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Abstract

The advanced accelerated testing methodology
(ATM-2) for the fatigue life prediction of CFRP
laminates proposed and verified theoretically and
experimentaly in the previous studies is expanded to
the fatigue life prediction of the structures mack of
CFRP laminates. The procedure of MMFATM
method combined with our ATM-2 and the
micromechanics of faillure (MMF) developed by
Professor Sung-Kyu Ha and others is proposed for
the fatigue life prediction of the structures made of
CFRP laminates. The master curves of MMFATM
critical parameters of CFRP are determined by
measuring the static and fatigue strengths at elevated
temperatures in the longitudina and transverse,
tension and compression directions of unidirectional
CFRP. The fatigue lives of gquasi-isotropic CFRP
laminates with a centrd hole under compression
load as an example of CFRP structures are measured
a elevated temperatures, and these experimenta
data are compared with the predicted results based
on MMFATM method.

1 Introduction
The accelerated testing methodology (ATM) [1] was

proposed for the prediction of longterm 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 pedicted by measuring the short-
term fatigue strengths at elevated temperatures. The
applicability of ATM was confirmed for CFRP
laminates combined with PAN based carbon fibers
and thermosetting resins [2-4]. Furthermore, the
advanced accelerated testing methodology (ATM-2)
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 datistically 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 falure (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 ATM-2 and MMF is proposed

for the fatigue life prediction of the structures made
of CFRP laminates. The validity of MMFATM
method is confirmed through the following two steps.
As the first step, the master curves of MMFATM

critica 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
guasi-isotropic CFRP laminates with a central hole
under compression load as an example of CFRP
structures are measured a elevated temperatures,
and these experimental data are compared with the
predicted results by using the master curves of
MMF/ATM critica parameters of CFRP based on

MMFATM 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 MMFATM method that is the process
of determination of MMF/ATM critical parameters.
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Figure 2 Second step for prediction procedure by MMFATM method:
Life determination of CFRP structures
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First, the 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 a various
temperatures a a single loading rate and single
loading frequency, respectively. The strengths in
four directions are the longitudinal tension X, the
longitudinal compression X', the transverse tension Y
and the 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 MMFATM critical
parameters, the fiber tensile strength Ty, the fiber
compressive strength C;, the matrix tensile strength
Tm, ad the matrix compressive srength C,, are
determined through the method described in [7].

Figure 2 shows the second step for the prediction
procedure by MMFATM method that is the life
determination of CFRP structures. With the master
curves of the MMF/ATM critica parameters, the
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
falure criteria for fiber and matrix, the strength of
CFRP structure under arbitrary time to falure and
temperature can be determined.

3 Experimental procedure

The test gpecimens were fabricated from
unidirectiondd CFRP and quasi-isotropic CFRP
laminate (QIL) [45/0/-45/90],s of MR60H/1053
which consists MR60H carbon fiber and epoxy resin
1053. The unidirectiona CFRP were used to back-
caculate 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 approximatedy 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
congtructing master curve hold for the strength
master curves of CFRP and constituent critical
parameters master curves. The datic and fatigue
tests for four directions of unidirectional CFRP were
carried out to extract constituent critical parameters
master curves by micromechanica amplification.
Longitudina tension tests under static and fatigue
loadings were carried out a various temperatures
according with 1SO 527 to get the longitudinal tensile
datic and fatigue strengths. Longitudina bending
tests under static and fatigue loadings were carried
out at various temperatures according with 1SO
14125 to get the longitudind compressive static and
fatigue strengths. Transverse bending tests under
static and fatigue loadings were carried out at various
temperatures according with 1SO 14125 to get the
transverse tensile static and fatigue strengths. 20°
off-axistension 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 a various
temperatures using the open lole compression test
specimens as shown in Figure 3. The experimental
results have been aready reported on [8-10].

Figure 3 Open hole compression (OHC) testsfor QIL

4 MMF/ATM critical parameters

The MMFATM critical parameter master curves Ty,
C, T and C,, are shown in Figures4 and 5. The
details of determination by using the measured data
to the tension and compression static and fatigue tests
for longitudina and transverse directions of
unidirectional CFRP are neglected here.
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Figure 4 Master curves of MMFATM critical
parameters T; and C;
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Figure 5 Master curves of MMFATM critica
parameters T, and C,,

5 Life determination of CFRP structures

As an example of application of MMF/ATM critica
parameters master curves, the longterm OHC
strength for QIL was predicted. Figure 6 shows the
initia fallure mechanism for static loading by
comparing the falure indexes of MMFATM
parameters under, for example, T=25°C. k+ is failure
index of fiber under tension, K is falure index of
fiber under compression, and k. is failure index of
matrix under tension, and kc,,* is falure index of
matrix under compression [7]. When one of these
failure indexes reaches to unity, the initial falure of
laminate occurs. It is cleared from this figure that the
OHC falure of QIL was triggered by fiber
compressive failurein @ layer.

