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Abstract. The article presents issues associated with
an analysis of the process of delamination of fibrous
composite using the Finite Element Method. Research
encompassed three computer modelling sessions for
delamination of the material for three different values of
distance between the test force application point and the
middle of the laminate. The results, encompassing the
force value and displacement, were then compared to
identify the correlation between these variables and the
distance from the force application point. The mode
correctness was aso verified by comparing the value of
forces modelled with the real values, obtained during an
experiment.

On the basis of the results obtained with regard to the
size of the force applied, it was conduded that the
numerical modd represented well the mathematical mode
presented by Comanho. The negative result errors were due
to the increased senditivity of the software to the laminate
fracture phenomenon, occurring during the experiment.
Thanks to good representation of the modd, it can be used
interchangeably with numerical calculations

Key words: composite, andysis, finite element
method.

INTRODUCTION

The purpose of modelling is to devel op mathematical
models to describe the examined physical phenomena [2,
17, 19, 23]. The Finite Element Method (FEM) has
become very popular in this regard [3, 4, 21, 22]. This
article describes application of the Finite Element Method
for modelling of layered composite (the phenomenon of
delamination) [5, 10, 14, 27, 29]. Its objective is to
analyze delamination along with the crack initiating such
delamination [11, 13, 15, 31].

Modelling of delamination of layered composite was
performed using the parameters and results of |aboratory
tests described in the article [7].

The actual laminate, used in the experiment, is a two-
layered composite, placed on the base supporting both

ends of the laminate. On the top there is a beam attached
to the composite in two locations. in the middle and near
the end, in which delamination is taking place. The beam
is subject to the force of leverage of the value of F,. This
value shifts the entire load applied to the composite,
resulting in delamination of the materia or lack of such
delamination. The objective of this modelling is to obtain
the maximum value of force F,, The actua mode
geometry is presented in Fig. 1.
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Fig. 1. The actual laminate geometry [Own elaboration on the
basis of 7]

Leverage force was applied at the digance of |, from
the middle of the laminate. This digance influences the
impact of individual fixtures of the beam on the composite.
Depending on application of force F,to the beam, theratio
of the action of the force of the fixture in the middle of the
laminate (the force acting down) and the forces at the end
(the force acting up) of the laminate changes.

Simultaneous action of the two forces results in two
types of loads. bending and stretching, which results in
emergence of normal and shear stresses[1, 8, 24, 26, 32].
Norma stress emerges as the force acts at the end of the
beam and it leads to delamination of the material. Shear
stress results from impact in the middle of the beam.



52 K. TUCKI

Displacement due to development of a crack along
the norma direction is referred to as mode |, and in the
shear direction — mode Il. Tests were conducted for the
mixed mode, taking into account mode | and mode 1. The
emergence of the two modes depends on the above-
mentioned action of leverage force. Correation between
the two modes in relation to displacement 4 is presented
inFig. 2.

Fig. 2. Stress-displacement chart for the mixed mode,
taking into account mode | and mode 11 [20]

The mixed mode coefficient g, visible in Fig. 2,
defines the share of individual modes in the process. By
changing the values of this coefficient, as wel as the
values of variables depending on B, three different
modelling processes were obtai ned:

1. Moddling 1 for p=0,2;

2. Modéling 2 for f=0,5;

3. Modéling 3for p=0,8.

All displacements with index | are applicable to
mode |: Jy, dio, dir, While displacements with index 11 —to
mode I1: Jy, 0, dur. The remaining displacements are
assigned to the mixed mode. For the purposes of this
study, in order to facilitate recording of the calculations,
instead of symbol J, symbol u was applied.

Tests were conducted using simplified models,
disregarding the leverage force. The models consist of
two layers of laminate, where the length of one layer is
102 mm, its width is 25.4 mm and thickness — 1.56 mm,
which, for two layers, gives the result of 3.12 mm. T
geometry of the modelled laminate is presented in Fig. 3.
In addition, Fig. 3 presents the length of the crack, which
emerged in the middle of the laminate thickness. Supports
were placed on both ends of the beam.

