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Abstract

The utilization of the sandwich composite sheets for the specific industrial application depends upon
its material properties. The present study investigates the mechanical and thermal properties of
Al1050/SS304 sandwich composite sheets which could be used for the manufacturing of automobile
sheet metal components such as a car body. The XRD (X-ray powder diffraction) and FTIR (Fourier-
transform infrared spectroscopy) are performed to investigate the molecular structural arrangement
and adhesive bonds whereas the composite wall test is performed to investigate the thermal
conductivity by using different approaches. The experimental approach integrated with the analytical
approach is utilized to validate the obtained thermal conductivity using a numerical approach. The
thermal conductivity of 2.84 W mK ' is obtained by using a numerical approach which is in good
correlation with the experimental results.

1. Introduction

The thermal energy is observed to be transferred due to the temperature difference between the two surfaces.
The rate of transfer of thermal energy depends on the material properties such as thermal conductivity and
further may vary due to material non-homogeneity. This material non-homogeneity plays a significant role in
the thermal conductivity of the composite materials.

Recently, alot of researchers had investigated the thermal conductivity of the different composite materials
by using different approaches. Piedra et al [ 1] carried out the thermal analysis of the primary composite structure
of a CubeSat manufactured by using carbon fibre/epoxy resin composite materials with Zinc oxide
nanoparticles. The simulation was performed in three different orbit inclusion angles where the radiative heat
fluxes were applied over composite panels in orbit trajectory. The rise in temperature gradients between the
panels and the reduction in heat transfer in the structure of Cubesat was observed due to lower thermal
conductivity.

Joshi et al [2] studied the temperature distribution and heat transfer through Glass/BMI honeycomb core
aerogel-filled sandwich panels using numerical and experimental approaches. The temperature bearing capacity
and operating temperature were increased by changing the coating process. The temperature sustainability was
found to be increased to 350 °C for silicone-based coating. Whereas Vitale et al [3] studied the density and the
thermal properties of the honeycomb sandwich panels. The vacuum infusion technique was utilized to bond the
jute fibre composite skin and glass to different cores like honeycombs, wood, and Diviny cell. It was observed
that the sandwich panels manufactured with carbon fibre honeycomb do not meet the requirement of the
thermal insulator of thermal conductivity of 0.15 W mK . Similarly, the thermal and mechanical performance
of pyramidal core sandwich panels used in aircraft was also investigated by Zhang et al [4] by carrying out 2D
thermal transfer analysis.

Few of the researchers had focused on the calculation of the thermal conductivity of nanocomposite
materials. Zhu et al [5] investigated the effect of copper nanoparticles and copper nanowires on thermal

© 2020 The Author(s). Published by IOP Publishing Ltd



I0OP Publishing Mater. Res. Express7 (2020) 016526 A S Takalkar and L B Mailan Chinnapandi

Table 1. Material properties of the sheets used for experiments.

Properties Bakelite [13] Steel [13]

Thermal conductivity (W mK ") 0.97 41.31

conductivity of dimethicone nanocomposite material using a theoretical and experimental approach. The
obtained thermal conductivity of dimethicone nanocomposite material by addition of 10% volume of copper
nanoparticles was 0.25 W mK ™' whereas the improved thermal conductivity of 0.41 W mK ™" was observed by
the addition of 10% volume of copper nanowires. Similarly, the high thermal conductivity was observed by Li
et al [6] for nickel-epoxy nanocomposites. It was found that the particle size of 40 nm shows the thermal
conductivity of 0.37 W mK ™' whereas the thermal conductivity of the particle size of 70 nm was 0.31 W mK "

Apart from fibre/epoxy resin composite and carbon fibre honeycomb, the utilization of Aluminium metal in
the composite sheet was observed to be favoured by a lot of researchers due to high thermal conductivity and
lightweight. Quintana et al [7] studied the thermal conductivity and plate bending behaviour of sandwich panels
manufactured by using graphitic-foam cores, Aluminium face sheets, and carbon-fibre face sheets. The
experimentally obtained results were validated by using an analytical model where it was observed that the
tendency of unwanted thermal distribution was able to reduce with the use of graphitic foam as core material.
Similarly, Kulhavy et al [8] studied the thermodynamic behaviour of two different heat hexagonal structure
shield manufactured by using an Aluminium plate and composite plate (manufactured by using lamination and
diffusion of the glass fabric process). The numerical and experimental approaches were utilized to determine the
heat transfer efficiency between the sheet surface and surrounding airflow. The thermal field distribution was
observed to be homogeneous for the composite material as compared to the Aluminium. The thermal analysis of
the doubly curved sandwich panel manufactured by using Aluminium skin, polyethylene core, and epoxy resin
was also carried out by Patel et al [9]. The numerical simulation was carried out by considering the one-
dimensional heat flow model to investigate the thermal infiltration of heat flux through composite material. The
47.73% high thermal infiltration was observed for Aluminium material compared to sandwich material.

