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This paper presents fatigue lifetime data of impact-damaged carbon fiber/toughened epoxy
composites under compressive loading to elucidate the lifetime prediction methodology
based on statistical approaches. Drop-weight impact damage was induced to a composite
specimen with impact energy of 6.7J/mm in accordance with ASTM D7136. Postimpact
fatigue tests were conducted using a test fixture defined in ASTM D7137 under compres-
sion—compression loading (R=10) at room temperature. The maximum compressive stress
(Smin) Was 200, 210, 220, 230, and 240 MPa, and the total number of specimens was 31.
The compression-after-impact strength and fatigue lifetime show considerable scattering.
This result is apparently derived from the variation in impact damage size. A simple statis-
tical model based on the weakest link theory was proposed for predicting the lifetime of
impact-damaged composite laminates. Results show that the experimentally obtained data
were confirmed consistently using this model. The ratio between the endurance limit at 10°
and 107 cycles and the initial static strength was estimated as 0.74 and 0.68 as B-basis
allowable values.

Keywords: low-velocity impact damage; compression; fatigue; statistical analysis; Weibull
distribution

1. Introduction

A major limitation of the design of carbon fiber/epoxy composite structures is the susceptibil-
ity of materials to impact damage such as multiple delamination, fiber breakage, and matrix
cracking. Low-energy impacts might occur on aircraft structures because of dropped tools,
runaway debris, and hailstones. Such impact damage is a potential source of mechanical
weakness, particularly under compression loading. Therefore, considerable research effort has
been devoted to evaluating compression-after-impact (CAI) behavior. In addition to this, the
effects of impact damage on the fatigue behavior of composite laminates should be assessed.
The fatigue behavior of impact-damaged carbon fiber/epoxy composite laminates under cyclic
compressive loading, that is, CAI fatigue behavior, has been studied since the late 1970s. The
CALl fatigue data of CFRP materials were published in related reports.[1-18] A recent report
published from the federal aviation administration (FAA) of the US Department of
Transportation is especially useful to ascertain fatigue behavior (including CAI fatigue) of
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modern carbon fiber composites.[18] In that article, many CAI fatigue data were reported.
Statistical data reduction based on a Weibull distribution function was conducted in detail.

According to data from the literature, it has been understood that the ratios between the
endurance limit at 10° cycles to the initial static strength turned out to be 0.50-0.75. The
delamination growth behaviors were also investigated using nondestructive inspection (NDI)
techniques such as ultrasonic C-scanning. Generally, unrealistic fatigue stress (greater than
75% of the static strength) was necessary to observe delamination growth behaviors. Damage
growth starts very close to the end of the specimen lifetime with a very high slope.[1,3,6,12]
Damage growth under cyclic compressive loading is extremely sensitive to stress, implying
that the conventional damage tolerance methodology for aluminum alloys is not applicable
for CFRP. Therefore, ‘No damage growth’ (allowable stress design) is becoming the most
common concept for designing composite aircraft structures.[19] For this methodology, the
fatigue strength of composite laminates, which have barely visible impact damage (BVID), is
extremely important to determine the allowable stress. It is recommended that the B-basis
value, which is defined as 95% confidence that 90% of the samples will exceed the allowable
stress, is preferred for determining the allowable level for composite materials.[20] Therefore,
the B-basis value of fatigue strength of impact-damaged CFRP should be estimated rationally
from the fatigue lifetime data to determine the design allowable stress.

However, few reports have described the statistical data reduction of the CAI fatigue
behaviors of carbon fiber/epoxy composites except for the FAA report mentioned above.[18]
Experimentally obtained results clarifying the fatigue lifetime distribution of impact-damaged
carbon fiber/toughened epoxy composite laminates have not been published sufficiently,
because they are sensitive information for material suppliers and aircraft manufacturers. Fur-
thermore, a specific statistical data reduction method for postimpact fatigue behavior has not
been discussed in detail. Therefore, a standard method based on ‘wearout method’,[21] which
is not specified for CAI fatigue behavior, has been chiefly applied for the data reduction of
CAL fatigue behavior until now.

The first objective of this study is to obtain fatigue lifetime data of impact-damaged mod-
ern carbon fiber/toughened epoxy composite material (T800S/3900-2B; Toray Industries Inc.)
under compressive loading to elucidate the lifetime prediction methodology based on statisti-
cal approaches. Drop-weight impact damage is induced to a CFRP specimen, and postimpact
fatigue tests are conducted under compression—compression loading (R=10). Furthermore, a
simple statistical method for evaluating fatigue lifetime distribution of impact-damaged carbon
fiber composites is proposed under the simple assumption of one-to-one correspondence
between static strength and fatigue lifetime. Using the statistical method, the B-basis value of
the fatigue strength of impact-damaged carbon fiber composites is estimated.

