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1.0 Summary

The tensile strength along the longitudinal direction of unidirectional CFRP constitutes
important and basic data for the reliable design of CFRP structures. Our most recent study
undertook the prediction of statistical creep failure time under tension load along the
longitudinal direction of unidirectional CFRP. The statistical creep failure time of
unidirectional CFRP at a constant load and temperature was statistically predicted by
substituting the statistical results of tensile static strengths of unidirectional CFRP
measured at various temperatures and the viscoelastic behavior of matrix resin in our
proposed formulation based on the accelerated testing methodology (ATM). The
predicted results quantitatively agree well with the experimental results measured by the
creep tests for unidirectional CFRP.

This paper is concerned with the statistical prediction of creep failure times under bending
load as well as tension load in the longitudinal direction of unidirectional CFRP based on
ATM. The creep failure times under tension and bending loads for unidirectional CFRP
are predicted statistically using the tensile and flexural static strengths measured at
various temperatures and viscoelastic behavior of matrix resin. Then the tensile and
flexural creep failure times of unidirectional CFRP at a constant load and temperature are
measured experimentally for comparison with the predicted ones.

The creep failure times of unidirectional CFRP under arbitrary constant tension and
bending loads at a constant temperature were predicted based on our proposed ATM using
the statistical tensile and flexural static strengths for CFRP strands and laminates
measured at various temperatures and the viscoelasticity for matrix resin, respectively.
And the predicted results were compared with the experimental data measured by the
creep tests. As results, the predicted ones for both loads agree well with the experimental
data for the corresponding load, respectively. Therefore, the long term tensile and flexural
creep failure times can be statistically predicted by using the statistical tensile and flexural
static strengths at various temperatures based on our methodology. Furthermore, it is
cleared that the flexural creep strength decreases drastically with increasing time and
temperature comparing with the tensile creep strength.

1
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2.0 Introduction

Carbon fiber reinforced plastics (CFRP) has been used for the primary structures of
airplanes, ships, automobiles and others, in which the high reliability should be kept
during the long-term operation. Therefore, it is strongly expected that the accelerated
testing methodology (ATM) for the long-term life prediction of CFRP structures exposed
under the actual environmental temperature, water and others will be established.

The mechanical behavior of matrix resin of CFRP 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
significantly depends on time and temperature [1-6]. We have proposed the formulation
for the statistical static strength of CFRP based on the viscoelasticity of matrix resin in
our previous papers [7, 8].

The tensile strength along the longitudinal direction of unidirectional CFRP constitutes
important and basic data for the reliable design of CFRP structures. Our most recent study
undertook the prediction of statistical creep failure time under tension loading along the
longitudinal direction of unidirectional CFRP. The statistical creep failure time of
unidirectional CFRP at a constant load and temperature was statistically predicted by
substituting the statistical results of tensile static strengths of unidirectional CFRP
measured at various temperatures and the viscoelastic behavior of matrix resin in our
proposed formulation based on ATM. The predicted results quantitatively agree well with
the experimentally obtained results measured using creep tests for unidirectional CFRP

[9].

This paper is concerned with the statistical prediction of flexural creep failure time as
well as the tensile creep failure time in the longitudinal direction of unidirectional CFRP
based on the viscoelasticity of matrix resin. The tensile and flexural creep failure times
of unidirectional CFRP are statistically predicted by substituting the tensile and flexural
static strengths measured at various temperatures and viscoelastic behavior of matrix
resin in our proposed formulation. Then the tensile and flexural creep failure times of
unidirectional CFRP at a constant load and temperature are measured experimentally and
statistically using CFRP strands and CFRP laminates for comparison with the predicted
ones, respectively. Finally, the characteristics of statistical tensile and flexural creep

2

DISTRIBUTION A: Approved for public release; distribution unlimited



failure times of unidirectional CFRP were compared with each other from the difference
of failure modes in the tension and bending loads.

3.0 Statistical Prediction of Creep Failure Time of Unidirectional CFRP

We have proposed the formulation for the statistical static strength os of CFRP based on
the viscoelasticity of matrix resin as shown in the following equation in our previous

paper [8],

logo,(F,t,T)=log O'O(to,TO)+£Iog[_|n(1_ P)]-n, Iog{ D(t,T) }
(24

D, (t, To)

(1)

where, P is the failure probability, t is the failure time, to is the reference time, T is the
temperature, To is the reference temperature, oo and « are the scale and shape parameter
on Weibull distribution of static strength at to and To respectively, nr is the viscoelastic
parameter determined through the relationship between the static strengths of CFRP and
the viscoelastic compliance D* of matrix resin at the same time and temperature. The
viscoelastic compliance D* of matrix resin to be defined by the compliance for a constant
strain rate is shown by the following equation for the creep compliance Dc of matrix resin.