Similar to Aluminium, few researchers had utilized the Steel metal skin in the sandwich composite sheets
due to moderate thermal conductivity and high formability. Yang et al [10] investigated the thermal conductivity
of steel /polyester composite material by using a numerical approach. The thermal conductivity of 0.87 W mK
was observed for the composite material. The thermal transmission was found to be increased with an increase
in steel wire in the longitudinal direction but observed to be decreased in the transverse direction. Also, the
thermal conductivity of the metal /polyester composite solid model was observed to be increased to
0.68 W mK ™! due to the utilization of steel wires [11].

From the literature, it is observed that the thermal conductivity of the metal /polymer sandwich composite
sheet can be improved by the utilization of the combination of the sandwiched materials, different
manufacturing techniques, and processes. The review [12] explores that such composite sheets along with the
different techniques like hydro-mechanical and reverse deep drawing at the elevated temperature can help to
achieve the higher LDR and lower thickness variation in the deep drawing process.

The AI1050/SS304 sandwich composite sheet is deep drawn to complex profiles and can be utilized for the
manufacturing of automobile components such as car body and cabin where the heating problem is frequently
observed. The investigation of the thermal properties of such materials used in car bodies needs to be carried out
to increase the effectiveness of the component. In the present study, the analytical approach integrated with the
experimental approach has been utilized for the accounting of thermal conductivity of the A11050/55304
sandwich composite sheets. Along with these approaches the numerical approach has also been utilized for the
investigation of the thermal conductivity of the sandwich composite materials.

2. Materials

The experimental setup consists of a sequential combination of the different materials such as Bakelite and Steel
of the diameter of 100 mm. The thermal properties of these materials are shown in table 1. The manufactured
sample of A11050/SS304 sandwich composite material with a diameter of 100 mm is inserted between these
standard referred materials.

In the case of manufactured sandwich composite metal sheet, the A11050 sheet contributes to the reduction
of weight whereas the SS304 sheet contributes to increasing the formability. These two properties are required
for the manufacturing of the automobile components effectively. The selected material sheets of A11050 and
SS304 for the manufacturing of the sandwich composite are bound together by using Urethane methacrylate
ester structural adhesive. The material properties of the sandwich sheets and binder are shown in table 2.
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Figure 1. XRD pattern for A11050/SS304 sandwich composite sheet.
Table 2. Material properties of sandwich composite sheets.
Properties Al1050 [14] Adhesive[15, 16] SS304[17]
Density (kg m ) 2710 1235 8000
Young’s modulus (GPa) 70 1.4 193
Tensile strength (MPa) 178 34 476
Poisson’s ratio 0.33 0.3 0.3
Thermal conductivity (W/mK) 227 0.25 16.2

Further, the study of molecular structural arrangement and adhesive bonds bonding properties is accounted for performing different tests
such as XRD and FTIR.

2.1.XRD

The XRD test is performed to characterize the orientation of molecules in A11050/SS304 sandwich composite
material. The XRD pattern of the A11050/SS304 sample is analyzed within the range of 10° to 90° with a step size
0f0.02° and scan step time of 1 s. The sample of 10 mm x 10 mm is prepared for the XRD test where Cu is used as
an anode material having a wavelength of 1.54059 A. The obtained XRD pattern of the A11050/SS304 sample is
analyzed by using a JCPDS card [00-001-1179 and 00-018—0388] index file. In the present study, the analysis of
the diffraction pattern is carried out to calculate the crystal size, texture coefficient, and strain. The tested
specimens exhibit similar patterns that reveal the presence of Aluminium and Stainless steel metal. The sharp
diffraction peaks correspond to the crystalline nature of AI1050 and SS304 layer [18—24] whereas diffused
diffraction peaks correspond to the amorphous nature of the Adhesive layer [25]. The XRD test shows a sharp
peak at an angle of 38.3522°, 44.5826°, 65.1824°, 78.1247° which corresponds to A11050 and 42.8806°, 58.0493°
angles corresponds to SS304 which are in good correlation with the literature and standard database. The
obtained sets of distinct textures for respective angles in case of A11050 metal are {111}, {200}, {220}, {311} and
{002}, {102} for SS304 as shown in figure 1.

