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Numerical and Statistical Investigation of The Effect of Composite
Layer Thickness on Low-Velocity Impact Behaviour in Fibre Metal
Laminate Materials
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% Effect of composite layer thickness on the umpact behavior of FML materials

«» Effect of striker diameter on peak load, maximum displacement, and absorbed energy
« Evaluation of parameter effects using statistical methods

Graphical Abstract

In the study, it was observed that different striker tips and different energy loads were effective on the maximum peak
load.
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Figure. Maximum peak load obtained at different energy loads and different impactor diameters

Aim

The effects of different composite layer thicknesses and different striker shapes on fibre metal laminate materials were
investigated

Design & Methodology

The mechanical properties of the metal layer used in fibre metal laminate materials were obtained experimentally,
while the composite layer was obtained from the finite element program.

Originality

The issue has not been addressed statistically in the literature

Findings

Energy load is more effective than other parameters

Conclusion

The increase in the thickness of the composite layer contributed positively to the values analysed
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Numerical and Statistical Investigation of The Effect of
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ABSTRACT

In the field of aviation, reducing fuel costs by designing lighter vehicles and thus producing more environmentally friendly aircraft
is one of the most important issues. This situation has led aircraft manufacturers to search for lighter and more durable materials.
For this reason, Fibre Metal Laminate (FML) structures, which are used especially in the aerospace industry due to their superior
fatigue and impact resistance properties, attract attention. Carbon fibre reinforced aluminium plates (CARALL), the most unique
member of the FML hybrid structure family, has attracted the attention of researchers. In this study, the low-velocity impact
behaviour of CARALL FML structures with different composite layer thicknesses at different energy loading (8J-12J-18J) and
different impactor types (@15 and @20) were statistically investigated. CARALL FML structures were modelled in 2/1 arrangement
(Al-0°13-Al, Al-0°(31-Al, Al-0°5;-Al) in LS-DYNA finite element programme. It is observed that the peak load Fmax increases
with increasing energy loading. The increase in striker diameter decreased the amount of absorbed energy and increased the
rebound.

Keywords: Fiber Metal Laminat, Low-velocity impact, composite, CFRP, FML, Numerical Analysis, CARALL, ANOVA.

Fiber Metal Laminat Malzemelerde Kompozit Katman
Kalinliginin Diisiik Hizda Darbe Davranisina Etkisinin
Sayisal ve Istatistiksel Olarak Incelenmesi

0z

Havacilik alaninda daha hafif arag tasarlayarak yakit maliyetleri diisiirmek boylelikle daha ¢evreci hava araglari iiretmek en 6nemli
konularin baginda gelmektedir. Bu durum ugak iiretici firmalarin daha hafif ve dayanikli malzeme arayasina yoneltmistir. Bu
sebepten dolay1 6zellikle havacilik endiistrisinde iistiin yorulma ve darbe dayanimi 6zelliklerinden dolay1 kullanilan Fiber Metal
Laminat(FML) yapilar ilgi ¢ekmektedir. FML hibrit yap: ailesinin en 6zgiin iiyesi olan karbon elyaf takiviyeli aliiminyum
plakalara(CARALL) arastirmacilarin ilgisini ¢cekmektedir. Bu ¢alismada farkli kompozit katman kalinligina sahip CARALL FML
yapilarin farkl enerji yiliklemesi(8J-12J-18J) ve farkli vurucu tiplerinde(d15 ve ©320) diisiik hizda darbe davranisi istatiksel olarak
incelenmistir. CARALL FML yapilar 2/1 dizilimde (Al-0°43-Al, Al-0°3-Al, Al-0°51-Al) olacak sekilde LS-DYNA sonlu
elemanlar programinda modellenmistir. Enerji yiiklemesinin artmasiyla beraber Fmax tepe ylikiiniin arttigi gézlemlenmistir.
Vurucu ¢apinin artmasi absorbe edilen enerji miktarmni diisiiriirken geri tepmeyi artirmustir.

Anahtar Kelimeler: Fiber Metal Laminat, Diisiik hizda darbe, composite, CFRP, FML, Sayisal Analiz, CARALL, ANOVA.

