loads 

The upper portion of Figure 7 shows the constant and cyclic load conditions in the flexural 
creep tests for CFRP laminates of T300/VE. The lower portion shows the failure probability 
versus time to failure under constant and cyclic creep loads. The i in this figure shows also the 
cycles of loading and unloading at the cyclic fatigue load. The creep lives for both of constant 
and cyclic creep loadings predicted by Equation (1) are shown with the experimental data 
measured at the creep tests. It is also cleared from this figure that the creep life increases by 
cyclic loading because of the creep recovery during unloading. 
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Figure 7 Failure probability versus time to failure under constant and cyclic creep loads 



Navy Relevance 
The proposed advanced accelerated testing methodology has effectively combined the 

effects of time, temperature and water absorption on the strength and life of composite materials. 
It was confirmed that the methodology is applicable to the innovative CFRP laminates for marine 
use exposed to active loading of variable stress and temperature history. 
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OBJECTIVES 
The advanced accelerated testing methodology (advanced ATM) for the fatigue life 

prediction of CFRP laminates proposed and verified theoretically and experimentally in the 
previous studies is expanded to the fatigue life prediction of the structures made of CFRP 
laminates. 

TECHNICAL APPROACH 
1. The procedure of MMF/ATM method combined with our advanced ATM and the 

micromechanics of failure (MMF) developed by Professor Sung-Kyu Ha and others is 
proposed for the fatigue life prediction of the structures made of CFRP laminates. 

2. The master curves of MMF/ATM critical parameters of CFRP are determined by measuring 
the static and fatigue strengths at elevated temperatures in the longitudinal and transverse, 
tension and compression directions of unidirectional CFRP. 

3. The fatigue strengths of quasi-isotropic CFRP laminates with a central hole under 
compression load as an example of CFRP structures are measured at elevated temperatures, 
and these experimental data are compared with the predicted results by using the master 
curves of MMF/ATM critical parameters of CFRP based on MMF/ATM method. 

SUMMARY OF RECENT ACCOMPLISHMENTS 
1. The procedure of MMF/ATM method for the fatigue life prediction of the structures made of 

CFRP laminates was proposed as shown in Figures 1 and 2. 
2. The master curves of MMF/ATM critical parameters of CFRP were actually determined by 

measuring the static and fatigue strengths at elevated temperatures in the longitudinal and 
transverse, tension and compression directions of unidirectional CFRP as shown in Figure 1. 

3. The fatigue strengths of quasi-isotropic CFRP laminates with a central hole under 
compression load as an example of CFRP structures measured at elevated temperatures 
agreed well with the predicted results by using the master curves of MMF/ATM critical 
parameters of CFRP based on MMF/ATM method as shown in Figure 2. The reliability of 
proposed MMF/ATM method was confirmed experimentally. 
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TECHNICAL DETAILS 
1. Introduction 

The accelerated testing methodology (ATM) [1] was proposed for the prediction of 
long-term fatigue strength of CFRP laminates based on the time-temperature superposition 
principle (TTSP). Based on ATM, the long-term fatigue strength for CFRP laminates and 
structures can be predicted by measuring the short-term fatigue strengths at elevated 
temperatures. The applicability of ATM was confirmed for CFRP laminates and structures 
combined with PAN based carbon fibers and thermosetting resins [2-4].    Furthermore, the 



advanced accelerated testing methodology (advanced ATM) was proposed in which the 
formulation for the master curves of time-temperature dependent fatigue strength was 
performed based on Christensen's theory [5] which describes statistically the crack kinetics in 
viscoelastic body. 

The failure criteria of separated fiber and matrix in polymer composites have been 
developed and the failure of composite structures has been predicted based on the analyses on 
micromechanics, laminates and structure levels. Recently, the stress-based micromechanics of 
failure (MMF) have been proposed by Sung-Kyu Ha and others [6] for polymer composite with 
viscoelastic matrix. 

In this paper, the procedure of MMF/ATM method combined with our advanced ATM 
and MMF is proposed for the fatigue life prediction of the structures made of CFRP laminates. 
The validity of MMF/ATM method is confirmed through the following two steps. As the first 
step, the master curves of MMF/ATM critical parameters of CFRP are determined by measuring 
the static and fatigue strengths at elevated temperatures in the longitudinal and transverse, 
tension and compression directions of unidirectional CFRP. As the second step, the fatigue 
strengths of quasi-isotropic CFRP laminates with a central hole under compression load as an 
example of CFRP structures are measured at elevated temperatures, and these experimental data 
are compared with the predicted results by using the master curves of MMF/ATM critical 
parameters of CFRP based on MMF/ATM method. 