D*(t,T)=D,(t/2,T) (2)

The statistical creep strength oc can be determined by shifting the master curve of static

strength with log A based on Christensen’s theory for viscoelastic crack kinetics [10].

Therefore, the master curve of creep strength can be shown by the following equation,
D" (AL, T)

DC (tO ’TO) :| (3)

where the shifting amount log A determined by the slope of the static strength—failure

time curve is shown by the following equation.

log A =log(1+1/kg) Kg =NgMg (4)

logo (P ,t,T)=Ilog ao(to,T0)+£Iog[—In(1— P)]—ng Iog[
a

where mr is the slope of creep compliance of matrix resin against time. The failure
probability of CFRP under creep load with a constant stress can be shown by the
following equation from Equation 3.

P =1-exp(- F), logF :alog{i}+a Ny Iog{ (5)
(o

0

D,(At/2,T,)
D, (t, To)

3
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4.0 Experimental Procedures

Unidirectional CFRP strands and laminates which consists of T800-12000 (Toray
Industries Inc.) and a general purpose epoxy resin JER828 (Mitsubishi Chemical
Corp.) was molded by the filament winding method. The fiber volume fraction Vi of
CFRP laminates was approximately 59% and the Vs of CFRP strands were scattered
from 50% to 60% and then the Vs of CFRP strands when the static and creep strengths
were calculated was standardized to Vi = 59% which is the V¢ of CFRP laminates.
Molding condition of CFRP strands and laminates is shown in Table 1. The glass
transition temperature Tg is 130°C for the epoxy resin used.

Table 1. Composition and cure schedule of CFRP laminates.

Carbon fiber
T800HB-12000
Matrix resin
Composition Weight ratio
Epoxy : JER828 100
Hardener ; MHAC-P 103.6
Cure accelerator : 2-Ethyl-4-methylimidazol 1
Cure schedule
100°Cx5hr+150°Cx4hr+190°C % 2hr+(-0.5°C/min)

The tensile static and creep strengths for the fiber direction of unidirectional CFRP were
conducted by our developed tension tests for CFRP strands [11]. The compressive static
and creep strengths for the fiber direction of unidirectional CFRP were conducted by three-
point bending tests according with 1SO14125 for CFRP laminates because the failure
occurs at the compression side of specimens. In the bending tests, cushion material made
of aluminum foil was used to prevent localized destruction due to stress concentration at
the loading point. Tension tests and three-point bending tests for static and creep loads are
shown in Figure 1.

For the static tension tests, the test temperatures were 25°C, 120°C and 150°C, and cross-
head speed was 1mm/min. For the creep failure tests, the test temperature was 120 °C, and
the applied creep stress was 2,692MPa which is 82% of the scale parameter of static
strength at 25°C. The fiber volume fraction Vs for CFRP strands were largely scattered as
mentioned before, however the tex (weight per length) and density of carbon fiber strand
was very stable and reliable. And then, the Vi of CFRP strands when the static and creep
strengths were calculated was standardized to Vi = 59% which is the Vi of CFRP laminates.

4
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For the static bending tests, the test temperatures were 25°C, 120°C, 135°C and 150°C, and
cross-head speed was 2mm/min. For the creep failure tests, the test temperature was 120
°C, and the applied creep stress was 791MPa which is 41% of the scale parameter of static
strength at 25°C.

Assembled Tab2
? 1 :
f End tab | -
| == - —
T
== |
T Groove — ! — | | Land
—— HH i L
CF/EP strand \T i e
e e
b i
20 BRIy
il i I
AN S e
s 1 .
m : :
E CF/EP strand
! - - ﬁ
f unit: mm
(@) Tension
CF/EP laminates Aluminum foil
Vi=59%
. 100 i unit:mm
(b) Bending
Figure 1. Tension and bending specimen configurations and static and creep test
methods.
5
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5.0 Results and Discussion
5.1. Creep Compliance of Matrix Resin

Non dimensional creep compliance of matrix resin at 120°C is shown in Figure 2. Tq is
130°C for matrix resin. The creep compliance of matrix resin Dc was measured at various
temperatures as shown by the left side of this figure and the smooth master curve of creep
compliance at T = 120°C is determined by shifting horizontally these curves at various
temperatures based on the time-temperature superposition principle as shown by the right
side of this figure. The viscoelastic compliance D" under a constant strain rate loading can
be obtained by shifting Dc horizontally in the amount of log 2 from Equation 2. The slope
of creep compliance of matrix resin mr can be obtained as shown in this figure.