The structural adhesive used to clad both the metals are in an amorphous state which represents broad peaks
between 10° to 15°. The XRD results show a higher intensity (counts) of 9293 for {220} plane at 64° in the case of
the Al1050 layer whereas in the case of the SS304 layer the higher intensity (counts) of 244 is observed for {102}
planes at 58°. The crystallite size is calculated by using equation (1) [26],

_ 0.9\
0B cos 6

()

where, D is the crystallite size and \ is the x-ray wavelength. The 6 represents the Bragg’s angle whereas the (s
the full-width of the diffraction line at the half of its Full Width Half Maximum (FWHM). The obtained
crystallite size for the A11050/SS304 sandwich composite sheet is 369.997 A. The orientation of the A11050/
$S304 sandwich composite sheet is studied by calculating the texture coefficient TC(hkl) of (hkl) plane using
equation (2) [26],
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where, [ (hkl) is the measured intensity of peak and I, is the standard intensity of (hkl) plane from JCPDS card
[00—001-1179 and 00-018-0388]. The N is the number of reflections observed. The obtained texture coefficient
TC(hKkl) for the A11050 sheet and SS304 sheet is 3.81(220) and 1.91 (102) [19-25]. The strain (¢) in the A11050
and SS304 sheet utilised for the manufacturing of the A11050/SS304 sandwich composite is determined by using
equation (3) [26].

A
= —¢ctand 3
b D cos 0 ©
where, §is the FWHM and ) is the wavelength of x-ray. The D represents the calculated crystallite size whereas 6
is the Bragg’s angle. By taking the slope of the graph of (3 cos 6)/)) versus sinf/ the average strain is calculated.
The strain 0f 0.00306 is obtained for the A11050 sheet whereas the strain 0f 0.03153 is obtained for the SS304
sheet.

2.2.FTIR

The FTIR is conducted to study the internal bonding properties of the structural adhesive material used to
manufacture the A11050/5S304 sandwich composite material. The IR is plotted separately for two different cases
where the case-I consists of structural adhesive layup on the AI1050 sheet and case-11I consist of activator layup
on the $$304 sheet. The IR spectrum for a case-1 shows peaks at 2922 cm™ > and 2852 cm™ > which indicates the
presence of —C—H—-bond as stretching vibration of adhesive material whereas the peak at 1732 cm™* confirms
the presence of ester group (—COO) of adhesive material [27]. The observed peak at 1540 cm > represents the
stretching vibrations of the alkene (C=C) group of adhesive material [28, 29] whereas peaks at 1223 cm ™ > and
1160 cm ™2 indicate the stretching frequencies of ether (C-O) linkage [27] which can be observed from

figure 2(a). The IR spectrum for case-II showed peaks at 2927 cm™ > and 2859 cm ™ ? indicating the stretching
vibrations of the C—-H bond [30, 31] of activator whereas the alkene (C=C) functionality of activator [32] is
observed at 1582 cm ™ 2. The peaks at 1361 cm ™%, 1169 cm™ %, and 1038 cm ™% correspond to the C-N group
[31-33] of adhesive material which can be observed from figure 2(b).

3. Approaches

The different methods and approaches such as analytical, experimental, and numerical have been utilized for the
investigation of the thermal conductivity of the Al1050/SS304 sandwich composite material. The obtained
experimental temperature difference for the steady-state condition has been utilized for the calculation of
thermal conductivity by using an analytical approach. Further, the numerical simulation is carried out by
replicating the same condition as an experimental approach to calculate the heat flux and thermal conductivity.

3.1. Analytical approach
The energy is transferred when the thermal gradient is maintained between the two surfaces. The maintained
thermal gradient due to conduction will be proportional to the rate of the amount of energy per unit area. The
heat flux (Q) can be calculated by using equation (4) [3],

ot

Q=-\A— (4)

Ox

where, \is thermal conductivity, A is the contact area and 2—; is temperature gradient normal to the A. Similarly,

the heat flux for the composite wall can be calculated by using equation (5). The schematic representation of the
temperature gradient across the composite wall is shown in figure 3.

Q= Al.A.M — ,\Z_A,(TZ_—E) — ,\3,A,(T”_—T4) (5)
L, L, Ls
Therefore, the thermal conductivity for the ith plate can be calculated by using equation (6).
L;
T ©)
A (T — Tiv)
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Figure 2. (a) FTIR of structural adhesive layup on Al1050 sheet (b) FTIR of activator layer layup on the SS304 sheet.