2. Procedure of MMF/ATM method 
The procedure of proposed MMF/ATM method is shown schematically in Figures 1 

and 2. 
Figure 1 shows the first step for the prediction procedure by MMF/ATM method that is 

the process of determination of MMF/ATM critical parameters. First, he viscoelastic modulus 
in the transverse direction of unidirectional CFRP is measured at various temperatures. The 
master curve and the time-temperature shift factor are determined by using these test data based 
on the TTSP. Second, the static and fatigue strengths in the typical four directions of 
unidirectional CFRP are measured at various temperatures at a single loading rate and single 
loading frequency, respectively. The strengths in four directions are longitudinal tension X, 
longitudinal compression X', transverse tension Y and transverse compression Y\ respectively. 
Third, the master curves of these strengths are determined by using the measured data and the 
time-temperature shift factor for viscoelastic modulus. Fourth, the master curves of four 
MMF/ATM critical parameters, fiber tensile strength T{, fiber compressive strength C& matrix 
tensile strength Tm, and matrix compressive strength Cm are determined through the method 
described in [7]. 

Figure 2 shows the second step for the prediction procedure by MMF/ATM method that 
is the life determination of CFRP structures. With the master curves of the MMF/ATM critical 
parameters, long-term strength prediction of CFRP becomes possible. Three-step stress 
analyses are necessary to process the test result, including stress analysis for "homogenous" 
CFRP structures and CFRP laminates in macro level and stress analysis for the constituents in 
micro level by stress amplification. From the master curves of MMF/ATM critical parameters 
and failure criteria for fiber and matrix, the strength of CFRP structure under arbitrary time to 
failure and temperature can be determined. 

3. Experimental procedure 
The test specimens were fabricated from unidirectional CFRP and quasi-isotropic 

CFRP laminate (QIL) [45/0/-45/90]2s of MR60H/1053 which consists MR60H carbon fiber and 
epoxy resin 1053. The unidirectional CFRP were used to back-calculate the constituent 
properties. The QIL was used for strength prediction verification. All the laminates were 
made by the autoclave technique.   The curing procedure includes 180°C for 2 hours and then 



postcured at 160°C for 70 hours. The volume fraction of fiber is approximately 0.55. The 
laminates were cut by diamond-grit wheel to the specific size for the tests. The dynamic 
viscoelastic tests were performed for various frequencies and temperatures for the transverse 
direction of unidirectional CFRP. The shift factors for constructing master curve hold for 
strength master curve of CFRP and constituent critical parameters' master curves. The static 
and fatigue tests for four directions of unidirectional CFRP were carried out to extract 
constituent critical parameters' master curves by micromechanical amplification. Longitudinal 
tension tests under static and fatigue loadings were carried out at various temperatures 
according with ISO 527 to get the longitudinal tensile static and fatigue strengths. 
Longitudinal bending tests under static and fatigue loadings were carried out at various 
temperatures according with ISO 14125 to get the longitudinal compressive static and fatigue 
strengths. Transverse bending tests under static and fatigue loadings were carried out at 
various temperatures according with ISO 14125 to get the transverse tensile static and fatigue 
strengths. 20° off-axis tension tests under static and fatigue loadings were carried out at 
various temperatures to get the transverse compressive static and fatigue strengths. The 
compression tests for QIL under static and fatigue loadings were carried out at various 
temperatures using the open hole compression test specimens as shown in Figure 3. The 
experimental results have been already reported on [8-10]. 

