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Abstract: To investigate the effect of notches on static
and fatigue properties of T800 fabric carbon fibre rein-
forced epoxy, comparative tests were conducted between
specimens of three depths of notches and un-notched
specimens. Results demonstrate that the residual tensile
strength of specimens is linearly decreased with the in-
creasing depth of notches from 2mm to 4mm. The tensile
strength on notched specimens dropped 31.5% comparing
with no-damaged laminate. Due to the effect of notches,
the fatigue limit was reduced to 55% of UTS and the slope
of the S-N curve tends to be horizontal. In-situ damage ex-
pansion process was observed and the shape of proposed
normalized S-N curves could be explained and concluded
as two stages: the first stage accounts for 20% of the fa-
tigue life, showing a dramatic decrease of fatigue strength;
the remaining stage takes up the rest of the total life span,
representing a steady decline in strength. It shows that
no-damaged and notched laminates exhibit different be-
haviours in terms of damage evolution.

Keywords: T800 fabric CFRP; double-edge notch; tensile
strength; fatigue properties; S-N curve; In-situ damage ex-
pansion

1 Introduction
Compared to metals, the nature of CFRP (Carbon Fibre Re-
inforced Plastic) allow better fatigue resistance and higher
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strength to weight ratios, thus CFRP is moving into ‘Pri-
mary structure’ on aircraft [1, 2]. The tension-tension fa-
tigue limit of CFRP can exceed 40% of its tensile strength,
and even reach up to 90%. For most metallic materials,
the fatigue limit is lower than 50% of the UTS and only
30% for aluminum [3]. However,what appears to be ‘minor
damage’ in metals can be ‘major damage’ in CFRP and re-
sults in a dramatic decrease in load-capacity of structures.
Thus it is significant to understand the effects of defects
and damage on the structural integrity of composites.

During the manufacture, processing and service of
composite structures, defects or damage are often found,
such as matrix defects, micro-cracking, delamination,
debonding scratches, notches and impact, etc. [4]. Many
of these damages can result in a significant reduction in
the residual strength of components. Cantwell et al. [5–7]
found that even a small impact energy can reduce more
than 50%of the load-carrying capacity of carbonfibre com-
posite structures. Gary [8] pointed out that undiscovered
flaws during the manufacturing process can cause catas-
trophic failure of composite structures as well. Huang [9]
proved that manufacturing defects lead to a sharp drop in
the strength and stiffness of composites, and that the de-
crease in residual strength and stiffness is related to the
form and size of defects or damage. Shams [10] studied the
effect of three scratch depths on the tensile strength of lam-
inates and found that the position of the scratched tip and
the depth of scratches are the key factors to the load capac-
ity of composites. In addition, this resulted in unexpected
compressionand torsional deformationof the laminate. To
investigate the effect of flaws and damage on the fatigue
properties of composite materials, Zhu and Xu [11] con-
ducted low-speed impact and compression-compression
fatigue studies on T300/QY8911 composite laminates. The
fatigue failure process was divided into two stages: a sta-
ble period and an expansion periodwith the former period
accounting for 60% of the total life. The fatigue strength
(under 106 cycles) is about 55% of the tensile strength
of the test specimens with impact damage. Shahkhosravi,
N.A. [12] studied the impact of high speed drilled holes
on static and fatigue properties of Glass Fibre Reinforced
Polymer (GFRP), and they found that drilling parameters
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had a significant effect on specimen fatigue life: for unidi-
rectional specimens, a fatigue life variation (increase) of
160% was found; and, for woven specimens this variation
was much more (unlimited).

The impact of notching, which refers to injuries that
are common in manufacturing or machining processes
such as incorrect drilling or milling, has been studied
by many scholars due to its importance to designers. Un-
like no-damaged components, notches result in a stress
concentration and exaggerate the complexity of damage
and failure mechanisms [13, 14]. Harris [15] concluded
that the fatigue limit is between the UTS and the resid-
ual static strength in tension-tension cyclic loading for
notched materials, while the fatigue limit is clearly less
than the residual compressive strength if it is compressive
loaded. For researches on comparison between notched
andno-damagedmaterials, Reifsnider [16] analysed the fa-
tigue strength, residual strength, and damage characteris-
tics of composite materials with no-damaged and notched
specimens, and concluded that the residual strength of
no-damaged specimens decreased monotonously and the
regulation of residual strength of notched specimens was
first increased and then decreased under the fatigue load-
ing. Sims and Gladman [17] also studied different types
of notches and examined the effects of centre-holed and
double-edge notches on glass-fibre fabric epoxy; the re-
sult shows that the normalized S-N curves of no-damaged,
holed and notched specimens are shown to be consistent.
Other than the initial ultimate strength reduction, there
is no additional deterioration of the fatigue properties of
composites due to notches or holes.