2. Experimental procedures

The material used for this study is high strength carbon fiber/toughened epoxy composite
T800S/3900-2B (Toray Industries Inc., Japan). Interleaf layers, which include dispersed ther-
moplastic polymer particles, are adopted to improve the impact damage resistance. T800S/
3900-2B has excellent damage tolerance properties such as impact damage resistance and
CALI strength. It is therefore applied to the primary structures of the latest commercial aircraft.
The stacking sequence is 32 ply quasi-isotropic laminates ([45°/0°/—45°/90°],s), with
thickness of approximately 6 mm. Each specimen has 100 mm width and 150 mm length.
Specimens were cut from three 500 x 500 mm square panels (12 specimens/panel).
Low-speed impact loading was applied using a drop-weight type impact tester (model
9250HYV; Instron Corp., USA) according to ASTM D7136.[22] The mass of a drop weight,
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with an impactor tip radius of 5/8 inches (1.6 cm), was 5.5kg. The impact energy was set as
6.7 J/mm. The dent depth was approximately 0.2—0.3 mm as shown in Figure 1. The surface
crack was propagated along -45° direction, which is transverse direction of the surface layer
(45°). The crack length was approximately 25-30 mm. It has been already revealed that the
effect of delamination on CAI strength is much more significant than that of surface cracks.
BVID is defined as slight damage that might not be detected during heavy-maintenance, gen-
eral visual inspections using typical lighting conditions from a distance of 5 ft. (1.52m). The
typical dent depth was 0.01 to 0.02in. (0.254—0.508 mm). Therefore, the damage induced at
the center of each specimen is BVID. The delamination diameter was approximately 34 mm,
as inspected using ultrasonic C scanning.

Static compressive tests were conducted using a standard fixture in accordance with
ASTM D7137 [23] on an electromechanical testing system (250 kN capacity, model 5885;
Instron Corp., USA) under a constant displacement rate of 1 mm/min at room temperature.
Upper and lower edges were supported rigidly, and both sides of a specimen were supported
simply by knife-edge-type linear guides. Nine specimens were examined.

Fatigue tests were conducted on a servo-hydraulic testing rig (500 kN capacity, model
8804; Instron Corp., UK) at 3 Hz frequency with a sinusoidal wave. The test rig and fixture
are shown in Figure 2(a). In general, compression is defined as negative stress; therefore, Sy,
is the maximum compressive stress and Sy, 1S the minimum compressive stress, respectively.
The stress ratio R (=Smin/Smax) Was 10, and the S.,;, was 210, 220, 230, and 240 MPa. The
total specimens were 31.

Delamination growth behavior was evaluated for a couple of specimens using ultrasonic
C-scanning and digital video recorder. The cyclic loading test was interrupted periodically;
the specimen was inspected using an ultrasonic C-scanning. The specimen surface was
recorded visually using a digital video recorder, and delamination behavior was observed after
fatigue testing.

Figure 1. Composite specimen after low-speed impact loading (6.7 J/mm).
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(b)

Figure 2. Specimen, fixture, and testing rig used for CAI fatigue testing.

3. Experimental results and discussion
3.1. CAI and NHC strength distribution

The experimentally obtained results of CAI strength are presented in Table 1. Catastrophic
compressive failure occurred after the rapid delamination growth in the transverse direction of
a specimen, as presented in Figure 2(b). The average CAI strength and coefficient of variation
(CV) were, respectively, 272 MPa and 5.4%. The results of compressive strength, which are
often designated as non-hole compressive strength (NHC), are also shown in Table 1. The
NHC strength values were obtained in accordance with a combined compressive loading
method: ASTM D6641.[24] Each NHC specimen has 10 mm width, 3 mm thickness, 120 mm
overall length, and 12.7 mm gauge length. The average NHC strength and CV are 583 MPa

Table 1. CAI and NHC strength data.