•J^- _. n 

50 50 50 

150 

Figure 3 Open hole compression (OHC) tests for QIL 

4. Determination of MMF/ATM critical parameters 
4.1 Creep compliance of matrix resin 

The left side of Figure 4 shows the master curve of the storage modulus E' for the 
transverse direction of unidirectional CFRP versus time t, where time / is the inverse of 
frequency. The right side shows the master curve of E' which is constructed by shifting E' at 
various constant temperatures along the logarithmic scale of? and logarithmic scale of E' until 
they overlapped each other, for the reduced time f at the reference temperature ro=25°C. 
Since E' at various constant temperatures can be superimposed so that a smooth curve is 
constructed, the TTSP is applicable for the storage modulus for the transverse direction of 
unidirectional CFRP. The time-temperature shift factor aTo{T) which is the horizontal shift 
amount is shown by rectangular symbols in Figure 5, and the temperature shift factor, bTo{T), 
which is the amount of vertical shift, is shown by circular symbols in this figure. The creep 
compliance Dc of matrix resin is back-calculated from the storage modulus E' for the transverse 
direction of unidirectional CFRP, and the master curve of Dc of matrix resin is shown in Figure 
6. 

4.2 Master curves of MMF/ATM critical parameters 
Figures 7 and 8 show the master curves of static and fatigue strengths for longitudinal 

tension X, longitudinal compression X\ transverse tension Y and transverse compression Y' for 
unidirectional CFRP obtained from the strength data at various temperatures by using the 
time-temperature shift factors aTo shown in Figure 5. 



The MMF/ATM critical parameter master curves rß Cj Tm and Cm are shown in 
Figures 9 and 10. The critical parameter of T{ was back-calculated from the tensile strength X 
of unidirectional CFRP. This process was repeated to construct other critical parameter master 
curves, the X', Y and Y' yielding the critical parameters C{, Tm and Cm, respectively. 
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5. Life determination of CFRP structures 
As an example of application of MMF/ATM critical parameters master curves, 

long-term OHC strength for QIL was predicted. Figure 11 shows the initial failure mechanism 
for static loading by comparing the failure indexes of MMF/ATM parameters under, for 
example, r=25°C. &Tf is failure index of fiber under tension, £cf is failure index of fiber under 
compression, and kTm* is failure index of matrix under tension, and kCm* is failure index of 
matrix under compression [7]. When one of these failure indexes reaches to unity, the initial 
failure of laminate occurs. It is cleared from this figure that the OHC failure of QIL was 
triggered by fiber compressive failure in 0° layer. 

Figure 12 shows the initial failure of OHC for QIL under static loading observed from 
the specimen in which the OHC test was stopped at 98% level of maximum stress under 7>25 
°C. The microbuckling of fiber in 0° layer as well as the transverse crack in 45° layer are 
observed. In the -45° and 90° layers, any failures can not be observed. Furthermore, any 
failures can not be observed for the specimen in which the OHC test was stopped at 95% stress 
level of maximum stress under all temperatures tested. 

For all temperature conditions tested, the same failure was observed with the above 
simulation. Therefore, the predicted master curves of OHC strength for QIL were constructed 
based on the MMF/ATM parameter of compressive strength of fiber. Figure 13 shows the 
predicted master curves of OHC strength for QIL with experimental data. The predicted 
strength agrees well with the experimental data for all region of time to failure /'. 
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Figure 12 Observation of initial failure of OHC for QIL under static loading 
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6. Conclusion 
The time-temperature dependent master curves of MMF/ATM critical parameters were 

constructed for CFRP laminates MR60H/1053 by tensile and compressive tests under static and 
fatigue loadings for the longitudinal and transverse directions of unidirectional CFRP under 
various temperatures based on the time-temperature superposition principle which holds for the 
viscoelastic behavior of matrix resin. It was confirmed experimentally that the long-term OHC 
strength of quasi-isotropic CFRP laminates [45/0/-45/90]2s can be predicted using these master 
curves of MMF/ATM critical parameters. Therefore, the verification of proposed MMF/ATM 
method was confirmed experimentally. 
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NAVY RELEVANCE 
The proposed MMF/ATM method is effectively combined the effects of time and 

temperature on the strength and life of composite structures exposed to an actual loading having 
general stress and temperature history. The methodology is useful to the durability analysis 
and design for the marine composite structures. 
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OBJECTIVES 
The accelerated testing methodology (ATM) for the fatigue life prediction of CFRP 

laminates proposed and confirmed experimentally in the previous ONR project of Grant # 
N000140110949 is verified theoretically and refined quantitatively based on the viscoelasticity 
of matrix resin in this ONR project. 

TECHNICAL APPROACH 
1. The advanced accelerated testing methodology (ATM-2) in which the role of viscoelastic 

behavior of matrix resin on the long-term fatigue life of CFRP laminates is cleared 
statistically and quantitatively is proposed and the formulation of long-term fatigue life of 
CFRP laminates is constructed based on ATM-2. 