In the middle of the top side of the beam, thereis the
conventional leverage that shifts the load. The leverageis
also fixed to the end, and it rotates around the area of
contact towards the middle of the beam. The force id
displaced towards the opposite free end, which allows for
the application of mode | and Il loads, simultaneoudly. In
the model, the leverage was disregarded and replaced
with direct forces. There are two forces acting on the
model: tensile force F., applied at the end of the beam and
compressive force Fy,, applied in the middle of the beam.

The initial length of delamination of samples cl
(Fig. 1) depending on coefficient f and resistance to
cracking Gg,obtained in the experiment are presented in
Table 1.
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Fig. 3. Geometry of the laminate modelled [Own
elaboration]

Table 1. Sample delamination length and resistance to
cracking [7]

Mixed mode coefficient B 0,2 0,5 0,8
Resistanceto crackingG. 1,103 1,131 1,376
(kIm?)

Delamination length ¢l (mm) 33,7 34,1 314

The material of which the laminate is made is fibrous
carbon epoxy composite ASA/PEEK, where A is the
fiber, connected using epoxy resin PEEK [12]. The
characteristics of this material are presented in Table 2.

Model development stages

13 main stages of the mode development were
distinguished, where the first 11 are responsible for the
model development and the last two — for cal culations and
results [6, 16,28, 30, 33]. Modeling was conducted using
the COMSOL software.

1. Introduction — specification of the modelling type.

Two types of physical phenomena were added, which
served as the basis for laminate modeling: Solid
Mechanics — for modelling of solids, andBoundary ODEs
and DAEs—introduction of differential equations.

2. Parameters — specification of the main parameters
of themodd.

Table 2. Characteristics of composite ASA/PEEK [7]

Feature Symbol Vaue
E 122,7 GPa
Y oung's module X
Ev=E; 10,1 GPa
. . Vyz 0,45
Poisson’ sratio
VXy, Vxz 0,25
G 3,7 GPa
Kirchoff's module A
GXY=G)<Z 5,5 GPa
Density g 1570 kg/m®
Maximum tensile stress Ns 80 MPa
Maximum shear stress S 100 MPa
Connection rigidity Kp 106 N/mm®
Fracture energy - mode| Gic 969 Jm?
Fracture energy - model| Giic 1719 Jm?
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Parameters
Name Expression Value Description
Ib 102[mm] 0.102m Length
wb 25.4[mm| 0.0254m Width
hb 2¢1.56 [mm] 0.00312m Thickness
cl 34.1mm] 0.0341m Initial fracture length
Connection rigidity
Kp 1e6[N/mmn3] 1.0000E15 N/m® | Maximum tensilestress
N_s 80[MPa] 8.0000E7 Pa Maximum shear stress
Ss 100[MPa] 1.0000E8 Pa Displacement initiating
ul 0 N_sKp 8.0000E-8 m Displacement initiating failure for mode |
ull 0 S sKp 1.0000E-7 m Displacement initiating failure for mode |
Gl_c 0.969[kIYm"2] 9691m? Failure energy for mode |
Gll_c 1.719(kIJm"2] 1719¥m? Failure energy for mode |
Displacement resulting in bregking of
ul f 2*GIc/N_s 2.4225E-5m connection for mode |
Displacement resulting in bregking of
u ll_f 2*Gllc/S s 34380E-5m connection for mode Il
Benzeggagh and Kenane (BK) fracture
da 2.284 2.284 criterion
disp 0 0 Displacement parametr
b 05 05 Mixed mode coefficient
1 Ib/2* (0.5* sgrt(3* 1-b)/b)+1)/(3-0.5* sort(3* (1-b) /b)) 0.044596 Distance from load point
Ir 8*((6*btsort(3*b* (1-b)))/(3+9*b+8* sgrt* 3*b* (1-b)))) 2.1436 Average |oad coefficient

Fig. 4. Basic model parametersfor § = 0,5inCOM SOL [Own elaboration]

Table 3. Dimensions of individua blocks [Own elaboration]

No. Specification Block | Block I1 Block I11

1 Length cl 1b/2-cl 1b/2

2 Width whb/2 whb/2 whb/2

3 Thickness hb hb hb

4 Layers Layer 1- hb/2 Layer 1- hb/2 Layer 1- hb/2

Fig. 4 presents the basic parameters for the model
being developed. Most of them are common for al the
three models. Values that vary are marked by the red
frame and they include: initial fracture length cl, mixed
mode coefficient S, digance from loading point Il and
medium load coefficient 1r.3. Modd geometry —
development of the model on the basis of the parameters
specified.