CALI strength

NHC strength

Test method ASTM D7137 ASTM D6641

Specimen dimension (mm) 100 x 150 x t6 12 x 120 x t3

Average (MPa) 272 583

Standard deviation (MPa) 14.6 10.6

CV (%) 5.4 1.8

Weibull shape parameter (m) 194 61.8

Weibull scale parameter (Sp) (MPa) 279 588

Compressive strength data (MPa) 255, 257, 262 566, 573, 579
263, 273, 274 580, 582, 588
276, 288, 299 588, 594, 601

B-basis value (MPa) 219 539
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and 1.8%. The average CAI strength (272 MPa) is approximately half of the NHC strength
(583 MPa). Furthermore, the CAI strength exhibits considerable scattering. A two-parameter
Weibull distribution function is applied for data reduction of the CAI and NHC strengths.
[18,21,25-27]

Fy(Sy) =1 —exp{—(S/S0)"} (1)

Therein, S; m and S, respectively, denote the strength, Weibull shape, and scale parameters.

The Weibull plots of CAI and NHC strengths are depicted in Figure 3. The failure proba-
bility was calculated here using the so-called median rank method. The Weibull parameters
were estimated using a maximum likelihood method (MLM). The following equations were
solved numerically.[18,21]

i=1

5 ; IS, — n(z s ln(S,«)) / (; ln(Sf’)> =0

1

So= (1 5sr)
i=1

Therein, n denotes the sample size, S; stands for the ith specimen strength, and m and So,
respectively, represent the maximum-likelihood estimates of the shape and scale parameters.
The estimated values are presented in Table 1. The Weibull shape parameter for CAI
strength (m=19.4) is much lower than that for NHC strengths (m=61.8), which implies
that the considerable strength distribution is attributable to the variation in impact damage
size.

CAl
(m=19.4)

NHC / _

In (-In (1-F))

(m=61.8)
2F -
(@)
3 -
| | | |
200 300 400 500 600 700

Strength (MPa)

Figure 3.  Weibull plots of CAI and NHC strengths (average strength: CAI 272 MPa, NHC 583 MPa).
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Table 2. Experimental results of CAI fatigue tests™.

- Weibull
Minimum ter
stress paralneter Fatigue exponent,
(MPa) M Ny b (=m/M) Number of cycles to failure (lifetime)
200 0.74 1.83 x10° 26.2 126,365, 170,425, 353,353, 1,666,883
4,375,578, 6,287,444
210 0.76 6.11 x 10° 25.6 26,522, 50,290, 126,760, 321,623, 552,690,
653,371, 950,782, 3,144,783
220 0.71 1.46 x 10° 27.3 8967, 10,416, 17,279, 76,927, 80,120
97,426, 98,897, 456,465, 836,416
230 0.60 2.44 x 10* 322 1175, 1923, 6198, 6710
84,230, 119,721
240 - - 1407, 5840

*Stress ratio R = Spin/Smax = 10, frequency f= 3 Hz.

300 @ 'M/e""” .
200 - D

B-basis value

Peak stress (MPa)

100 [~ 7

| | | | | | | |
10 10" 10% 10° 10* 10° 10 107
Number of cycles to failure

Figure 4. S-N curves of impact-damaged CFRP specimens under compression (R =10, /=3 Hz, impact
energy = 6.7 J/mm).

3.2. CAl fatigue strength distributions

The experimentally obtained results of CAI fatigue tests for impact-damaged CFRP speci-
mens under cyclic compression are presented in Table 2. and the S—N data are presented in
Figure 4 . The fatigue failure mode was the same as that of compressive testing. CAI fatigue
lifetime exhibits flat SN curves and considerable scattering. Fatigue failures occurred under
fatigue testing conducted at the 73% of CAI strength, which agrees with the data described in
some reports.[1-18] Weibull statistics were adopted for fatigue lifetime distribution under the
same peak compressive stress Spin.[11,18,21]

Fy(Ny) = 1 — exp{—(N;/N,)"} (3)

In that equation, Ny represents the fatigue lifetime, and M and N, are the Weibull shape and
scale parameters. Weibull plots showing fatigue lifetime distributions for 200, 210, 220, and
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220 MPa

200 MPa

1 1 1 1
102 10° 10* 10° 10° 107
Number of cycles to failure

Figure 5. Weibull plots of CAI fatigue lifetime distribution. Weibull parameters were estimated using
MLM. (R=10, f=3 Hz, impact energy =6.7 J/mm).

300 -

»oo L \O\O\O\O\_

Peak stress (MPa)

100 - -

| | |
10° 10* 10° 10° 107

Weibull scale parameter, Ng

Figure 6. Peak compressive stress and Weibull scale parameter Ny The fatigue exponent b is estimated
as 31.