1. INTRODUCTION used especially in home and sporting goods, aviation and

Composite material is a new generation material type
designed to improve the disadvantageous properties of
the main group materials. They are generally preferred
because they are lightweight, many mechanical, physical
and technological properties can be modified and
optimized, and they are relatively economic. They are

*Sorumlu Yazar (Corresponding Author)
e-posta : m.dundar@comu.edu.tr

transportation industries. Compared to classical types
and alloys, there are material groups with very important
advantages, metal, ceramic and polymer based types.
Their tensile, hardness, impact, fatigue properties are
quite good [1]-[8].
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Fibre Metal Laminate materials (FMLs) are new types of
composites hybrid structures formed by combining thin
metal layers with composite layers [9], [10]. he most
remarkable feature of FML materials is to combine the
light weight of fibre reinforced polymer (FRP) materials
with the good impact resistance of the metal layer [11].
FML materials were first developed in 1978 [12]. In the
meantime, only Aramid fibre reinforced aluminium
laminate and glass fibre reinforced aluminium laminate
(GLARE) product models have matured and started to be
used in the aerospace industry. However, with the
development of technology in the following years,
carbon fibre reinforced aluminium laminates started to
attract attention [13]. Carbon fibre reinforced composites
have a large area of use due to their performance and light
weight [14]. Due to these superior properties, studies
have focused on CARALL FML materials. CARALL
materials provide great advantages for the aerospace
industry [15].

FML materials are mostly used in the aerospace industry.
According to statistics, more than 13% of aviation
accidents are caused by impact damage[16]. Impact
damage can occur at high and low-velocity. Impacts
occurring at high velocity can be visually recognized and
intervened. However, unlike high velocity, low-velocity
impact can cause damage that is not visible to the eye
[17]. Low velocity impact is usually dominated by in-
plane stresses. This leads to the formation of different
damage modes in the internal structure of the structure. It
is impossible to determine this intuitively. This situation
jeopardises the safety of the structure [18]. For these
reasons, low velocity impact damage is one of the
important damage conditions in FML materials.
Therefore, it is an issue that needs to be investigated in
detail at different energy loads and different impact
properties of the structure to guide the design and
development of the next generation CARALL FML
materials. In their study, Sharma et al. [19] produced
FML materials in 2/1, two different 3/2 and 4/3 formats
by keeping the aluminium layer thickness constant. In the
experiments, they observed that increasing the thickness
of the structure decreases the degree of damage and
increases the maximum peak load. Yaghoubi et al.[20]
investigated the impact behaviour of 5 different GLARE
types such as 2/1, 3/2, 4/3, 5/4 and 6/5. They reported that
the critical behaviour of fibre and aluminium depends on
the thickness of the panel. They stated that the threshold
cracking energy varies parabolically with the thickness
of the specimen. Lalibert et al. [21] nvestigated the anti-
impact properties of three different types of FML, each
with different layers. They reported that the specimen
with higher fibre content absorbed less energy and was
subjected to lower damage. Fan et al. [22] observed that
increasing both the number of metal layers and the
thickness of the composite layer increased the puncture
resistance. Atas [23] investigated the damage
mechanisms of GLARE materials. They determined that
fibre fracture and delamination in the layers are the
primary energy absorbing mechanisms. Sadighi et al.

[24] observed that increasing the thickness of the metal
layer increases the impact resistance. It has been proved
that the contact shape between the impactor and the
structure has a significant effect on the impact response
of general structures [25], [26]. De Cicco et al. [27]
investigated the low velocity impact behavior of
magnesium FMLs under impact forces of different sizes
and shapes. According to the experimental results, while
cracks and delamination occurred in the metal layers in
the tests performed with the sharp-edged impact tip, it
was observed that the hemispherical tips had a greater
effect on residual deformation. Yao et al. [28]
investigated the low velocity impact behavior of FML
materials under various impactor shapes and energy
loads. At the end of the study, they stated that the impact
behavior of FMLs strongly depends on the striker shape,
energy load and metal layer distribution.

In this study, we applied different composite layer
thickness (0. 5 mm) of different composite layer
thickness (Al-0°11-Al, Al-0°(5;-Al, Al-0°5-Al), The
effect of different striker shapes (d15- @20) and different
energy loads (8J-12J-18J) on the impact behaviour at
low-velocity was investigated numerically and
statistically.