However, effects of notches on fatigue properties of
composite laminates, especially on T800 level CFRP have
not been examined completely from previous studies, and
the damagemechanism of notched laminates was not con-
cerned. In addition, with the application of high perfor-
mance T800 level CFRP laminates, researches of its sen-
sitivity to notches or damages are of great value. There-
fore, effects of notches on mechanical properties of lam-
inates are studied in the present work. Based on a previ-
ous study [10], as for the tensile or fatigue test of single-
edge notch laminates can cause additional torque which
might results in the deterioration of mechanical proper-
ties, double-edge notches were selected, so as to balance
the effect of torque on mechanical properties. Both static
and fatigue test were carried out to determine the effects of
double-edge notch on mechanical performance.

2 Experiment

2.1 Material

T800 level 3238A/CF8652 fabric carbon fibre-reinforced
epoxy composite laminates were studied in this work. A
typical configuration of [(45/−45)/ (0/90)]2s lay-up was se-
lected based on the application in the rotorcraft industry.
Prepregs were supplied by Weihai Guangwei Composites
Co., LTD; details are presented in Table 1. Laminates were
manufactured by AVIC composite corporation then. The
maximum temperature for curing of laminates was 120°C
and they were kept for 120mins under that condition. A
pressure of 0.5MPawas applied during the entire curing cy-
cle. Nominal thickness of laminates investigated is 2.8mm.

Table 1: Information of 3238A/CF8652 prepregs

Material Fibre area
weight of

reinforcement,
g/m2

Fibre
content,

%

Nominal
thickness of
lamina,
mm

Tg, ∘C

3238A/CF8652 293±8 55±3 0.35 155

2.2 Experimental methodology

Comparative static tensile tests and tension-tension fa-
tigue testswere conductedon specimenswithdouble-edge
notched damage and no-damaged so as the application
of composites on predominantly tension loading. The test
matrix of static tensile and fatigue tests is shown in Table 2.

Table 2: Test matrix of 3238A/CF8652 laminates

Category
of

damage

Depth
of

notch

Test content

No-damaged N/A Tension, Fatigue (tension-tension)
2mm Tension

Double-edge notch 3mm Tension, Fatigue (tension-tension)
4mm Tension

In tensile tests, specimens with three depths of
notches were examined and five specimens were tested
in each group. According to ASTM D3039 [18], dimension
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Figure 1: Drawing of double edge notch specimens (Depth: 2mm, 3mm and 4mm)

Figure 2: Drawing of no-damaged specimens for fatigue test

of 250 (length) × 25 (width) ×2.8 (thickness) mm was ap-
plied for no-damaged specimens. Double-edge notch spec-
imens were designed according to ASTM D5766 [19] and
notches were machined by a diamond tool with the ra-
dius of 2mm, to match with the application of tools dur-
ing manufacturing; detailed drawing is shown in Figure 1.
When notches were introduced, a sacrificed laminate was
applied to avoid the delamination of specimens.

3mm depth of the double-edge notch and un-notched
specimens was selected to investigate the tension-tension
fatigue behaviour. Drawings of specimens are shown in
Figure 1 andFigure 2 separately. In order to obtain a fatigue
stress and life (S-N) curve, 20 specimens were required to
conduct the fatigue test.

Static tensile tests were conducted on Zwick/Roell
Z100 materials test machine under the mode of displace-
ment control to determine the UTS of laminates, with a
displacement speed of 2mm/min applied. Notched and un-
notched specimens were tested according to ASTM D5766
and ASTM D3039 separately.

Tension-tension fatigue tests were carried out on a
MTS 370 electro-hydraulic servo fatigue tester under load
control mode according to ASTM D3479 and ISO 13003
standard [20]. Sinusoidal waveform was applied and a
stress ratio R = 0.05 were set. Frequency was set to be 8Hz
to avoid an excessive rise in the specimen temperature due
to self-generatedheating.Nominal stresswasused for load
calculation. Four stress levels which represent the maxi-
mum fatigue stress were selected based on some definite
percentages of the UTS. The test was terminated once the
specimen breaks or the specified number of life cycles has
been reached.