230 MPa are presented in Figure 5. The Weibull shape parameters (M) estimated using MLM
are 0.74, 0.76, 0.71, and 0.60 for 200, 210, 220, and 230 MPa, which are apparently indepen-
dent of the stress. Using a joint Weibull method,[18] the common shape parameter was
estimated as 0.702.

Figure 6 presents a double logarithmic plot of Weibull scale parameters (Ny) vs. peak
compressive stress (Spin). The following relationship between Weibull scale parameters (Ny)
and peak compressive stress (Sp,;,) was ascertained empirically.[21]

NO = (Smin/K)ib (4)
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Therein, b and K are constants. The value of b, which is often designated as a fatigue expo-
nent, was estimated as 30.8. The fatigue exponent b for smooth specimens of aluminum alloy
is generally less than 10.[28] The large fatigue exponent value suggests that the damage
growth of CFRP under cyclic compressive loading is extremely sensitive to stress.

Jones et al. reviewed some experimentally obtained results for S—N curves of damaged
laminates in 1987[7] and concluded that the S—N curves have a generic shape with a
pronounced threshold level. However, the pronounced fatigue limit has not been observed in
this study because of the difference in the material constituents. The interleaf layer, in which
thermoplastic particles are dispersed, is applied for the material used for this study. The visco-
plastic/viscoelastic properties of the epoxy matrix must differ greatly from those of primitive
epoxy resin developed during the 1980s.

3.3. Damage growth behavior

The damage growth behavior was evaluated using ultrasonic C-scanning for a specimen tested
at Spin=220MPa, R=10, f=3 Hz. Specimens were inspected using reflection mode, and the
frequency of the ultrasound transducer was 10 MHz. Typical C-scan images at 0, 10°, and
10° cycles are shown in Figure 7. Damage growth is not clearly visible until 10° cycles,
although the lifetime was 1.23 x 10°. The pulse-echo intensity from damage seems to increase
with the number of cycles, which implies that the residual opening displacement of delamina-
tion increases with cyclic loading.

Photographs obtained from a digital video recording, showing the damage growth of a
specimen tested at Sp,;, =200 MPa, R=10, f=3 Hz, are presented in Figure 8. Damage growth
in the transverse direction was observed very close to the end of the specimen lifetime
(10001500 cycles) before the final failure (1.67 x 10°). Until then (more than 1.67 x 10°
cycles), no visible damage growth was observed. This damage growth starts very close to the
end of the specimen lifetime. The experimentally obtained results agree with data reported
from earlier studies.[1,3,6,12]

0 cycle 10°cycles 10% cycles  [TT]

Figure 7. Ultrasonic C-scan images showing damage growth after cyclic compressive loading
(Smin=220 MPa, R=10, /=3 Hz, fatigue life 1.23 x 106).
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— 1500 cycles — 1000 cycles -3 cycles Final failure
(no growth) (1.67x10° Cycles)

Figure 8. Observations of damage growth using digital video recording (Sy,=200MPa, R=10,
/=3 Hz, fatigue life 1.67 x 10°).
Ff (Sf) =l—exp(—(Sf /8)™)

F(Sf)N=N, =F/(N/)S=S,

S F,(N,)=1—exp(—(N,/NO)M)

1/n

1 N, \ N
F(S, )y, =1-expl (5, 75,7))))

Figure 9. Schematic drawing showing the relationship between residual strength and fatigue lifetime
distributions.

3.4. Relationship between CAI strength and fatigue lifetime distributions

Figure 9 presents a schematic diagram depicting the relationship between CAI strength and fati-
gue lifetime distributions. We assumed a one-to-one correspondence between CAI strength and
the fatigue lifetime. If the number of cycles to failure is Nyunder the minimum stress Sy, then
we assumed the strength probability at N,is identical to the fatigue probability at §=Sp,p.

Fy(Smin)y—y, = Fr(Ny)s_s (5)

min
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Substituting Equations (1), (3), and (4) into Equation (5) yields the strength distribution at the
number of cycles of Ny

Fr(Sy)yoy, = 1 —exp{—(S;/S,)"}
(6)
m =bM S, =KN; "

Consequently, a simple relationship between the Weibull shape parameter of fatigue lifetime,
M and that of CAI strength m' is obtained. In this study, the Weibull shape parameters m’
estimated from the total shape parameter of fatigue M (=0.702) and b (=30.8) is 21.6. This
value is almost identical to the Weibull shape parameter m for the initial CAI strength distri-
bution (=19.4). The result suggests that the fatigue lifetime distribution is attributable mainly
to the initial CAI strength distribution.

