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Summary

This report is a continuation of the work described in the 6 month report regarding the stitch
crack formation. New results are presented concerning the local stress concentrations at the
tip of an existing intralaminar crack responsible for stitch crack formation in adjacent layer.
Analysis was performed using FEM in generalized plane strain formulation.

The attempts to improve the stress distribution (reduce stress concentrations) by changing the
geometrical parameters of layers was not successful: the stress concentration shape was not
changing significantly.

An introduction of an inter-layer with fiber orientation transverse to the fiber orientation in
the layer with intralaminar cracks is a possible solution: a) stitch cracks in the inter-layer do
not form because of the fiber orientation; b) the stress concentration is localized in the inter-
layer only. This conclusion holds also for rather thin interlayer with a thickness = 0.25 of a
regular prepreg layer thickness.

Fatigue data for intralaminar cracking available in literature are analysed and possible reasons
for observed discrepancies are discussed. Based on this analysis statistical model for crack
initiation in thermo-mechanical fatigue is suggested. It can be considered as a generalization
of the Weibull’s strength distribution model to fatigue case. Fatigue effects in the distribution
are included by considering the defect distribution development with time and stress.
Methodology for testing to validate the model and to determine the involved material
parameters is described.



List of used symbols

X,y - axial and out-of-plane coordinates
T -temperature difference

ot - stresses in 90-layer and 0-layer
2L, -crack spacing

E, E,,v,,Gp,, vy, G, a0, 0, - ply thermo-elastic properties
thermal expansion coefficient in x-direction

-thickness of the k-th layer

tk
G -strain energy release rate
N -number of cycles in fatigue

Nin number of cycles for initiation
Ag strain range in fatigue

a,



1. Introduction

Microcracks initiate and grow in laminates subjected to thermo-mechanical loading. The first
damage modes are matrix and interface related cracks with a crack plane transverse to the
laminate midplane. They usually cover the whole layer thickness and grow in the direction
parallel to the fiber orientation in the ply. In Fig.1.1 a transverse crack in the surface layer as
well as a transverse crack in the internal layer is shown. These cracks are called in following
primary cracks because their initiation and growth is related only to the defects/ cracks in the
considered layer.

a) transverse cracks in surface layer and in an internal layer

b) micrograph showing a system of transverse layers in a thick 90-layer
Figure 1.1 First damage mode in laminates: matrix crack in layers

Large stress concentrations at the tip of the transverse crack initiate secondary damage modes:
local interface delamination (see Fig. 1.1a) and stitch crack formation in adjacent off-axis
layers, see Fig.1.2. Stitch cracks are primarily caused by the concentration of stress
components transverse to the crack plane. As shown using FEM in the first report of this
project, these high local stress components are much larger than other stresses and their
projection/transformation to direction transverse to fibers in the adjacent layer leads to tensile
transverse stresses which can initiate small matrix cracks there which grow with the number
of cycles or increasing loading.

Figure 1.2. Stitch cracks in adjacent off-axis layer initiated by a large transverse crack. A)
Schematic view from the top of the laminate; B) micrograph [1]



Stitch cracks do not develop in the adjacent layer if its orientation is 90-degrees with respect
to the layer with cracks. In this particular case the stress concentration is in the fiber direction
of the adjacent layer and because of that it would cause some fiber breaks (in mechanical
tensile loading) but the appearance of matrix cracks is highly unlikely.

The general features of the stress field at the transverse crack tip were described in Report 1
of this project. Semi-empirical expressions approximating the shape of the stress distributions
as dependent on the anisotropic elastic constants and laminate lay-up were presented. Also an
analytical stress distribution model was developed. This information will be useful for
development of approximate initiation and evolution models for stitch cracks in this region.