3.2. Experimental approach

The composite wall experimental setup [13, 34, 35] has been constructed for the calculation of the thermal
conductivity of the Al1050,/SS304 sandwich sample which consists of reference material such as Bakelite and
Steel arranged in the sequence as shown in figure 4 and other units like power measurement unit, electronic
voltage regulator, digital temperature indicator, heater and thermocouples as shown in figure 5. The A11050/
$S304 sandwich sample is placed between the Bakelite and Steel plate along with the thermocouples at the top
and bottom of the sandwich composite sample to account for the temperature difference. This setup is further
placed in the insulated cabin and clamped at both ends using a clamping fixture. The heater is used for the
generation of thermal energy by setting up the defined values of the current and voltage. The generated thermal
energy is allowed to pass from the Bakelite plate towards the Steel plate. T; and T, represent the temperature at
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Figure 5. Thermal conductivity measurement experimental setup.

the upper and lower surface of the Bakelite plate whereas the T; and T, represent the temperature at the upper
and lower surface of the Steel plate. As the study only focuses on the thermal characterization of the composite
sample, the temperature T, and T are considered for further calculations.

3.3.Numerical approach

The separate layers of A11050, adhesive, and SS304 are modelled as shown in figure 6 where the k and t represent
the thermal conductivity and thickness of the respective materials. The modelled layers are further discretization

6
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Figure 7. FE model of A11050,/SS304 sandwich composite sample.

by using hexahedron elements and assembled in the sequence as shown in figure 7 by using tie constraints. The
temperature (T,) is applied in the normal direction to the upper surface whereas the temperature (T3) is applied
atanother side. The implicit heat transfer analysis is carried out by using finite element analysis ABAQUS"
software by considering the steady-state response.

4. Result and discussion

The proposed experimental setup with the defined current and voltage is maintained for the specific time
duration to attain the thermal equilibrium state. After achieving the thermal equilibrium state, the successive
readings are recorded for every half an hour by using a digital temperature indicator. The heat flux of 53.4 Watt is
defined by setting up the current and voltage. For the defined heat flux the temperature of 119 °C s observed at
the upper surface (T5) and the temperature of 116 °C at the lower surface (T5). The obtained temperature
difference and heat flux are further utilized for the calculation of the thermal conductivity (W/mK) using
equation (3). The experimentally calculated thermal conductivity for A11050/SS304 sandwich composite
material is 2.93 W mK ™.

The experimentally obtained thermal conductivity by maintaining the temperature boundary condition of
T, and T is also verified by performing FE simulation. The obtained temperature difference throughout the

7
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Figure 8. Heat transfer through A11050/SS304 sandwich composite material.

sandwich composite sheet is shown in figure 8. The heat flux of 51.9 Watt is obtained for the applied temperature
0f 119 °Cand 116 °C. The calculated thermal conductivity by using equation (3) is 2.84 W mK .

5. Conclusions

The present study investigates the thermal properties of the A11050/55304 sandwich composite sheet
manufactured by using a cladding process which can be utilized for deep drawing of automobile and aerospace
components. The strain of 0.00306 is obtained for the A11050 layer whereas the strain of 0.03153 is obtained for
the S$304 layer. The crystallite size of 369.997 A is obtained for the A11050/SS304 sandwich composite.

The thermal conductivity of the A11050/5S304 sandwich composite sheet is successfully calculated by using
analytical, numerical and experimental approaches. The thermal conductivity of 2.93 W mK " is obtained by
using the experimental approach whereas the thermal conductivity of 2.84 W mK ' is obtained by using a
numerical approach. The obtained thermal conductivity using different approaches found to have a good
correlation.

Due to low thermal resistivity, the proposed lightweight A11050/SS304 sandwich composite material can be
effectively utilized for the manufacturing of the car body, roof, and doors. The utilization of the A11050,/SS304
sandwich composite material for the car body can help to maintain the inner temperature of the car passenger
cabin when used in high intense sunlight.

The increase in the thickness of the adhesive layer in the A11050/SS304 sandwich composite sheet may result
in a decrease in the thermal conductivity of the sandwich composite sheet due to the low thermal conductivity of
the adhesive layer. Further, the study needs to be carried out to investigate the effect of sandwich sheet thickness
variation on the thermal conductivity of the Al11050/55304 sandwich composite sheet. This can help to optimize
the thickness of sandwich layers in the A11050/SS304 sandwich composite sheet resulting in identifying the
appropriate application in the field of automobiles and aerospace.
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