2.0

00° Matrix resin 990’
OOo o T=120°C 899
1.5 (0] = o’
3 o] Q
Q o) o/
= ok O o L S
= o o 0 120°C & | me028
Q o o © 130°C o
g o0 o 0 140°C
~ 05k o] o L |o1s0°C \
oOO 0° - D*/D
o 00 c0
80 000 0000@06@ D*(t,T)= Do (t/2,T)
0 | | | | | |
-2 0 2 -2 0 2 4 6 8
log t [min] log t [min]

Figure 2. Dimensionless creep compliance of matrix resin at T=120°C.
5.2. Tensile and Flexural Static Strengths of Unidirectional CFRP

The tensile and flexural static strengths of unidirectional CFRP measured at various
temperatures by using CFRP strands and laminates are shown in Figure 3, respectively. The
tensile static strength decreases scarcely with increasing temperature, however the flexural
static strength decreases remarkably with increasing temperature. The Weibull distributions
of the static tensile and flexural strengths at various temperatures are shown in Figure 4.
The shape parameter os and the scale parameter S on the Weibull distribution of both static
strengths are shown in the table in this figure. It is cleared from this figure that the shape
parameter keeps almost a constant for different temperatures for each of tensile and flexural

6
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strengths, and the decreasing of scale parameter with increasing temperature is very
different for both strengths.

4000
& 3000 g g
=
= CF/EP strands (Vi=59%)
2 Tension V=1mm/min
o 2000
ﬁ CF/EP laminates (Vi=59%)
E Bending V=2mm/min
® 1000 g g
0

0 | ] | | | | | C

0 20 40 60 80 100 120 140 160
Test temperature T [°C]

Figure 3. Tensile and flexural static strengths of unidirectional CFRP versus
temperature.

Strands : Tension
Laminates : Bending

T [C] [os[1[Bs[MPa]
25 |26.4| 3,281
120 |28.2| 3,139
150 |26.1] 2,803
25 [11.6] 1,944
120 |12.0] 1,161
135 | 7.4 803
150 |94 330
5Ll | | | | |
5.5 6.0 6.5 7.0 7.5 . 8.5 9.0 9.5
In og[MPa]

In(-In(1-Py)

Figure 4. Weibull distributions of tensile and flexural static strengths of
unidirectional CFRP at various temperatures.

5.3. Tensile and Flexural Static Strength of Unidirectional CFRP versus Viscoelastic
Compliance of Matrix Resin

The tensile and flexural static strength of unidirectional CFRP as/00 versus the viscoelastic
compliance of matrix resin D*/Dco at the corresponding condition of time and temperature

7
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is shown in Figure 5. The tensile and flexural static strengths of CFRP decreases with
increasing the viscoelastic compliance of matrix resin although the slopes for both strengths
are different each other. The viscoelastic parameter nr can be determined by least square
fitting. The slopes of fitting line, which is the viscoelastic parameter in Equation 1, are nr
= 0.059 for the tensile strength and nr = 0.652 for the flexural strength, respectively.

ng=0.059

0.4
Strands : Tension
T[C
06 [olo [;5] Laminates : Bending
0|0] 120
0.8 [-14[135 nr=0.652
&€ 150
| | | |
0.0 04 0.8 1.2 1.6 2.0

log D*/Dyg

Figure 5. Statistical tensile and flexural static strengths of unidirectional CFRP
against viscoelastic compliance of matrix resin at the same time and temperature.

5.4. Statistical Creep Failure Times under Tension and Bending Loads of
Unidirectional CFRP

The upper and lower sides of Figure 6 shows the experimental and predicted results for
the tensile creep strength against creep failure time and the failure probability at a constant
creep stress oco against creep failure time t at a constant temperature T, respectively. The
predicted statistical creep failure time agrees well with the experimental data. The upper
and lower sides of Figure 7 also shows the experimental and predicted results for the
flexural creep strength and failure probability against creep failure time, respectively. The
predicted statistical creep failure time agrees well with the experimental data with the
exception of long time range. From Figures 6 and 7, it is cleared that the statistical creep
failure time of unidirectional CFRP under tension and bending loads can be predicted by
substituting the statistical static strength of CFRP measured at various temperatures and the
viscoelastic compliance of matrix resin into Equations 3 and 5.

8
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Figure 6. Tensile creep strength and failure probability against creep failure time.
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Figure 7. Flexural creep strength and failure probability against creep failure time.
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Figure 8. Tensile and flexural creep strengths against failure time at a constant
temperature andthese failure probabilities against failure time at a constant creep stress
and temperature.