The Chapter 2 of the present report contains further investigation results on this subject using
FEM. Different combinations of layer thicknesses were analysed to find the possibly best
combination. The main emphasis was on possible reduction of the stress concentrations in
layer by introducing thin 90-degree oriented inter-layers between the layer with transverse
cracks and the next layer. This inter-layer would “absorb” the stress concentrations but would
not be damaged. Then the stitch crack initiation in off-axis layers would be suppressed.

In Chapter 3 the available criteria for matrix crack initiation in fatigue are analyzed and a
possible approach for the analysis and predictions is outlined. The method for fatigue crack
growth initiation is based on Weibull type of strength distribution in which fatigue effects are
incorporated.

2. Stress concentrations at the transverse crack tip

2.1 The effect of layer thicknesses on stress concentration at the tip of a transverse crack
in 90-layer

The objective of this sub-task was to study the effect of the layer relative thickness on the
values and the zone size of the local stress concentrations caused by the presence of transverse
crack in one layer with the aim to find the best combination (if possible). The coordinate
system is chosen so, that the cracked layer is a 90-layer. The considered laminate
configurations are shown in Fig.2.1 It roughly represents [0,45,90]s laminate. The thermal
loading was achieved by applying temperature difference -100C.

4 v T=-100C
M3 t3
M2 t2

M1 I tl

\ ,
I

»
|

Figure 2.1 ¥ of the laminate repeating element with a crack in the central layer.



The used material properties are given in Table 2.1 and 2.2. The Material M1 represents the

90-layer, material M3 represents 0-layer and material M2 approximately represents the

effective properties of 45 layer in x,y coordinates (not calculated, just assumed). The half-

distance between cracks L, =5 (non-interactive cracks).

Table 2.1 Elastic properties of used materials

Material | Ex Ey Ez NXy | v,, Vi, Gxy |Gxz |Gyz
(GPa) | (GPa) | (GPa) (GPa) | (GPa) | (GPa)

M1 10 10 150 0.4 |0.3*10/150 | 0.3*10/150 | Isotr. |5 5

M2 50 10 50 0.3 |03 0.3 5 5 5

M3 150 10 10 03 |03 0.4 5 5 5

Table 2 2 Thermal expansion coefficients

Material a, (10°) a, (10°) a, (10°)

M1 20 20 5

M2 5 20 5

M3 5 20 20

The considered geometrical cases are given in Table 2.3

Table 2.3 Geometrical configurations and used notation for cases

Case tl t2 t3

tgo=1,l5=1 1 1 0

tg():l,t45:1,t0:1 1 1 1

tgo:].,t45:1,to:2 1 1 2

tgozl,t45:1,to:0.5 1 1 0.5

tgozl,t45:O.5,t0:1 1 0.5 1

tgo:].,t45:0.5,to:2 1 0.5 2

The stress distribution problem is solved using ANSYS in generalized plane strain
formulation. Results are in Fig 2.2 and Fig. 2.3. X-axis tresses are shown only in the layer
adjacent to the cracked 90-layer.

The stress profiles in Fig.2.2 are rather similar, except the curve where the 45 —layer was
NOT supported by 0-layer on the top. Otherwise changing the thickness of the top 0-layer
does not affect the local stress concentration in the 45-layer at the transverse cracks tip.

The absence of the 0-layer change the stress concentration curve but it is basically because of
dramatic change in the laminate theory thermal stress state in this layer due to absence of the
0-layer (in this case the 45-layer is much more compressed because it alone (without help
from the 0-layer) has to resist the “ shrinking trends” of the 90-layer.

In Fig. 2.3 The stress distribution in the 45-layer with thickness 1 and t;=1 is compared with
solution for laminates where that 45-layer thickness is only 0.5. Results for two different
thicknesses of the supporting 0-layer are presented. All three curves almost coincide that
prove that neither the adjacent 45-layer thickness nor the thickness of the next layer can be
used to optimize the laminate with respect to the local stress concentrations caused by primary
cracks.
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Figure 2.2 Stress distribution in y-direction across the layer with material M2 in the crack
tip cross section.
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Figure 2.3 The same as in Fig.2.2 but for different geometries.