2. The formulations by ATM-2 is applied to the flexural fatigue strengths of three kinds of CFRP 
laminates for marine use used in the previous ONR project and the parameters in the 
formulations is determined. 

3. The flexural fatigue strengths of quasi-isotropic CFRP laminates exposed to general loading 
of variable stress and temperature history in which the stress and temperature are changed 
with time is predicted by the formulation by ATM-2 and measured experimentally. The 
validity of ATM-2 is confirmed by comparing of the predicted ones and the measured data. 

SUMMARY OF RECENT ACCOMPLISHMENTS 
1. The formulation of long-term life under an actual loading was shown by the multiplication of 

four terms. These terms are the static strength at room temperature and its failure 
probability at room temperature, the power function of normalized viscoelatic compliance of 
matrix resin determined by the stress and temperature history, and the strength degradation 
caused by the damage linearly cumulated by the maximum stress, stress ratio and number of 
cycles on cyclic loading. 

2. The formulations by ATM-2 were applied to the flexural fatigue strengths of three kinds of 
CFRP laminates for marine use and the parameters in the formulations were determined. 
The influence of viscoelasticity of matrix resin on these fatigue strength was cleared. 
Furthermore, the influence of water absorption on these fatigue strength was quantitatively 
obtained based on the viscoelasticity of matrix resin. 

3. The flexural fatigue strengths of quasi-isotropic CFRP laminates exposed to general loading 
of variable stress and temperature history in which the stress and temperature are changed 
with time was predicted by the formulation by ATM-2 and measured experimentally. The 
validity of ATM-2 was confirmed by comparing of the predicted ones and the measured data. 

4. ATM-2 for the fatigue life prediction of CFRP laminates was expanded to MMF/ATM method 
for the fatigue life prediction of the structures made of CFRP laminates. The procedure of 
proposed MMF/ATM method is shown schematically in Figures 1 and 2. Figure 1 shows 
the first step for the prediction procedure by MMF/ATM method that is the process of 
determination of MMF/ATM critical parameters.    Figure 2 shows the second step for the 



prediction procedure by MMF/ATM method that is the life determination of CFRP structures. 
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Figure 1 First step of MMF/ATM method: Determination of MMF/ATM parameters 
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Figure 2 Second step of MMF/ATM method: Life determination of CFRP structures 

TECHNICAL DETAILS 
1. Introduction 

The accelerated testing methodology (ATM) [1] was proposed for the prediction of 
long-term fatigue strength of CFRP laminates based on the time-temperature superposition 



principle (TTSP). Based on ATM, the long-term fatigue strength for CFRP laminates can be 
predicted by measuring the short-term fatigue strengths at elevated temperatures. The 
applicability of ATM was confirmed for CFRP laminates and structures combined with PAN 
based carbon fibers and thermosetting resins [2-4]. 

The most important condition for the accelerated testing methodology (ATM) for the 
fatigue life prediction of CFRP laminates is the fact that the same time-temperature 
superposition principle for the viscoelastic behavior of matrix resin is hold for that for the 
fatigue strength as well as the static and creep strengths. The applicability of this condition 
was experimentally cleared for the flexural fatigue strength as well as the static and creep 
strengths for CFRP laminates combined with carbon fibers and vinylester resin for marine use 
under dry and wet conditions and the validity of ATM was confirmed for these strengths in the 
previous ONR project. 

This ATM is verified theoretically and refined quantitatively based on the 
viscoelasticity of matrix resin in this ONR project. The long-term fatigue life of CFRP 
laminates is formulated as the function of the viscoelasticity of matrix resin including the load 
and temperature history under the following approachs. First, the advanced accelerated testing 
methodology (ATM-2) in which the role of viscoelastic behavior of matrix resin on the 
long-term fatigue life of CFRP laminates is cleared statistically and quantitatively is proposed 
and the formulation of long-term fatigue life of CFRP laminates is constructed based on ATM-2. 
Second, the flexural fatigue strengths of quasi-isotropic CFRP laminates exposed to general 
loading of variable stress and temperature history in which the stress and temperature are 
changed with time is predicted by the formulation by ATM-2 and measured experimentally. 
The validity of ATM-2 is confirmed by comparing of the predicted ones and the measured data. 