The geometric model was built of two identica
layers, adjacent to one another along the largest plane
(Table 3). However, in order to define the model property
and facilitate identification of the required load points, the
laminate was made of three double blocks. Moreover, the
laminate was built of one haf of its width wh/2, which
allowed for the application of the forces exactly in the
middle of the actual laminate, and in the case of the model
—on one of the sides.

4. Definition of the Cohesive Zone Modd -
specification of the areas, on which CZM was used (the

place of connection of the two layers), and its parameters,
specification of variables for the load point originating
from leverage;

5. Material — selection of the type of material and
specification of its parameters;

6. Definition of the Thin Elastic Layer — specification
of forces acting in the Thin Elastic Layer; introduction of
the moddl symmetry.

The first stage of the specification of the mode
mechanics consists of defining the Thin Elastic Layer. For
this purpose, the Thin Elastic Layer was selected from the
Physics toolbar. This layer is used for cohesive aresas,
defined in the previous points. The parameter indicated
was the Force per area as function of extension Fa. In the
caculation software, loads acting on each axis were
entered, caculated as the product of cohesive
displacement present at a given axis and cohesive rigidity.
If u<0,along axis Z, instead of cohesive rigidity, rigidity
of the entire material K, was applied.
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7. Load definition — specification of forces acting on
the modd.

The next step was specification of the forces acting
on the modd (Fe and F,), associated with leverage
(Table 4).

8. Expected displacement — blocking of displacement
in undesirable directions.

The operation, which enforces specific displacement
or prevents displacement of the model in undesirable
direction, is Prescribed Displacement in the Physics
section. The last operation, performed in the section Solid
Mechanics, is specification of the global equation for the
general force used earlier to define the loads and the load
point force (Fig. 5).

Table 4. Defining of loads Feand F, [Own elaboration]

tensle Fe shear F,
X 0 0
y 0 0
z force -Ir*force
9. Boundary ODEs and DAEs - entering of

differential equations in the modd; introduction of

Fig. 5. Specification of forcein COMSOL [Own elaboration]

discretization in the cohesive areas; specification of
displacement.

10. Moddl discretization — application of mesh to the
model.

All operations associated with discretization of the
model were performed in the Mesh section, automatically
added to the Model Builder tree.

The system generated the following values:

- maximum component size 0,00204 m,

- minimum component size 0,0000204 m,

- maximum increase rate for component 1,3,

- curve coefficient 0,2,

- narrowness resolution 1.

The above values are applicable to distribution of
components along the X axis. The maximum and
minimum component size depends on the length of the
laminate and it is subsequently 50 times smaller for the
maximum size and 5000 times smaller for the minimum
size.

The graphic modd with all the discretization changes
madeis presented in Fig. 6.

11. Test type — introduction of the calculation
algorithm.

Fig. 6. The model mesh distribution in COM SOL [Own elaboration]



Fig. 7. The model mesh distribution in COM SOL [Own elaboration]

Table5. Calculation times for three different experiments [Own elaboration]

USING THE FINITE ELEMENT METHOD IN THE MODELING OF LAYERED... 55
s s
Label Global1 Ranlm | AR e s
Global: Load (M/m®) (& ]
~ Data
260 ] T ] T T T
Dataset: | From parent =) (@) 240 - i
220 - 1
* y-Axis Data + - 5~ 200 b |
r 1 180 - -
*  Expression Unit Deseription i~ 180k .
Flp N/m*2  Load - | ; 140 i
X' ™ ] 0 | E 120 b |
T 1= 5 wo- 4
hane 80 - -
&P:!s i 60 - |
2. 40 - -
» x-Axis Data > 5 - 20 k- 1
o] i L i L i
Parameter o 1 2 3 a E .
[ Expression .-] Load point displacement (mm)
Expression:
ulp
Unitz
| mm x|