Results show that only the case when the 45 - layer (M2-layer) is also the outer layer is
different.
The following notes has to be made regarding the generality of the results presented in this
sub-section
1. Analysis was done with arbitrary chosen properties. Just by coincidence « in M2 and
M3 in x-direction are equal. One could choose properties better by using proper
properties transformation.
2. The upper layer M3 has 0-layer properties. Most probably in the real laminate
configuration the next will be -45-layer. However, if we could not get any positive
effect from O-layer it is difficult to expect it from another 45 layer.



2.2 The effect of special inter-layer introduced to reduce stress concentration in the 45
layer in the vicinity of a primary transverse crack

A special inter-layer with orientation of 90-degrees with respect to the orientation of layer
with primary cracks was introduced between the layer with primary cracks and the following
45-layer where stitch cracks are usually prone to form. It was expected that most of the stress
concentration will be in this layer and in this way we can avoid stitch crack formation in the
45-layer.

The temperature difference is taken -100C. Thermo-elastic properties of the UD composite
are in given in Tables 2.4 and 2.5. Properties of 45 layer were calculated using CLT for [45,-
45]s laminate (this is the way how the 45 layer will behave in the laminate.

Table 2.4 Elastic properties of the UD composite materials

Material | Ex Ey Ez Vg | Ve Vi, Gxy |Gxz |Gyz
(GPa) | (GPa) | (GPa) (GPa) | (GPa) | (GPa)

O-layer | 150 10 10 0.3 |0.3 0.4 5 5 5

Table 2.5 Thermal expansion coefficients

Material a, (10°) a,(10°) a, (10°)

M3 5 20 20

Case A

If the original laminate is [0,45,-45,90]s and the crack is in the 90-layer, we introduce an
additional inter-layer with 0- orientation and with thickness 0.5 and the laminate becomes
[0,45,-45,0055,90]s. It was decided that the efficiency to reduce the local stress concentration in
this case can be studied on laminate [45,0 ¢5,90]s with crack in 90 —layer. This laminate in
contrast to the used in practice is not balanced and therefore an additional constraint to its
macroscopic rotation was applied. The reason for this simplification, which usefulness will be
discussed at the end of this report, was to make analysis simpler.

The considered simplified laminate configuration is shown in Fig.2.4. The objective is to
analyze the stress in the O-inter-layer and in the following 45 layer which should be protected
from stress concentrations

t oy T=-100C
45 I t3=1
0 I 12=0.5
\ 90 I t1=1
\/ L X ]

Figure 2.4 Y of the laminate repeating element with a crack in the central layer.




This problem is solved using ANSYS in generalized plane strain formulation .

The calculated stress distributions shown in Fig 2.6 may be compared with Fig. 2.7 where the
solution obtained for [0,45,90]s laminate (without the special inter- layer) with crack in 90
layer as shown in Fig 2.5. The solution for this configuration was given in the Section 2.1 but
it is not directly applicable for comparison because the 45-layer properties there were not
calculated, they were assumed. This time the properties were calculated using properties in
Table 2.4 and 2.5.

v T=-100C
0 I t3=1
45 I t2=1
90 I t1=1

A 35
(I
<

Figure 2.5 ¥ of the [0,45,90]s laminate repeating element with a crack in the central
layer.

Crack in internal 90-layer [45,0spec,90]s
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Figure 2.6 Thermal stress x-axis stress distribution in y-direction across the special 0-layer
y e[11.5]and the 45 layer ye[1.5,2,5].
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Crack in internal 90-layer [0,45,90]s
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Figure 2.7 Thermal x-axis stress distribution in y-direction across the 45-layer y <[1,2]and
in the 0 layer ye[2,3].