3 Experiment results and
discussion

3.1 Static tensile test

The result of static tensile tests can be found in Ta-
ble 3, showing the value and standard deviation of ten-
sile strength. The gross cross-section area of test method
was used for the calculation of UTS. The tensile strength
is plotted versus the depth of notch in Figure 3, and re-
sults of no-damaged specimens are drawn as a horizon-
tal line in the diagram for comparison. It states that the
tensile strength and its standard deviation decrease as the
depth of double-edge notch increases. Compared to no-
damaged specimens, the net section area of 2mm depth
notched specimen is decreased by 11.1%, however it did
show a 31.5% drop of tensile strength, and a linear rela-
tion between strength and notch depth can be observed.
This phenomenon is caused by the stress concentration
around the notch, and a deeper notch results in a more se-
vere stress concentration.

Table 3: Tensile result of 3238A/CF8652 laminate

Category
of

damage

Depth
of

notch

Tensile
Strength /MPa

Standard
Deviation /MPa

No-damaged N/A 627 42.4
2mm 429 31.9

Double-edge notch 3mm 385 11.4
4mm 346 7.6
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Figure 3: Comparison of static testing result on specimens with
different depth of double-edge notch

Figure 4: View of specimens after tensile test (a) No damage (b)
2mm depth of notch (c) 3mm depth of notch (d) 4mm depth of notch

Specimens after tensile tests are shown in Figure 4,
demonstrating the failure mode of no-damaged, 2mm,
3mm and 4mm depth of notch specimens. As can be seen
in Figure 4(a), two specimens broke into three parts as
a strong rebound of laminates was occurred at the time
of fracture, while failure modes of all specimens meet re-
quirements of the testing standard. Figure 4(b)–(d) illus-
trates that all notched specimens are failed at the region
of notching. This can be concluded that the size of dam-
age has an obvious influence on the failure mode of speci-
mens.

3.2 Fatigue test

The results of fatigue tests on no-damaged and 3mmdepth
notched specimens were shown in Table 4, including the
information of stress ratio (R), stress level, maximum
stress and life cycle, of which four valid data were finally
obtained from each stress level of test.

Failure modes of no-damaged specimens after testing
are demonstrated in Figure 5. It is observed that almost
half of specimens broke into three or more parts as found
in static tensile tests, where the cause has been explained
above. Fractures along ±45∘ direction are found in speci-
mens with the lay-up in ±45∘ direction taking up 50% of
fibres.

The picture which shows the failure mode of 3mm
depth double-edge notched specimens after fatigue test
can be found in Figure 6. Unlike no-damaged specimens,

Note: Tensile test was conducted on specimens with ‘No failure’ after
specific cycles to obtain the residual tensile strength.

Figure 5: View of no-damaged specimens after tension-tension
fatigue test (R=0.05)

Note: Tensile test was conducted on specimens with ‘No failure’ after
specific cycles to obtain the residual tensile strength

Figure 6: View of 3mm depth notched specimens after tension-
tension fatigue test (R=0.05)
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Table 4: Fatigue results of 3238A/CF8652 laminate

Category and size
of damage

Stress ratio Stress
level

Maximum
stress/MPa

Cycle/N

None Tension-tension R=0.05

80% 501.60 49808, 52989, 77981, 32905
75% 470.25 182256, 70671, 132115, 115147
70% 438.90 521040, 450006, 168113, 327217
65% 407.55 802169, 1000000→, 1000000→, 1000000→

Tension-tension R=0.05

100% 385.20 20, 4, 7
3mm depth of 97% 373.64 9295, 733, 100000→, 100000→

double-edge notch 95% 365.94 761987, 143433, 500000→, 500000→,
90% 346.68 1000000→, 1000000→, 1000000→, 1000000→

Note: Stress level means the value of maximum fatigue stress divided by the residual strength of specimens with specific flaws/damage. ‘→’
represents No failure when a specific number of cycles is reached.

all notched specimens fractured at the region of notching,
which is consistent with what happened after the tensile
test.

3.3 S-N curve

The S-N curve, also knownas theWöhler curve, is obtained
after a number of fatigue tests at different stress levels.
In this paper, the three-parameter non-linear model is ap-
plied [21]. The fatigue maximum stress Smax and fatigue
life N is usually plotted on a logarithmic scale. The mathe-
matical expression is shown in the following equation.

logN = A1 + A2 log (Smax − S0) (1)

Where A1 and A2 are constants of S-N curve of a material
under certain stress concentration factor and stress ratio;
S0 represents the fatigue limit whenN tends to be gigantic.