The upper side of Figure 8 shows the master curves for the dimensionless tensile and
flexural creep strengths against creep failure time at a constant temperature T = 120°C
and these curves were calculated by substituting the data shown in the table of this figure
into Equations 3 and 4. This figure shows the flexural strength decreses remakably with
increasing failure time, on the other hand the tensile strength decreases scarecely with
increasing failure time. It can be presumed that this difference on the strength is due to
the difference of viscoelastic parameter nr and that the difference of nr is due to the
difference of failure modes in tension and bending loads. Actually, the failure mode for
the tension load is clearly Rosen’s shear lag mode and that for the bending load is the
micro-buckling mode in the compression side of specimen.

The lower side of this figure shows the probabilities against failure time under tension
and bending loads, respectively. Each of creep stresses for both of tension and bending
loads were selected as the creep failure time t = 100 min when the failure probability is
equal to 63.6%. As resutls, the creep stress for tension load is 88% of the scale parameter

10
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oo Of reference static tensile stength and the creep stress for bending load keeps only 41%
of the corresponding scale parameter. The creep life under bending load for the
longitudinal direction of unidirectional CFRP is drastically sensitive comparing with the
case under tension load.

On the other hand, the scatter of creep failure time under the tension load is clearly larger
than that under bending load, although the scatter for the tensile strength is smaller than
that for the flexural strength because the slope of tensile creep strength against time is
smaller than that for the flexural creep strength.

6.0 Conclusions

The creep failure times of unidirectional CFRP under a constant tension and bending loads
at a temperature were predicted based on our proposed methodology using the statistical
tensile and flexural static strengths for unidirectional CFRP measured at various
temperatures and the viscoelasticity for matrix resin and compared with the experimental
data measured by creep tests. As results, the predicted ones agree well with the experimental
data. Therefore, the long term tensile or flexural creep failure time can be statistically
predicted by using the statistical tensile or flexural static strength at various temperatures
based on the viscoelasticity of matrix resin. Furthermore, it is cleared that the flexural creep
strength decreases drastically with increasing time and temperature comparing with the
tensile creep strength.
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Reinforced Polymers
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Appendix B: Abstracts

This paper is concerned with the statistical prediction of tensile and flexural creep failure
times in the longitudinal direction of unidirectional CFRP based on the viscoelasticity of
matrix resin. The tensile and flexural creep failure time of unidirectional CFRP was
statistically predicted by substituting the tensile and flexural static strengths measured at
various temperatures and viscoelastic behavior of matrix resin in our proposed
formulation. Then the tensile and flexural creep failure times of unidirectional CFRP at a
constant load and temperature were measured experimentally for comparison with the
predicted ones. The characteristics of statistical tensile and flexural creep failure times of
unidirectional CFRP were compared with each other from the difference of failure modes
in the tension and bending loads.
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Appendix C: Window on Science Program

Visitor Trip Report by Yasushi Miyano Date: June 26, 2017

WOS Number: 172106

Visitor Name/Organization: Yasushi Miyano/Kanazawa Institute of Technology
Host Name/Organization: Craig Przybyla/AFRL/RXCCP

Program Officer: Scott Robertson

Purpose: Polymer Composites Technical Interchange Meeting

Outcome/Discussion for Visit;

| visited to Materials and Manufacturing Directorate in WPAFB on June 16, 2017
hosted by Dr. Craig Przybyla with Professor Masayuki Nakada who is one of my co-
researchers.

Prof. Nakada presented our research work as a seminar at Materials and Manufacturing
Directorate in WPAFB. Furthermore, we joined to laboratory tour and some personal
meetings with researchers in Materials and Manufacturing Directorate in WPAFB.
This visit was very useful for our future research work about the durability of polymer
matrix composites and structures.

Action Items/ Future Plan:

1.

Seminar

Prof. Nakada presented our research work titled "Statistical life time prediction for
unidirectional CFRP" at a seminar at Materials and Manufacturing Directorate in
WPAFB. More than 20 researchers in Materials and Manufacturing Directorate were
attended. There are many useful questions and comments from researchers to our
presentation.

. Laboratory tour

I and Prof. Nakada joined to laboratory tour in Materials and Manufacturing
Directorate by the guide of Dr. Allan Katz and Dr. Flores. We obtained useful
information through the laboratory tour.

. Personal meetings

I and Prof. Miyano had personal meetings with Dr. David Mollenhauer, Dr. Dhriti
Nepal, Dr. Richard Hall and Dr. Craig Przybyla about their recent research works. We
had useful discussion for their recent research works.
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