Following rather obvious conclusions can be obtained

e the stress concentration is only in the introduced O-inter-layer

e Stresses in the 45 layer now are very uniform and roughly correspond to the ply-
discount type of the laminate theory solution (in the plan of the crack in the 90-layer
the 90-layer stress is zero which corresponds to play-discount model assumptions)

e ltis useless to compare the stress levels in Fig 2.6 and Fig. 2.7 because they are for
different laminates under thermal loading. For example stress in 45-layer was positive
in the laminate in Fig 2.5 and it becomes negative in Fig 2.4. In other words the CLT
levels of stresses are very different.

Case B

Corresponds to the laminate [0,45,-45,90]s with the crack is in the surface O-layer.

We can consider this laminate as [90,-45,45,0]s and then the crack is a 90-layer crack.

In this case we introduce a 0-layer with thickness 0.5 after the cracked 90-layer and the
laminate becomes [90,0 o5,-45,-45,0]s.

Again, a simplified laminate was analyzed because it was decided that the efficiency to reduce
the local stress concentration in this case can be studied on laminate [90,0 5,45]s with crack
in 90 —layer. The reason for this simplification was to make analysis simpler.

11



t oy T=-100C
90 I 3=1
0 I =05
45 I t1=1
L X ]

& »
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Figure 2.8 ¥4 of the [90,0,45]s laminate repeating element with a crack in the central layer.

The considered laminate configuration are shown in Fig.5

The calculated x-axis stress profile is shown in Fig. 2.9 which demonstrates that the stress
concentrations in the 45 layer are removed and the stress distribution is rather uniform

Crack in surface layer [90,0spec,45]s
0,06

0,05 /T
0,04

0,03 A
0,02
0,01

0,00 BTGB ¢ S0P ITITIISIO O >0 T T T
010203040506070809 1 111218141

-0,01
-0,02 M

transverse coordinate

Stress (GPa)

[¢)]

Figure 2.9 Thermal x-axis stress distribution in y-direction across the 45-layer y [0,1]and in
the special 0 layer y <[11.5] at the position of transverse crack in the surface layer.

The following conclusions follow from the results presented in this sub-section:
e Stress concentrations in 45-layer are removed in both cases
e More detailed comparison of the level of thermal stresses in the new laminate can be
performed only analyzing the laminate real configuration including all layers

12



2.3 The effect of inter-layer on stress distribution in damaged [0,45,-45,90]s laminates

In this subsection the real lay-up [0,45,-45,90]s used in laminates is analyzed using material
properties given in Tables 2.4 and 2.5. There are two possible positions to introduce the
interlayer: a) after the surface O- layer; b) between the middle 90-layer and the adjacent -45
layer.

In case a) analyzing thermal cracks in the surface layer it is convenient for discussion to rotate
the laminate by 90-degrees obtaining a [90,45,-45,0]s laminate with cracks in 90-layer. The
interlayer with orientation 0-degrees (of the same material) and with thickness 0.5 is
introduced after the surface layer. In other words we have to compare the stress distributions
in a 90-layer cracked [90,45,-45,0]s laminate and in a laminate [90,01/,,45,-45,0]s laminate
(also with cracks in the 90-layer. The stress state is compared on the cross-section
corresponding to the continuation of the crack surface.

It can be seen from Fig. 2.10 that before introduction of the 0.5 thickness layer we have large
stress concentrations in the 45 layer close to the cracked layer (y e [2;3]). The stress
distribution in this layer is with a large stress gradient and the concentration zone is not
extending to the next layer.

[90,45,-45,0]s with crack in 90

0,10

0,08 - ﬂ
0,06

—e— 0Xx (GPa)

0,04 -
0,02 K‘
0,00 porato? :

N 2 3 4
-0,02

Thickness coordinate

Stress transverse to the
crack plane

Fig 2.10 X-axis stress distribution over the thickness in the cracked laminate with
configuration [90,45,-45,0]s

Introducing the O-inter-layer the stress distribution change, see Fig.2.11, and all the zone of
the stress concentration is inside of the O-inter-layer in which stitch type modes of damage are
not expected. The stress state in the 45 layer is uniformly distributed which indicates again
that the stress state is not directly affected by the close crack tip. As mentioned above the
constant value of the stress in this layer actually depends on the crack because the laminate
theory solution in the crack plane is different than in the virgin laminate.