Let and Y = Smax − S0, then equation (1) can be rewrit-
ten as follows:

X = A1 + A2Y (2)

A1 = X − A2Y (3)

A2 =
LYX
LYY

(4)

r = LYX√︀
LYYLXX

(5)

X = 1
n

n∑︁
i=1

Xi , Y = 1
n

n∑︁
i=1

Yi (6)
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i=1

X2i −
1
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)︃2
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1
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)︃2
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1
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(7)

Parameters of Y, LYY , LYX in equations above are the func-
tion of S0, thus A1, A2 and r are also the function of S0.
To obtain S0, it is required to take the maximum value of⃒⃒
r(S0)

⃒⃒
, shown in equation.

d |r (S0)|
dS0

= 0 or dr2 (S0)
dS0

= 0 (8)

As dr2(S0)
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It is assumed that,
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(10)
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Substituting equations and into equation, thus

LY0
LYY

− LX0
LYX

= 0 (12)

It is assumed that,

H (S0) =
LY0
LYY

− LX0
LYX

(13)
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Figure 7: Tension-tension fatigue S-N curve of specimens with no-damaged and 3mm depth double-edge notches damage

Where Ŝ0 is the estimation of S0, when Ŝ0 < S0, then
H
(︁
Ŝ0
)︁

> 0; while Ŝ0 > S0, H
(︁
Ŝ0
)︁

< 0. Since S0 must
be within the interval [0, S′0), S′0 is the minimum value of
the Si (i=1,2,...,n) for the data point stress, thus S0 can be
easily obtained by the dichotomy method. After obtaining
a, b, and S0, constants of A1 and A2 can be found by equa-
tion. Therefore S-N curve is obtained.

S-N curves of no-damaged and 3mm depth notched
laminate are plotted in Figure 7. In this diagram, ‘run-out’
represents specimens remain no-failure when specific life
cycles are reached. It finds that three-parameter non-linear
model fits well with the experimental data. Fatigue limit of

no-damaged laminate is about 65% of UTS, obtained from
the tensile test. This result is consistent with the result
from reference. Due to the effects of notches, the fatigue
limit of notched specimens is reduced to 55% of UTS (no-
damage) and the slope of the S-N curve tends to behorizon-
tal. Comparing Tables 2 and 3, it is not hard to find that the
fatigue limit decreases very little compared to static UTS,
since fatigue is insensitive to the stress concentration fac-
tor. Thus the static stress concentration factor is 1.62, and
the fatigue stress concentration factor is 1.18.

Figure 8: Normalized fatigue data for no-damaged, 3mm depth of double-edge notched specimens



Effect of notch on static and fatigue properties of T800 fabric reinforced composites | 341

3.4 Normalized S-N curve

Normalized S-N curves can be obtained by applying
normalized fatigue data with respect to relevant tensile
strength [15]. In this paper, number of cycles to failure N
was also normalized by introducing a parameter of 106 cy-
cles (cycles for fatigue limit). In this way, the modified nor-
malized S-N curve gives the fatigue strength for different
life stages.

The pattern of normalized S-N curve in this paper
differs slightly from Reifsnider’s mode. Reifsnider claims,
that the residual strength of a laminate remains relatively
unchanged until quite near the end of life [16]. How-
ever, for the 3238A/CF8652 normalized S-N curve, fatigue
strength of both notched and undamaged laminate de-
creases dramatically at the beginning of the fatigue cycles,
which is shown in Figure 8. It is found that the curve of
notched 3238A/CF8652 laminate does not agree with that
of no-damaged one, which differs from the reference [16].
The fatigue limit of notched laminates ismore than 90%of
UTS, which is much higher than that of no-damaged spec-
imens (65%).

In addition, the fatigue process can be divided into
2 stages according to the normalized S-N curve. The first
stage accounts for 20% of the fatigue life, appearing in a
dramatic decrease of fatigue strength. The remaining stage
takes up the rest of fatigue life. During this stage, the fa-
tigue strength exhibits a steady declinewith the overall de-
cline being less than 10% of UTS.