2. MATERIAL and METHOD

FML structures are materials that are formed by the
combination of metal and composite structure. In this
study, Al2024-T3 material with a thickness of 0.5 mm
obtained from AMAG Rolling company was preferred as
the metal layer. Detailed research has been conducted for
2xxx series of Al-alloy composites [1]-[8]. Tensile test
specimens were prepared in accordance with TS EN ISO
6892-1 standards in order to use engineering data in
numerical analysis of Al2024-T3 material used in the
study. The prepared tensile test specimens were carried
out on a Zwick/Roell Z600 tensile testing
machine(Figure 1.). The tensile test data of Al2024-T3
material obtained as a result of the tensile test were added
to the LS_DYNA related material card.

2.1. Multilayer Design

The CARALL structure was modelled in 2/1 format to
consist of 3 layers. The top and bottom plates consist of
Al2024-T3 material, while the middle layer has a CFRP
structure. All CARALL materials are in 2/1 format and
modelled in LS_DYNA program in such a way that only
the composite layer thickness increases. The layer
arrangement is shown in table 1 and figure 2. In all
materials, the metal layer thickness is 1 mm in two layers.
Each layer thickness of CFRP layers is 0.4 mm. Fibre
orientations are modelled as 0° for all material groups.
CARALL materials were modelled as multilayer shell
elements with 3 different material codes. Material
identification was made for each layer. The test
specimens were designed as @40 mm diameter.
Experiments were carried out with @20 and @15 mm
striking tips with 8J, 12J and 18J values.
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Figure 1. Tensile test of Al2024-T3 material

Table 1. Configuration of CARALL plates

Material Lay-up Total Thickness
Code
A Al-0°[4;-Al 1.4 mm
B Al-0°(3-Al 2.2mm
C Al-0°5-Al 3mm
8J
Impactor l 12)
18)

CARALL FML

a) Schematic representation

Al
B c

Figure 2. Stacking sequence of CARALL materials

CARALL material The top and bottom plates consist of
0.5 m thick Al2024-T3 plates. In the middle layer there
is a CFRP composite structure as shown in Table 1. All
FML materials are stacked in 2/1 format. FML materials
are modelled as shell elements in multiple layers.
Material identification was made for each layer. Test
specimens were designed in @40 mm diameter.
Experiments were carried out with @20 and @15 striking
tips with 8J, 12J and 18J values (Figure 3.).

b) Experimental setup

Figure 3. Schematic representation and experimental setup of the low- velocity impact test

The Johnson-Cook material model was used to utilize the
properties of the AIl2024-T3 material used in the
CARALL material. The Johnson-Cook material model
best describes high strain rates and large deformation
rates. It is widely used in researches due to its simplicity
[29]. Johnson-Cook material model shows linear
behaviour below the yield limit and plastic behaviour
above the yield limit. The strain equation between stress
and strain unit is shown in equation 1.

6 =[A + Be"] [1 + Clne i] [1-[T*]™] )

Where; o is yield strength, A is yield stress, B is modulus
of consolidation, ¢ is plastic strain, n is plastic strain
exponent, C is strain constant, € is deformation rate, €o is
reference deformation rate, m is temperature exponent
and T = is melting temperature in Kelvin.

In the case of stresses exceeding the yield limit, rupture
will start as soon as the maximum plastic elongation
value (rupture limit) is exceeded. Johnson-Cook damage
criterion is given in equation (2).

—_ om £ *
sf—[Dl + D, + exp (D3 a_s)] [1 + Dyln 80] [1+ DsT™]
(@)
Where; D1, D2 , D3, D4, D5 are damage parameters,
om is the average of normal stresses in three directions,
os is the von Mises equivalent stress. The experimentally

obtained mechanical properties of Al2024-T3 material as
described in section 2 are shown in table 2.

Table 2. Mechanical properties of Al2024-T3 material

Mechanical Units Value
properties
Elastic Modulus E (GPa) 72
Poisson Ratio \% 0.33
Yield Strength To0.2 (MPa) 358

The MATO054-055 material card is an improved version
of the Chang-Chang composite damage model. This
model is used for thin shells. The model is assumed to
be elastic in the absence of damage. But when damage
occurs, it is assumed to be nonlinear. MAT022 is an
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improved version of the material card. In the context of
material formulation, Chang/Chang (MAT-54) can be
calculated by means of the following equations:
Tensile Fibre Mode
2 .