13



[90,0_0.5,45,-45,0]s withthin O-layer
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Figure 2.11 X-axis stress distribution over the thickness in the cracked modified laminate with
configuration [90,04/2,45,-45,0]s

In the case b) the interlayer with 0-orientation and thickness 0.5 is introduced between the 90
layer and the -45 of the [0,45,-45,90]s laminate. The modified laminate has lay-up [0,45, -
45,01/2,90]5.

The x-axis thermal stress distribution across the thickness of the [0,45,-45,90]s laminate is
shown in Fig. 2.12. The stress on the crack surface (y € [0;1]) is zero, there is a localized

stress concentration zone in the next layer with -45 —orientation (y e [L;2]). The stress state in
the following layers is uniform and can be o9btained from laminate theory type of solutions.

[0,45,-45,90]s with crack in 90

0,10
X
& 008 -
3 —e— 0Xx(GPa)
< 0,06 -
S
¢ & 004
- B
%
2 0,02
o
2 0,004
S 1 2 ;
o 0,02

Thickness coordinate

Fig 2.12 The x-axis thermal stress distribution in the [0,45,-45,90]s laminate with crack in
90-layer.

The stress distribution changes adding the inter-layer as described above see Fig. 2.13.
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The stress concentration zone is now localized in the inter-layer with 0-orientation. The stress

distribution in the rest of layers is uniform which indicates that they are outside the stress

perturbation zone caused by the transverse crack in the 90-layer. The numerical values of

these uniform stresses are slightly different than in the initial lay-up, which is the result of
adding one more zero layer to the laminate.

[0,45,-45,0_0.5,90]s

0,10
[J]
= 0,08 -
= l —+0x (GPa)
g @ 0,06
s 3
? x 0,04 -
S @
o5 0,02 -
%]
S 0,00 4
n

b 05 1 15 2 25 3 35 4 5
-0,02
Thickness coordinate

Figure 2.13 X-axis thermal stress distribution over the thickness in the modified laminate
with configuration [0,45,-45, ,01/2,90]s and with cracks in the 90-layer.

2.4 The effect of a THIN inter-layer on stress distribution in damaged [0,45,-45,90]s
laminates

In subsection 2.3 the analysis was performed for inter-layers with relative thickness 0.5 (as
compared with the regular thickness of the prepreg layer). However, in experimental efforts
the thickness is smaller: between 0.25 and 0.33 of the prepreg layer thickness.

Protective intere-layer (thickness 0.25)
between 90 and 45 layer. Crack in 90-layer

0,08
0,07 - p
0,06
0,05 ) ‘—0— ox (GPa)
0,04
0,03 -
0,02 -
0,01 -
0,00 -+
-0,01 { - - - g 5
-0,02

X-axis thermal stress

Thickness coordinate

Figure 2.13 X-axis thermal stress distribution over the thickness in the modified laminate
with configuration [0,45,-45, ,01/4,90]s and with cracks in the 90-layer.
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Calculations were performed for inter-layer thickness 0.25.
The stress distribution across the laminate thickness in [0,45,-45, ,01/4,90]s laminate is
shown in Fig. 2.13. The stress concentration is localized in the inter-layer y e [1;1.25].

Thermal stresses in other layers are uniform across the thickness.

The same conclusion follows from the stress distribution across the laminate thickness in
[90,04/4,-45,45,0]s laminate is shown in Fig. 2.14: all the stress concentration is “absorbed” by
the O-inter-layer with thickness 0.25.

Protective 0.25 inter-layer between 0 and 45.
Crack in O-layer

0,10

0,08 2
(2]
(%]
[}
< 0,06
(2]
% ox (GPa)

0,04 -
K
S
5 0,02 -
=
< 0,00 — ‘ ‘ ‘ ‘

05 —1 15 2 25 3 35 4 45
-0,02
Thickness coordinate

Figure 2.14 X-axis stress distribution over the thickness in the cracked modified laminate
with configuration [90,04/4,-45,45,0]s.