As mentioned above, the first and third recent accomplishments are focused in the 
technical details and the second and fourth recent accomplishments are omitted from the 
technical details. 

2. Advanced accelerated testing methodology (ATM-2) and formulation 
The ATM-2 is established with three following conditions, (A) the failure probability is 

independent of temperature and load histories, (B) the time and temperature dependence of 
strength of CFRP is controlled by the viscoelasticity of matrix resin. Therefore, the 
time-temperature superposition principle for the viscoelasticity of matrix resin holds for the 
strength of CFRP, (C) the strength degradation of CFRP holds the linear cumulative damage law 
as the cumulative damage under cyclic loading. The fatigue strength can be formulated by the 
following equation under three conditions. 

°> = °>0 "/A • A • /c    or    logo-, = log<7fo + log/A + log/B + log/c (1) 

where Ofe is the static strength at reference time and temperature and is determined by types of 
fiber and weave, volume fraction, load direction and others. /A is the scatter of strength as a 
function of failure probability and is determined by types of fiber and weave, volume fraction, 
load direction and others. /B is the time and temperature dependent strength and is determined 
by viscoelasticity of matrix resin. fc is the strength degradation by the load amplitude and 
number of cycles to failure. 

The details of/A, f& and^c are explained in the following sections. 

2.1 Failure probability to be independent of time, temperature and load history 
The static strength can be shown by the following equation of Weibull distribution: 



/A=£te) = [-ln(l-i>)]i (2) 

where Pf is the failure probability and a is the shape parameter.   Christensen and Miyano 
found theoretically and experimentally that a is independent of time and temperature [5]. 

2.2 Time and temperature dependence of strength controlled by the viscoelasticity of 
matrix resin 

Figure 3 shows the static strengths for typical three directions of unidirectional CFRP 
versus the inverse of compliance of matrix resin D*. CFRP LT, LB and TB show longitudinal 
tension and bending and transverse bending for unidirectional CFRP, respectively. These 
strengths against the inverse of compliance of matrix resin \/D* are uniquely determined and 
these slopes are constant, respectively. Then, it is clear that the time and temperature 
dependence of these static strengths is controlled by the viscoelastic behavior of matrix resin. 
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Figure 3 Static strengths for three directions of CFRP versus the inverse of compliance of matrix 
resin [6, 7]. 

Based on the facts mentioned above, the strength of CFRP Of varies with the 
viscoelastic compliance of matrix resin D* under arbitrary load and temperature histories as 
expressed by 

/.- 
at(t\T0)     fl/D*(t\T0)]"' 

a({t'0,T0)    \l/De{t\,T0\ 
(3) 

where, 



^fcL,. 
D*(t\T0) = 

s(rjn) l»*-+.T.y^« 
<t',T0) <?>T0) -f 

Jr 

flrflTO) 
(4) 

where oj(f'o»7o) shows the static strength at reduced reference time fo' under the reference 
temperature T0. Dz{t\,T0) is the creep compliance of matrix resin at to' under T0. n, is the 
parameter determined by failure mode which is independent of time and temperature. o(0 
shows the stress history. ar0 shows the time-temperature shift factor of matrix resin and 1\ r) 
shows the temperature history. 

2.3 Strength degradation caused by cyclic loading 
Based on the condition that the slope of S-N curve depends on the stress amplitude 

determined by maximum stress and stress ratio and is independent of time, temperature and 
frequency, the strength degradation of CFRP is expressed by 

/c = 
rf(A'„) 

(5) 

Then,/C is formulated by the following equation: 

+ «/log(l-A:D), hgÄ^.JtÄ^hg 
°M) 

(6) 

where A^ is equal to 1/2, er£N0) is equal to the strength under monotonic loading. N{ and R are 
the number of cycles to failure and the stress ratio, «f and n{' are the material parameters. kD 

shows the accumulation index of damage defined by the following equation: 

(7) 

where n, and A^ are the number of cycles and the number of cycles to failure at the loading of 
step /, respectively. 