— (Caa aap\* 4 (= 0 Failed

0““>0-)ef_(xt)+ﬁ(sc) 1{<0Elastic
®)
Ea:Eb:Gab:Vba:Va:O
Compression Fibre Mode
2

Oge <0=Del= (U“—“) —1{

Xc

> 0 Failed
< 0 Elastic

(4)
Ea =Vba=Vab =0

Tensile Matrix mode

> 0% en? = (%) +5(2) -1 (2 feited

)
Ep=vp,=0. % G, =0

Compression Matrix Mode
o <03 e = (32) ¢ |2 1))+

(5) {2 0 fatted ©

Ep=vpa=vap=0. 2 G4, =0
X.=2Y., %50 for fiber vollime

The mechanical properties of the CFRP structure used in
the composite layer were taken from the ANSY 'S material
library. These constants were integrated into the
MATO054-055 material card in Ls-Dyna. The engineering
constants of the CFRP materials used are shared in Table
3.

Table 3. Mechanical Properties of CFRP Materials
Mechanical Symbols and

properties Units Value
Dentsity gr/cm? 1.54
1 direction Elasticity
Modulus E, (GPa) 123
2 direction Elasticity
Modulus E, (GPa) 9.87
Poisson Ratio Viy 0.27
1 direction tensile
strength Xr (MPa) 1979
1 direction tensile
strength Yr (MPa) 26
1 direction compersion
strength X: (MPa) 893
2 direction compersion
strength Y (MPa) 139
Shear strength Sc (MPa) 100

The
CONTACT_ONE_WAY_SURFACE_TO_SURFACE
TIEBREAK card is wused to define the

aluminium/composite interface. This card connects the
nodes that are initially in contact until a certain criterion
is met as follows.

CORICORE g

NFLS SFLS

NFLS and SFLS are the interfacial normal and shear
strengths, respectively. In this study, the interlaminar
shear and normal strengths for the aluminium/composite
interface were chosen as 80 MPa and 40 MPa,
respectively.

In this experimental setup, it is assumed that the striker is
not damaged and modelled rigidly using MAT020 board.
The material properties of the striking tip using MAT20
are defined in Table 4.

Table 4. MAT?20 steel material properties [30]

Mechanical Symbols and
. . Value
properties Units
Elastic Modulus E (GPa) 210
Poisson Ratio \% 0.33
Density gricm? 7.8

3. RESULTS AND DISCUSSION

The maximum peak load (FE,,,) is defined as the
resistance of the specimen to the impact load in the low-
velocity test [31]. A high peak load means that the
resistance of the material against impact is high. When
the graphs of the maximum peak load in Figure 4 are
examined, the increase in the thickness of the composite
layer led to an increase in the maximum peak load in all
energy loads (8J-12J-18J) and in all samples. This
situation shows that the increase in thickness is an
effective factor in the load carrying capacity of the
material. It shows that in specimens with low thickness,
many damage modes occur in specimens where the peak
load does not increase according to the energy load and
the bearing capacity is lost [32]. It is seen in the figures
that the striker diameter is another factor in peak loads.
This shows that the contact area between the CARALL
material and the striker is an important factor and is
effective in the maximum peak load. It was found that as
the contact area increases, the peak load increases [33].

The maximum displacement is the displacement of the
specimen and the impactor which is damaged during
impact. When Figure 5 is analysed, it is seen that the
maximum displacement decreases with the increase in
the diameter of the striker. This is related to the contact
area between the impactor and the specimen. As the
contact area decreases, as a result of the application of the
applied energy load to a smaller area, the formation of
more damage modes caused more displacement in the
material [34]. In addition, since the amount of energy per
unit area increases, the increase in the amount of damage
is the main factor. In all specimens, the maximum
displacement increased as the energy load increased.
However, the increase in material thickness decreased the
displacement.
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Figure 4. Maximum peak load obtained at different energy loads and different impactor diameters

As the energy capacity per unit area increases, the
displacement decreases. Therefore, as the material
thickness increases, the energy is spread over a larger
5

4 P

volume and the energy per unit area decreases, thus the
displacement also decreases. It is seen that energy load is
the main factor in displacement in all specimens.
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Figure 5. Maximum displacement obtained at different energy loads and different impactor diameters

The graphs of the absorbed energy amounts obtained at
different energy loads are shown in Figure 6. In all
experiments and all specimens, the best result was
obtained in C coded specimen. Increasing the thickness
of the composite layer decreased the amount of absorbed
energy. This shows that the material utilises more energy
by recoil. The decrease in the diameter of the impactor
increased the amount of absorbed energy. The decrease
in the contact area indicates that more damage

20,0
5 150 “n
S
2 10,0
(]
ks
2 50
§ =——A =i=B Cc
< 00 . . .