3. Criteria for matrix crack initiation in fatigue

3.1 Thermo-mechanical fatigue: experimental trends

It is well known that intralaminar (transverse) cracks develop in layers in thermo-mechanical
fatigue loading, see x-ray micrographs of damaged cross-ply laminates in Fig. 3.1.

The current common opinion is that the propagation of these cracks can be described by Paris
type of propagation law

dD n
— = AlAG AG =G, -G, 1
dN ( ) max min ( )

Here D is the damage state characterized by crack density, N is the number of fatigue
cycles, A and n are material constants, G,,, and G,,, are the strain energy release rates

corresponding to the highest and to the lowest value during the cycle. Theoretical stress
distribution models are used to calculate the strain energy release rate.
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Figure 3.1 Transverse crak development in thermal fatigue (-196C to +250C) in
AS4/PEEK [02,902]s laminates. From S. Kobayashi et all [2].

A convincing example of applicability of the Paris law was presented by Nairn [3] who
performed mechanical fatigue tests on laminates with different lay-ups made of the same
material, see Fig3.2

107! T T T Te e T Tt
102 O [0,/90,], it
i < [0/90,]
§ 1% | O (sl =
€
E
3 e =
dD 5.47
E' 1051 N AaG e
sl
10'5 s —
107 1 O P e
000 1000 2000

AG (J/m?)

Figure 3.2: The microcrack density growth rate (in microcracks per mm per cycle) as a function
of applied AG for Avimid® K Polymer/IM6 laminates. As indicated on the figure, the results are
from three different cross-ply layups.

The damage growth rate is linear in the log-log axes and it is the same for all considered lay-
ups. The strain energy release rate was calculated using Hashin’s variational stress
distribution model with included thermal terms.

Similar mechanical fatigue tests performed by Takeda et al [4] on T800H/3631 [0,90m,0]

laminates with m=4,8 and 12 lead to total failure of the modelling attempt using the Paris
law, see Fig. 3.3
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Figure 3.3 The crack density versus energy release rate curves in log-log axes [4]

The presented results for m=4 and m=8 do not lie on the same line. The slope in both cases in
the Fig is shown the same , but it is definitely not the best fit to each data set separately. It
appears that the constant A in (1) is not a material constant it depends on the laminate lay-up.

Several reasons may be responsible for this modelling failure: a) too simple stress analysis
(however, the Hashin’s analysis used in [3] is also simplified); b) large local delaminations
which could affect the results (different stress state between cracks); ¢) unstable crack growth.

Also Nairn’s [5] attempts to describe the thermal and mechanical fatigue by the same
parameters in the Paris law were unsuccessful.
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Figure 3.4: Thermal cycling and mechanical fatigue results for Fiberite T300/934 graphite/epoxy

laminates. The straight lines indicate regions of Paris-law behavior.

Figure 3.4 Thermal cycling and mechanical fatigue results [5].

Results presented in Fig.3.4 convincingly demonstrate (the scale is logarithmic) that the
“material” constants are absolutely different in thermal and mechanical fatigue. One of
possible contributing factors may be general degradation of the material in thermal fatigue
leading to reduced value of G,. This idea was introduced by McManus, 1996 [6] and the

dependence on the number of cycles was described by a power law. One could argue that
G, does not enter the Paris law equation (1). However, it may enter (1) through the
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material constant A. In fact there exist several modifications of (1) where G, is
incorporated explicitly.

In 2001 Kobayashi [2] came to the same conclusion as Takeda: the Paris law is not
applicable to his fatigue data, see Fig. 3.5. In thermal fatigue the damage growth rate with
the strain energy release rate change is rather different even in different layers of the same
laminate.