2.4 Formulation procedure based on ATM-2 
The long-term fatigue strength under an actual loading history of stress a (r) and 

temperature T(r) for CFRP can be expressed by the following equation: 

logo-f(r',r0,iVf,Ä,/>) = logCTf0(/0',7'0) + -log[-ln(l-Pf)]-nrlog 
a 

_£z^)„fiog(2j\rf)+«;iog(i-*D) 

D*(t',T0) 

(8) 

The determination of material parameters in formulation for ATM-2 should be done by 
determining the parameters of aTo and De of matrix resin as the first step and determining the 
parameters of a«,, a, nT and n{ of CFRP as the second step shown in Figure 4. First, the 
viscoelastic test for matrix resin is carried out at various temperatures and the master curve of 



creep compliance Dc is constructed using measured data based on the time-temperature 
superposition principle and the time-temperature shift factor aTo is determined. Second, the 
master curve of static strength is constructed by using the static strengths measured at various 
temperatures for CFRP and the time-temperature shift factor aTo of matrix resin. The master 
curve of creep strength is determined from the master curve of static strength. The fatigue 
strength master curve is constructed by using the fatigue strengths measured at various 
temperatures for CFRP and the time-temperature shift factor aTo of matrix resin. The 
parameters of a», a, n, and n{ of CFRP are determined from these master curves. 
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Figure 4 Determination of parameters in formulation for ATM-2 

3. Flexural fatigue strength for CFRP laminates exposed to general loading 
This section is concerned with the applicability of formulation of ATM-2 for predicting 

the fatigue life under variable cyclic loading for CFRP laminates. The flexural static and 
fatigue strengths were measured at a constant loading rate at various temperatures and the 
long-term fatigue life were formulated based on ATM-2 using the creep compliance and the 
time-temperature shift factor of matrix resin as the first step. The flexural fatigue life for 
quasi-isotropic CFRP laminates under various cyclic loadings with constant and variable 
temperature, frequency, maximum stress and stress ratio were predicted and compared with the 
experimental ones as the second step. 

3.1 Preparation of specimens 
The CFRP laminates employed in this study is T800S/3900-2B quasi-isotropic laminate, 

which consists of unidirectional T800S carbon fiber and 3900 epoxy resin with toughened 
interlayer by polymer particles. The stacking sequence of CFRP laminates is [45/0/-45/90]2s. 
The CFRP laminates is cured at 180°C for 2hours and then post cured at 170°C for lOhours. 
The thickness of CFRP laminate was approximately 3.0mm. 

3.2 Formulation of flexural fatigue strength 
Table 1 shows the specimen size and the test conditions for T800S/3900-2B laminates. 

The first is the dynamic viscoelastic tests for obtaining the storage modulus at various 
frequencies and temperatures. The second is the static bending tests at a constant deflection 
rate at various temperatures. The third is the fatigue bending tests at a frequency and stress 
ratio at various temperatures. 

The storage modulus for the transverse direction of unidirectional CFRP measured at 
various frequencies and temperatures are transferred to the creep compliance of matrix resin 



based on the average approximating method [8]. The left side of Figure 5 shows the creep 
compliance of matrix resin of T800/3900-2B against time at various temperatures and the right 
side shows the master curve of creep compliance against the reduced time at a reference 
temperature. Figure 6 shows the time-temperature shift factor as the horizontal shift factor 
aro(T) and the temperature shift factor as the vertical shift factor bm{T) for the creep 
compliance of T800/3900-2B. 

Table 1 Specimen size and test condition 

Material 
Frequency 

f[Hz] 
Temperature 

7TC1 
Test method 

Viscoelastic test 

T800S/3900-2B 
[90l8 

0.01-10 25-250 

unit: mm 

Static test 25,50.80,110,140,170 

Fatigue test 

T800S/3900-2B 
[45/0/-45/90l2S 

25, 110 

unit: mm 

-4-2     0-4 
log i [min] 

4     6     8 
log V [min] 

Figure 5 Master curve of creep compliance for the matrix resin of T800/3900-2B 
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Figure 6 Time-temperature shift factor aro(T) and temperature shift factor bm{T) 

The left side of Figure 7 shows the static strength of quasi-isotropic CFRP laminates of 
T800/3900-2B against the time to failure at various temperatures and the right side shows the 
master curve of static strength against the reduced time to failure at a reference temperature 
obtained by shifting horizontally the static strengths with the amount of the time-temperature 
shift factor of the creep compliance of matrix resin of T800/3900-2B. Figure 8 shows the 
master curves of the fatigue strength of quasi-isotropic CFRP laminates. 