B=0,2

B=05

=08

24minlls

Calculation time (min)

33min10s

47in29s

Table 6. Coefficients of varying value for individual experiments [Own el aboration]

Feature Symbol Exp. 1 Exp. 2 Exp. 3 Mode of obtaining of value
Mixed mode coefficient B 0,2 0,5 0,8 By experiment
Distance from load point I 0,1098 0,0446 m 0,0285 m Formula based cal culations
Average |oad coefficient I 1,4641 2,1436 2,7913 Formula based cal culations
Initial fracturelength o] 0,0337 0,0341 0,0314 m By experiment

This is the last stage before the commencement of
computer calculations. The objective is to configure and
enable the tracking of maximum displacement in the
mixed mode. Test specification started by defining the
Sationary used earlier —it is responsible for the selection
of the model geometry type (linear or non-linear) and the
size of displacement between layers. In the Sationary
options, nonlinearity of geometry was included, which
requires marking of the option Include geometric
nonlinearity. Discretization changed the model analyzed
from linear to discrete, hence the selection of the above
option. Auxiliary Sveep was also sdlected, which is an
auxiliary calculation algorithm, used, when there are no
geometric changes in the model. The parameter, which is
to be used in the calculation agorithm, is interlayer
displacement (disp).

12. Computer-aided calculations.

Three different calculations were conducted for three
different mixed mode coefficients g, for which duration
times and the number of degrees of freedom solved are
provided in Table 5.

13. Generating of charts.

The chart generated presented a simulation of
delamination and deformation of laminate, and the second
chart presented laminate deformation on a two-color
scale. Moreover, a linear chart was generated, presenting
the Load — displacement curve (Fig. 7).

The chart from Fig. 7 presents the load force value,
which is the purpose of the calculations. It can be read
from the chart or generated. From the Results toolbar,
Global Evaluation was selected. The searched value of
2*F_Ip was entered and marked as Maximum. In this
manner, the maximum value of the beam load force,
which does not lead to fracture of the laminate, was
identified.

Test results

The experiments conducted varied in terms of the
value of the mixed mode coefficient f.

Table 6 presents coefficients with values, which were
different for different models. In the right column of the
table, information on how a given value was obtained can
be found.The lagt stage in the model development was



56 K. TUCKI

associated with generation of charts on the basis of results
obtained during calculations. For each of the three
experiments, varying in terms of the mixed mode
coefficient 5,3 different charts were obtained:
the modd stress chart;
the model deformation chart;
the displacement shift curve chart and the
congtant initiating laminate delamination;
the load force value.
The displacement shift curve chart
The charts provided below (Fig. 8-10) illustrate the
correlation between the load force F, and leverage
displacement. In both cases, as the load force increases,
the leverage moves down, and this displacement is
growing proportionally. The force value is growing
linearly until the delamination of the laminate. From this
point on, the force value starts to decrease non-linearly.
Thisis dueto the fact that the further part of the processis
past the most difficult stage, which is complete

delamination of the laminate from the place of fracturein
the direction of the point of application of force Fe.

The charts presented, as well as Table 7, indicate that
the delamination took place the fastest in experiment 3,
and the beam was shifted by 5 mm in relation to its
original position. In this case, the force applied was
displaced a the smallest distance from the middle
[,=0,028m. The ddamination was the latest — after
10 mm, in experiment 1. In this case, the distance
between the force applied and the middle of the model
was 0,110 m.

A similar phenomenon can be observed in the case of
the force applied. The highest values were observed for
experiment 3 (473,17 N), and the lowest — for experiment
1 (58,64 N) (Table 8). The difference in values between
the two experimentsis as much as 8-fold.

Summing up, as the distance between the load point
and the middle of the laminate increases, so does the
displacement of the load, while the force to be applied to
delaminate the composite material decreases.