Figure 3.5 Crack density growth rate in thermal fatigue [7]

A decisive conclusion why the Paris law sometimes works and sometimes does not can not be
given but the data subjected to analysis by this law have to be reconsidered with a caution

1)

2)

3)

4)

It can be noticed from Fig. 3.1 and many similar figures that most of the cracks cover
the whole specimen width. It is a strong indication of an unstable crack growth, which
can not be described by Paris law. For thick plies it is more typical that the cracks
cover the whole width of the specimen.

Some cracks in Fig. 3.1 are not covering the whole width not because the propagation
is stable but because they stop when approaching another existing crack (see O-layer in
Fig. 3.1).

Sometimes the same crack changes its plane (the crack front stops and the crack grow
further in a slightly different position. This phenomenon is known also in monotonic
loading and it is caused by mesoscale heterogeneity of the material.

The growth of some cracks stops because they are too close to existing crack (see O-

ply)

These observation lead to simple but very important conclusion: The damage state in fatigue
tests is often initiation governed. Models based on strain energy release rates for self-similar
crack growth can not be used in this case.

A good example for this situation are the data presented in Fig. 3.3 In laminates with cracked
layer thickness m=8 and 12 the cracks went through the specimen as soon as they initiated
and the law (1) is not applicably. So, the damage accumulation is initiation governed. It is
very probably that the initiation has to be characterized by strength type of criteria. Kobayashi
[5] obtained a very good fit to thermal fatigue data when using a strength based damage
accumulation law, see Fig. 3.6, which also is an indication that the initiation governs the
damage state
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Crack density growth rate with the average stress in the layer was the same for surface and for
the inside layer.

Figure 3.6 matrix crack density growth rate in thermal fatigue as a function of the
average transverse stress change [2].

Takeda [4] analyzed transverse crack initiation in mechanical fatigue in T800H/3631
[0,90m,0] cross-ply laminates and came to conclusion that initiation is governed by following
power law

AN =C, 3)

Results in Fig. 3.7 confirm this hypothesis. According to (3) there is a power law relationship
between the strain change in the cycle and the number of cycles to initiate the first crack.

Figure 3.7 Relationship between the cyclic strain level and the number of cycles to
initiate first transverse crack [4].
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It is interesting to note that the slope of the curve in the log-log axes is the same as for the
S N curve for UD specimens in transverse tensile loading.

What was not recognized in [4] is the fact that actually many cracks are “first cracks” in the
sense that the crack density is not reaching saturation. The different number of cycles required
to initiate new cracks is related to the statistical distribution of microdefects in the material
which evolves with the number of cycles.

Finally, measurements of local delamination growth at the transverse crack tip, see for
example Takeda [4], have shown that the delamination growth is a stable process which can
be reliable described by fracture mechanics.

Figure 3.8 Local delamination growth rate as a function of energy release rate range [4].

As one can see Paris law is able to describe the local delamination .

3.2 Theoretical model to analyze the crack initiation

In this subsection a model is suggested to analyze crack initiation.

It is based on conclusion in the subsection 3.1 that the crack initiation is most probably
strength governed. Since strength has statistical nature, the crack initiation also should be
analyzed in terms of probability of initiation as a function of the stress state and the number of
cycles. Certainly the micromechanical foundation of the initiation can still be defect state
development with the number of cycles and the stress/strain level.

The approach can be briefly described as follows using the schematic representation in Fig.
3.9.

(edge view)

Figure 3.9 Schematic view of the specimen edge divided in small elements with statistical
distribution of microdefects leading to variability of strength.

The procedure is the same for mechanical and for thermal loading
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» Divide the layer which will have cracks (or the edge region of it if this is the initiation
region because of stress state features) in M elements. The stress state is the same in
all of them (non-interactive cracks). One element can contain only one crack

» Each element has its strength according to Weibull distribution

* With increasing applied stress and/or number of cycles first the weakest element will
have a crack, than the next weakest etc

In order to simulate damage evolution we have to know defect size distribution which most
probably depends on the number of experienced cycles N.