The solid curves of both figures are the static and fatigue strengths predicted by the 
equation (8). Figure 9 shows Weibull distributions for the static strength at room temperature 
and for the fatigue strength at various temperatures, respectively. All of the parameters of 
equation (8) were determined successfully for the flexural fatigue strength of quasi-isotropic 
CFRP laminates by using the measured static and fatigue strengths. 
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Figure 7 Master curve of static strength for quasi-isotropic CFRP laminates 



2000 
1600 

_1400 
S. 1200 
1.1000 
S 

I 
800- 

600- 

400 

200 

T800S/3900-2B QIL [45/0/-45/90l2s 
To = 25t 
to = 1 min 

-tetah« 
a FMQut T-29X E «P 

- Fwgu« r-» C Pr. 
F rtgu* r-WC P» 10% — -Fangt» 1-25% Pr* MS 
FaUgu» MlOCFip 
Fabgutr-IIOXPrt. 
Fatfut r-110XF<rt 10% 
FM0U* r-llOXPn »0% 

0       2       4 
log t [min] 

2       4       6       8      10     12 
log f [min] 

Figure 8 Master curves of fatigue strength for quasi-isotropic CFRP laminates 
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5.3 Prediction of fatigue time to failure at variable loadings 
The flexural fatigue time to failure of quasi-isotropic CFRP laminates at variable 

loadings are predicted by using the formulation with parameters determined at the previous 
section. The conditions of constant and variable loadings as shown on Table 2 are constant low, 
constant high, variable low-high and variable high-low conditions of temperature, frequency, 
maximum stress and stress ratio. 

Weibull distribution curves of the fatigue time to failure under constant and variable 
temperature, frequency, maximum stress and stress ratio for quasi-isotropic CFRP laminates 
predicted are shown with the data measured experimentally at the same conditions in Figure 10. 
The solid predicted curves and the solid experimental points show the time to failure under 
constant loadings, and the dotted curves and the hollow points show the time to failure after 
changing the load. The blue curves and points show low and low-high conditions, and the red 
curves and points show high and high-low conditions. 

As results, the predicted flexural fatigue time to failure under variable loadings as well 
as constant loadings agree well with the experimental ones. The fatigue time to failure 
remarkably depend on temperature, frequency, maximum stress and stress ratio. The time to 
failure under low-high condition of temperature decreases comparing with that under low 
condition of temperature, and the time to failure under high-low condition of temperature 



increases comparing with that under high condition of temperature.   The same tendency is 
observed in the other conditions. 

Table 2 Constant and variable fatigue test conditions 

Variable parameter 
Temperature     Frequency      Stress      Stress ratio 

7pC] f[Hz] o[MPa] /?[.] 

Low 
High 

25 
45 

780 0.05 

Low—High 
High—Low 

25—45 
45-25 

2 780 0.05 

Frequency 

Low 
High 

25 
0.02 

2 
880 0.05 

Low—High 
High—Low 

25 
0.02-   2 

2 -0.02 
880 0.05 

Stress 

Low 
High 

25 2 
780 
880 

0.05 

Low-High 
High—Low 

25 2 
780-880 
880-780 

0.05 

Stress ratio 

Low 

High 
25 2 880 

0.05 
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Figure 10 Weibull distribution of the fatigue time to failure under variable temperature, 
frequency, maximum stress and stress ratio for quasi-isotropic CFRP laminates 



6. Conclusion 
The accelerated testing methodology for the fatigue life prediction of CFRP laminates 

confirmed experimentally in the previous ONR project is verified theoretically and refined 
quantitatively based on the viscoelasticity of matrix resin in this ONR project. 

1.. The advanced accelerated testing methodology (ATM-2) in which the role of viscoelastic 
behavior of matrix resin on the long-term fatigue life of CFRP laminates is cleared 
statistically and quantitatively was proposed and the formulation of long-term fatigue life of 
CFRP laminates was constructed based on ATM-2. 

2. The flexural fatigue strengths of quasi-isotropic CFRP laminates exposed to general loading 
of variable stress and temperature history in which the stress and temperature are changed 
with time was predicted by the formulation by ATM-2 and measured experimentally. The 
validity of ATM-2 was confirmed by comparing of the predicted ones and the measured data. 
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