8 12 18
Impact Energy (J)
@15

mechanisms occur due to the effect of more energy on
that area [35]. The increase in the amount of absorbed
energy indicates that the energy absorption capacity per
unit decreases in the samples [28]. Increasing the
impactor diameter and increasing the composite layer
thickness decreased the absorbed energy. It was observed
that the most effective factor in all specimens was impact
energy.

20,0

15,0

Absorbed energy(J)
=)
o

5,0
== A =lli=B C
0,0 T T T
8 12 18
Impact Energy (J)
@20

Figure 6. Absorbed energy obtained at different energy loads and different impact diameters
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3.1. Variance Analysis (ANOVA)

Analysis of variance (ANOVA) was applied at 95%
confidence level to determine parameter effects and
effect levels. The results of ANOVA at 95% confidence
level for all response variables are presented in Table 5.
In terms of P values for the amount of absorbed energy,
it is seen that the interaction of material, striker diameter,
impact energy and material*impact energy (M*DE) is
significant at P<0.05 and impact energy is the most
effective parameter with a contribution rate of 92.44%. It
was followed by material and M*DE interaction with
5.44% and 1.64% contribution rates, respectively. All
other factors and factor interactions had no significant
contribution (<1%).

4. CONCLUSION

1. Increasing the composite thickness increased the
maximum peak load.

Increasing the composite thickness decreased the
amount of absorbed energy and maximum
displacement.

Reducing the diameter of the striker caused
different damage mechanisms due to the lower
contact area. This had a negative effect on all
variables.

According to the ANOVA results; it was seen that
impact energy was the most effective parameter
with 92.442% contribution rate for the amount of
absorbed energy, material and impact energy for
maximum peak load with 37.161% and 49.202%
contribution rates respectively, impact energy for
maximum displacement with 66.38% contribution
rate.

Table 5. ANOVA results for all response variables

Amount of energy absorbed

F SD KT KO F-Value P-Value KO (%)
C 1 0.644 0.644 13.7 0.021* 0.259
M 2 13.542 6.771 143.95 0* 5.449
DE 2 229.756 114878  2442.35 0* 92.442
C*M 2 0.174 0.087 1.85 0.27  0.070
C*DE 2 0.141 0.07 1.49 0.328 0.057
M*DE 4 4.096 1.024 21.77 0.006* 1.648
Error 4 0.188 0.047 0.076
Total 17 248.541 100
R2=%99.92, Rz(Adjusted for)=%99.68

Maximum peak load, Fmax
C 1 2858441 2858441 15.26 0.017* 2.708
M 2 39227079 19613540 104.7 0* 37.161
DE 2 51937373 25968687 138.63 0* 49.202
C*M 2 12249 6125 0.03 0.968 0.012
C*DE 2 489226 244613 131 0.366  0.463
M*DE 4 10285184 2571296 13.73 0.013* 9.744
Error 4 749321 187330 0.710
Total 17 105558874 100
R2=9499.29, Rz(Adjusted fon=%96.98

Maximum displacement
C 1 0.11392 0.11392 6.64 0.062 1.849
M 2 1.57216 0.78608 45.8 0.002* 25.523
DE 2 4.08882 2.04441 119.12 0* 66.380
C*M 2 0.05014 0.02507 1.46 0.334 0.814
C*DE 2 0.02463 0.01231 0.72 0.542 0.400
M*DE 4 0.24135 0.06034 3.52 0.125 3.918
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Table 5. (Cont.) ANOVA results for all response variables

Error 4 0.06865 0.01716 1.115

Total 17 6.15968

100

R2:%98.89, Rz(Adjusted for):%95.26

Abbreviations: C; Impactor diameter, M; Material, DE; Impact energy, F; Factors,
SD; Degrees of freedom, SD; Sum of squares, KO; Mean of squares, %CR; Contribution rate

“*’ indicates significant terms with P<0.05.
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