3.5 In-situ damage expansion

A wide range microscope, shown in Figure 9 was applied
to track the in-situ damage expansion on the sides of spec-
imens during different stages of life cycles. The movement
of the microscope is accurate to 0.02mm and a maximum
magnification of 90X canbe achieved. Ano-damaged spec-
imen under 70% of UTS fatigue loading was investigated,
edge views of the specimen at 7523, 42182, 124371 and
164969 cycleswere recorded, which can be observed in Fig-
ure 10. It was observed that damage occurred as the inter-
ply laminate delaminated between the middle [0/90] and
[90/0] plies, which corresponds to a slender crack on the
image. This accounts for this dramatic decrease of fatigue
strength at the very beginning of its normalized fatigue
residual strength- life curve. As the life cycle increased,
oblique cracks developed between two plies. Individual
cracks were then connected and formed a big crack. Trans-
verse cracks were observed at the same time, and speci-

mens fractured finally with the propagation of transverse
cracks and severe delamination of inter-ply laminates.

Figure 9: Schematic diagram of JCXE-DF wide range microscope

The 3mm depth notched specimen under 90% of UTS
fatigue loading were further examined and used for com-
parison with no-damaged specimens. Damage expansion
of notched laminates was found in Figure 11. In the fig-
ure, dash lines mark the approximate position of each
ply. The examined specimen did not fracture when 106

life cycles were reached. At the very beginning of the
test, no damage was found at 1106 cycles as illustrated in
Figure 11(a); this evidence verifies that there is no addi-
tional damage caused by the preparation of notches. Un-
like the no-damaged specimen, the initial damage took
place between [45/−45] and [0/90] layers near two sides
of the notch. With the number of cycles increasing, trans-
verse cracks appeared, and the intra-layer stratification be-
came more pronounced. The delamination between adja-
cent plies was then connected, ultimately resulting in the
separation of different plies.

To sum up, it was observed that no-damaged and
notched laminates perform different behaviours in terms
of damage evolution. The differences can be concluded as
follows:1) position of crack initiation; 2) sequence of dam-
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Figure 10: View of the tension-tension fatigue of no-damaged specimens under 70%UTS (a) at 7523 cycles (4.5% of the life); (b) at 42182
cycles (25.1% of the life); (c) at 124371 cycles (74.0% of the life); (d) at 164969 cycles (98.1% of the life)

Table 5: Differences in damage evolution behaviour between no-damaged and notched laminates

Specimen Position of crack initiation Sequence of damage occurrence

No-damaged specimen Middle of the specimen

1. Inter/intra-ply delamination
2. Oblique cracks
3. Transverse cracks
4. Severe delamination of inter-ply laminate

Notched specimen Two sides of the specimen
1. Inter-ply delamination
2. Transverse cracks
3. Severe delamination of several inter-plies
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Figure 11: View of the tension-tension fatigue of 3mm depth notched specimen under 90%UTS (a) at 1106 cycles (1.1% of the life); (b) at
59779 cycles (5.9% of the life); (c) at 200311 cycles (20.0% of the life); (d) at 479969 cycles (48.0% of the life); (d) at 929046 cycles (93.0%
of the life)
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age occurrence. Details are presented in Table 5. Position
of crack initiation may play the major role and it could
explain the different shapes of the normalized S-N curve
between no-damaged and notched laminates. In addition,
the first occurrence of inter-ply delamination results in a
dramatic decrease in fatigue strength on that curve.

4 Conclusion
In this paper, effects of double-edge notches on static and
fatigue properties of T800 fabric carbon fibre reinforced
epoxy were investigated; three notch depths were selected
for tension tests. One typical depth was chosen to conduct
the tension-tension fatigue test. Comparative testswith no-
damaged specimens were carried out to examine the ef-
fects of notches on static and fatigue properties. Major re-
sults of this paper can be concluded as following:

1) The residual tensile strength of specimens is linearly
decreasedwith the increasing depth of notches from
2mm to 4mm. Compared to no-damaged laminate,
the tensile strength of notched specimens decreased
by 31.5%.

2) The fatigue limit of notched specimen was reduced
to 55% of UTS and the slope of the S-N curve tends
to be more horizontal, due to the introduction of
notches.

3) The fatigue limit of notched laminate is greater than
90% of UTS, which is much higher than that of no-
damaged specimen (65%) since fatigue loading is
less sensitive to stress concentration factors than
static loading.

4) The In-situ damage expansion process explained
the pattern of normalized S-N curves which can be
summarized in two stages: the first stage accounts
for 20% of the fatigue life, showing a dramatic de-
crease in fatigue strength, and the remaining stage
takes up the rest of total life span. During the latter
stage, the strength exhibits a steady drop with the
overall decline being less than 10% of UTS.

5) No-damaged and notched laminates perform differ-
ent damage evolution behaviours. Position of crack
initiation and the sequence of damage occurrence
are the two major factors controlling the shape of
normalized S-N curves.
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