Table 7. Load and load point displacement values for individual experiments[Own elaboration]

Experiment 1 Experiment 2 Experiment 3
Maximum load Fip 58,64 N 257,87 N 473,17 N
Displacement for 0,01 m 0,0054 m 0,005m
maximum |oad Uip
Load point distance I 0,10989 m 0,044596 m 0,028471 m
Table 8. Real and modelled 1oad values [Own el aboration on the basis of 7]
Experiment 1 Experiment 2 Experiment 3
Real 99,90 N 27450 N 502,00 N
Modedled 97,73N 257,87 N 473,17 N
Error 2,17 % -6,06 % -5,74 %
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Fig. 8. The displacement shift curve chart for =0,2in COMSOL [Own daboration]
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Fig. 9. The displacement shift curve chart for =0,5in COMSOL [Own daboration]
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Fig. 10. The displacement shift curve chart for =0,8 in COMSOL [Own elaboration]

Data for the model were obtained on the basis of a
real experiment, which was conducted for the composite
of the same dimensons, the same properties and with the
same load system [7]. Values of the maximum load to be
applied to the beam were obtained and presented in Table
8 along with the values modelled. 8.The results obtained
in the modelling are similar to those obtained in the red
experiment. However, in every case their value is
somewhat lower. This is due to the fact that in computer
modelling more attention was paid to the initiation of
fracture prior to delamination, by introduction of the
Cohesive Zone Moddl.

The model stresscharts

The stress charts (Fig. 11-13) were developed
on the basis of displacement uj, for the maximum
load value. In order to model awell-visible delamination,

10-fold displacement was applied. This resulted in a
substantial increase in the distance between the top layer
and the bottom layer.

The most visible bending of the beam was observed
in experiment 3 (Fig. 13), and the smalest — in
experiment 1 (Fig. 11). Differences in materia bending
are caused by different force values, described for the
previous charts. The higher the force value, the greater the
moddl stressvalue.

The model deformation chart

The size of the area subject to delamination is
illustrated much better by the model deformation charts
(Fig. 14-16).

Maximum delamination, which may take place, isthe
delamination of one half of the laminate. In the middie,
the downforce prevents further delamination.
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Fig. 11. The mode stress chart for $=0,2 in COM SOL [Own e aboration]
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Fig. 12. The mode stress chart for $=0,5in COMSOL [Own e aboration]
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Fig. 13. The modd stress chart for $=0,8 in COMSOL [Own € aboration]

Fig. 14. The model deformation chart for p=0,2 in COM SOL [Own elaboration]

Lviv Polytechnic National University Institutional Repository http://ena.lp.edu.ua
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Fig. 15. The model deformation chart for p=0,5in COM SOL [Own elaboration]

Fig. 16. The model deformation chart for p=0,8 in COM SOL [Own elaboration]

Lviv Polytechnic National University Institutional Repository http://ena.lp.edu.ua
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On the basis of the presented results it can be stated
that the greater the distance between the force applied and
the middle of the composite, the faster (upon lesser
displacement of leverage downward) delamination takes
place (asthe force increases).

CONCLUSIONS

The modelling process presented in this work has
allowed for the presentation of delamination of material
ASA/PEEK depending on the value of the load force
applied.

The delamination modelling has led to the following
conclusions:

1. The experiments conducted have made it
possible to conclude that it is possible to present the
delamination of a layered composite using the Finite
Element Method [9, 18, 25, 34];

2. Asthe digance between the force applied and the
middle of the beam grows, the demand for delaminating
force decreases, and displacement of the load point
increases. This is due to the application of the leverage
phenomenon in the modd.

3. The size of the ddlaminated area depends on the
size of the force, and thus on the distance between the
force and the middle point of the laminate. As the force
applied increases, the delamination areaincreases. Greater
force leads to faster delamination from the fracture point
up to the end of the laminate, and thus the process of
increasing of delamination in the opposite direction isalso
initiated earlier.

4. On the basis of the results obtained with regard
to the size of the force applied, it was concluded that the
numerical model represented well the mathematica
model presented by Comanho. The negative result errors
were due to the increased senstivity of the software to the
laminate fracture phenomenon, occurring during the
experiment. Thanks to good representation of the model,
it can be used interchangeably with numerica
calculations.
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