Figure 7 shows the initid failure of OHC for QIL
under static loading observed from the specimen in
which the OHC test was stopped a 98% levd of
maximum stress under T=25°C. The microbuckling
of fiber in @ 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 dl temperature conditions tested, the same failure
was observed with the above smulation. Therefore,
the predicted master curves of OHC strength for QIL
were constructed based on the MMF/ATM parameter
of compressive strength of fiber. Fgure 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 timeto faluret'.
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Figure 7 Observation of initid falure of OHC for
QIL under datic loading (Sma=0.98ss, T=25°C,
V=0.1Imm/min)

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-
teem OHC drength of quas-isotropic CFRP
laminates [45/0/-45/90] ,s can be predicted using these
master curves of MMF/ATM critical parameters.
Therefore, the verification of proposed MMFATM
method was confirmed experimentaly.

400
1
_ aso |- MRGOH/1053
£ 260 | -
(=1
= v
2 - -
= 200 7
o po! 1+
E W=, Ammemin T=25'C
W 450 - [ Lk
9 ]
o fasc) | |BZsT] o Preicted 10%
vikeel | |G| P
400 i 1 1 1 I I I I | |
H R=20 MMREIHTDES == Procched 10%
il — e Froictog 0%
= 01 : T=25C
e R=20
§ 250 -
£ a0 |
a
@
Z - =
E 450 L | Exp | Pradiction | gegeny | Stk steagn
(&) 1 Exp.
- 1 |o e o — 20Hz
° | Latae - - 1.2% 107z
sop Ll | 1 L ! | | " |
-4 2 0 2 4-2 | 2 4 5 a8 10 12

B I [rmin] Reduced time o failure log §[min]
Figure 8 Predicted OHC <atic and fatigue strengths
for QIL

7 Acknowledgements
The authors thank the Office of Naval Research for

supporting this work through an ONR award with Dr.
Y apa Rajapakse as the ONR Program Officer. Our
award is numbered to N000140611139 and titled
“Verification of Acceerated Testing Methodology
for Long-Term Durability of CFRP laminates for
Marine Use”. The authors thank Professor Richard
Christensen, Stanford University as the consultant of
this project.

8 References

1. Miyano, Y., Nakada, M., McMurray, M. K. and
Muki, R. “Prediction of Flexural Fatigue Strength
of CFRP Composites under Arbitrary Freguency,
Stress Ratio and Temperature’, Journa of
Composite Materials, 31: 619-638, 1997.

2. Miyano, Y., Nakada, M. and Muki, R.
“Applicability of Fatigue Life Prediction Method
to Polymer Composites’, Mechanics of Time-
Dependent Materials, 3: 141-157, 1999.

3. Miyano, Y., Nakada, M., Kudoh, H. and Muki,
R., “Prediction of Tensile Fatigue Life under
Temperature Environment for Unidirectional



CFRP’, Advanced Composite Materias, 8: 235
246, 1999

Miyano, Y., Nakada, M. and Sekine, N.
“Accelerated Testing for Long-term Durability of
FRP Laminates for Marine Use’, Journa of
Composite Materials, 39: 5-20, 2005.

Christensen, R. and Miyano, Y ., “ Stress Intensity
Controlled Kinetic Crack Growth and Stress
History Dependent Life Prediction with
Statistical Variability”, International Journal of
Fracture, 137: 77-87, 2006.

Ha, S. K., Jin, K. K. and Huang Y., “Micro-
Mechanics of Failure (MMF) for Continuous
Fiber Reinforced Composites’, Journa of
Composite Materias, 42: 1873-1895, 2008.

Ca, H., Miyano, Y., Nekada, M. and Ha, S. K.,
“Long-trem Fatigue Strength Prediction of CFRP
Structure Based on Micromechanics of Failure’,
Journal of Composite Materias, 42: 825-844,
2008.

8.

10.

11

Iwai, K., Ca, H., Nakada, M. and Miyano, Y.,
“Prediction of Long-term Fatigue Strength of
Quasi-isotropic CFRP Laminates with A Hole
Under Compressive Loading’, 8th Internationa
Conference on Durability of Composite Systems
(DURACOSY S 08), Porto, Portugal, July 2008
Miyano, Y., Nakada, M. and Ca, H.,
“Formulation of Longterm Creep and Fatigue
Strengths of Polymer Composites Based on
Accelerated testing Methodology”, Journal of
Composite Materids, 42: 1897-1919, 2008.
Hiraoka, M., lwal, K., Cal, H., Nakada, M. and
Miyano, Y., “Long-term Life Prediction of
Quasi-isotropic CFRP Laminates with A Hole
Under Compressive Loading”, 17th Internationa
Conference of Composite Materias (ICCM-17),
Edinburgh, UK, July 2009.

Tsa, S. W. and Hahn, H. T., Introduction to
composite materids, Westport, Technomic, 1980.