The representation in Fig. 9 is the same as in Weibull’s weakest link theory. The edge of the
layer is represented by a chain of elements linked together, with the element length AL,

approaching to zero.
The defect (flaw) size distribution in the material is characterized by n_-the number of flaws

per unit length which may lead to failure at stress o .

The probability of an element failure is proportional to its length and to n_. The probability
of survival of the whole layer at a certain stress is

Py = Py Py, Pgs...Pyy 2(1_ F’fl)(l— sz)(l— PfS)"(l_ P ) (4)
Which may be replaced by

P, =1—exp(-Ln,) (5)

Weibull assumed that n_ follows the power law with respect to the applied stress level which
leads to

n, L, {i]m (6)

Og

We suggest the n_ - the number of defects per unit length which can lead to crack at certain

stress level, depends not only on the stress level but also on the number of cycles. In other
words the defect state evolves with the number of cycles. Since no information is available
about this dependence we describe it by a power law with respect to N. So, instead of (6) the
following expression is suggested

n, L, =N "[ijm @)

Oy
which after substitution in (5) leads to the following expression for the probability of cracking

in fatigue
P, :l—exp{—LN”[ij } 8
Lo Oy

For a certain fixed probability of failure of an element (it corresponds to a certain number of
broken elements in Fig. 3.9) from (8) follows
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This expression coincides in form with the expression (3) obtained in above described test.

Assuming that the distribution (8) is adequate, experimental data have to be gathered to
determine the involved material constants n,m, o, .

Constants m and o, may be determined in a one-cycle monotonous loading test (N =1)..
The procedure is as follows:

e use the multiple cracking data (crack density versus strain) for laminates with rather
thick 90-layers where cracking is initiation governed and cracks grow in an unstable
manner.

e Divide the strain region in the crack density- strain curve in zones and represent all the
new cracking event in this zone by the average value of strain. Calculate the CLT
stress in the layer corresponding to this average strain (including thermal stresses)

e Determine the relative number of new cracks corresponding to this zone represented
by the calculated average stress in this layer. The relative number of new cracks is
defined as the number of new cracks divided by the total number of elements (it is
equal to the maximum possible number of cracks at saturation). Present the relative
number of new cracks as the probability of failure at this stress level

e Find Weibull parameters in a standard fitting procedure in log-log axes.

Fatigue parameter n in the defect distribution function can be obtained from fatigue test at
plotting the number of initiated cracks versus the number of cycles. The number of initiated
cracks can be expressed through probability. Plotting the probability versus the number of
cycles in double log-log axes we should according to the model obtain a linear relationship
and the slope of it will give the parameter n.

If the model (8) is correct the slope has to be independent on the applied stress level in the
fatigue test. Different stress levels would lead to vertical shift of curves. It has to be

validated. Otherwise this parameter is a function of the stress level in the 90-layer, n=n(c).
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4. Conclusions

This report contains new results concerning the local stress concentrations responsible for
stitch crack formation in layers adjacent to layers containing intralaminar cracks. Analysis
was performed using FEM.

The potential to improve the stress distribution (reduce stress concentrations) by changing the
geometrical parameters of layers was not successful: the stress concentration shape was not
changing significantly.

An introduction of an inter-layer with fiber orientation transverse to the fiber orientation in
the layer with intralaminar cracks is a possible solution: a) stitch cracks in the inter-layer do
not form because of the fiber orientation; b) the stress concentration is localized in the inter-
layer only. This conclusion holds also for rather thin interlayer with a thickness = 0.25 of a
regular prepreg layer thickness.

A statistical model for crack initiation in fatigue is suggested. It can be considered as a
generalization of the Weibull’s strength distribution model to fatigue case. Fatigue effects in
the distribution are included by considering the defect distribution development with time and
stress. Methodology for testing to validate the model and to determine the involved material
parameters is described.
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