Tomblin and Seneviratne investigated the CAI fatigue behavior of Cytec AS4/E7K8 plain-
weave fabric composite and conducted statistical analyses based on Weibull statistics.[18]
Regardless of the feature of fiber reinforcement, the CAI fatigue behavior is thought to be
almost same because the CAI fatigue is strongly affected by the delamination due to impact
loading. The estimated Weibull shape parameters are presented in Table 3. The Weibull shape
parameters of fatigue life, M, were estimated using the ‘Joint Weibull Method’. The Weibull
shape parameter, m, of 25/50/25 BVID specimens is apparently incorrect. Therefore, the cor-
rected value calculated by the author from raw data is presented in this table. The fatigue
exponents, b, were estimated using Equation (4) (Ny = (Smin/K~?), and Equation (6)
m = bM under the assumption of m=m'. Except for the 40/20/40 VID specimens, the fatigue
exponent b estimated from the slope in In(Sy,;,) vs. In(Ny) diagram are close to that estimated
from Weibull shape parameters of the static strength and fatigue lifetime. Of course, the sam-
ple size is insufficient to carry out statistical analyses because only 5-6 specimens were
examined in their work. The result suggests that a one-to-one correspondence between the
static strength and the fatigue lifetime is reasonable.

This relationship might be useful to reduce the number of specimens for determining
the B-basis value of fatigue strength. Generally, a few tens of specimens are tested under
each stress level to ascertain the slope in an S-N curve, which implies that more than
several tens of specimens are required. If the number of specimens is insufficient, then the
estimated fatigue exponent, b (inverse of the slope in SN curve) is not reliable because
CFRP exhibits a flat S-N curve as the slope as compared with aluminum alloys. Using the
relationship shown in Equation (6), the fatigue exponent b can be estimated from the
Weibull shape parameter of strength m and that of fatigue M. It is not necessary to conduct
fatigue tests while varying the applied stress level, which substantially reduces the related
costs and time. However, it is noteworthy that this method is not applicable to fatigue data
reduction of specimens without initial damage. The fatigue behavior of composites without
initial damage is known to be generally complicated. Various instances of damage such as
matrix cracking, delamination, and fiber breakage occur simultaneously and/or sequentially.
[29] In this case, one-to-one correspondence between the static strength and the fatigue life-
time cannot be assumed.

Finally, the procedure to determine a design allowable level (B-basis value) is described
for convenience. The B-basis value of the Weibull distribution is generally given by the
following equations [20,27] as
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B = gexp{—Vs/(my/n)}
(7)
g = S,(~1n(0.9))""",

where n represents the sample size, and where i and Sy, respectively, denote the maximum-
likelihood estimates of the shape and scale parameters in Equation (1) and (6). V3 is a one-
sided B-basis tolerance factor for the Weibull distribution. An approximation to the V' values
is given as follows [20]:

Ve =~ 3.803 + exp{1.79 — 0.516In(n) + 5.1/(n — 1)} (8)

Although fatigue exponent b includes statistical scattering, b is assumed to be constant for
simplicity in this study. The estimated B-basis values are superimposed on Figure 4. The
ratios between the endurance limit at 10° and 107 cycles and the initial static strength
(219 MPa) were estimated as 0.74 (161 MPa) and 0.68 (149 MPa), respectively, which implies
that the degradation caused by cyclic compressive loading (R=10) is not negligible for
impact-damaged composite laminates. The S—N curve of impact-damaged laminates depends
strongly on the specimen size. The CAI fatigue test configuration in accordance with ASTM
D7136 and D7137 provides a much worse case of strength degradation than that with actual
aircraft structures.

4. Conclusion

Fatigue lifetime data of impact-damaged carbon fiber/toughened epoxy composites under
compressive loading were obtained to elucidate fatigue behavior and statistical characteristics.
The following conclusions were made:

 Fatigue lifetime data of impact-damaged carbon fiber/epoxy composites (Impact energy
6.7 J/mm) were obtained. The total number of specimens was 31.

e The CAI strength and fatigue lifetime exhibit considerable scattering. This result is
apparently derived from the variation in impact damage size.

« The ratios between the endurance limit at 10° and 107 cycles and the initial static
strength were estimated respectively as 0.74 and 0.68.

* A simple statistical model was proposed for predicting the lifetime of impact-damaged
CFRP laminates. In spite of rough approximation, the estimates agreed with the
experimentally obtained results.
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