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ABSTRACT

Many innovative products with multi-functions and of excellent quality are being manufactured.
Although new ideas, concepts and innovations emerge, products with higher properties remain the
market’s favourite. Therefore, in this research, the material optimization technology for a small
structure was developed and evaluated. Some small structures were desired for miniaturizing, weight
and energy saving in the products. The concept of “material optimization” is a new and general idea.
This material is of the composite type. The material optimization technology regarding Young’s
modulus, density, coefficient of linear expansion, specific heat and thermal conductivity were the main
consideration of this research. The calculation models for the properties were discussed first and
presented. The manufacturing method for a small structure with the desired properties was then
developed. The small structure with the material optimization was manufactured and evaluated. It is
concluded from the research that the technology was very effective and useful for the development of
a new composite material with several hybrid properties.

Keywords: small structure, material optimization, new material, hybrid property, composite.

1 INTRODUCTION

In the 21st century, the demand for products with high quality [1], hybrid properties [2],
multi-function [3] and considerable environment-friendliness [4] has been rapidly increasing.
Here, several optimization technologies are currently being used to address these issues.
Particularly, topology optimization technology is considered as useful in the manufacturing
field due to the high quality, high reliability and safety that it offers. However, it has been
observed that there is a lack of proper material optimization techniques in the technology
development process. There are hundreds of materials used in the industrial field yet,
surprisingly, the study on material property optimization for innovative development is very
minimal.

Thus, previous research [5], through a developed software, defined a material
optimization technology for innovation. The technology relied on a software that creates new
materials with hybrid properties, a hybrid materials manufacturing method, and an algorithm
for material optimization. The aforementioned software can effectively calculate up to five
desired material properties that are requested (i.e. Young’s modulus, density, coefficient of
linear expansion, specific heat and thermal conductivity). In addition, the algorithm for
material optimization was defined through FEM inverse analysis. The material optimization
technology was then evaluated with a simple experiment. In this regard, it was thought that
material optimization technologies were highly relevant to explore due to the design and
manufacturing implications of having a customized material.

In the present research, the material optimization technology for small structures was
developed and evaluated. A new manufacturing process was developed for a small structure
with a new composite. The previous software which could effectively calculate up to five
desired material properties that are requested at once (i.e. Young’s modulus, density,
coefficient of linear expansion, specific heat and thermal conductivity) was evaluated for a
small structure in several experiments. A material optimization algorithm using FEM inverse
analysis and the previous software [5] was considered.
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2 PROPERTIES CALCULATION MODELS FOR NEW COMPOSITE MATERIALS
In this section, a previously developed software and the several equations are quoted [5]-[8].
There are density, thermal conductivity, specific heat, coefficient of linear expansion and
Young’s modulus among properties considered in the calculation models. Their calculation
accuracies are shown in [9].

3 PROPOSED MANUFACTURING PROCESS FOR SMALL STRUCTURES WITH A
NEW COMPOSITE

In a similar way, the defined proposed manufacturing method for the designed materials
using the aforementioned equations in a software (which defined two scenarios (1) Selecting
materials and calculating appropiate ratios to achieve intended effects; (2) Calculating the
properties generated with these ratios and materials) and its method that was used in the
previous research are applied in this study. Consequently, a review of the process was deemed
appropiate. For the aforementioned software, a solid body uniformity was assumed for each
calculation model but conventional manufacturing of composite or composites (mixing)
yields an heterogeneous mix which as a result would be considered as a material defect [9],
[10]. Thus, the proposed new manufacturing process was meant to achieve high quality by
avoiding this issue. The new manufacturing procedure is shown in Fig. 1. Here, a bonding
material (e.g. epoxy resin), a fine aggregate, a middle aggregate and a coarse aggregate were
firstly put into an under small mould and filled up to about 6 vI.%, 10 vI1.%, 24 vI.% and
60 v1.% respectively as revealed in Fig. 1(a). The bond and the aggregates in the mould were
mannually mixed. Then they were continuously mixed by an ultrasonic scaler with 2-3 um
amplitude and 28-30 kHz vibration frequency in Fig. 1(b) (see Fig. 2(a)).

This process was performed for removing the unnecessary air in the mixing composite,
and was continued for a few minutes till all air bublles were fully transfered to the surface of
the composite. Lastly, an upper small mould was put on the upper surface of the composite,
and the upper mould was knocked by the ultrasonic scaler in Fig. 1(c) (see Fig. 2(b)). The
upper mould was gradually sank till the composite reached the most high density condition.
In the final condition, the coarse aggregate becomes about 60 vI.% in the mould, the available
air given space for the middle aggregate was about 40 vl.% relative to the coarse aggregate.
Thus, given that the middle aggregate filled up about 60 vI.% of the total space, 40 vI.%
would mean that the aggregate filled about 24 vI.% (=0.4x0.6). Consequently, the coarse and
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Figure 1:  Manufacturing process for small structure with new composite. (a) Mixing
process; (b) Removing air process; and (c) Hammering process.
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Figure 2:  Schematic view for small structure with new composite in manufacturing
process. (a) Ultrasonic scalar for removing air and hammering; and (b)
Schematic view for removing air.

the middle aggregates uniformly filled up 84 vl.% (=60 vl.%+24 v1.%). In addition, fine
aggregate was also poured into the mix to fill the gaps between the middle aggregates. It was
thought that this aggregate would have filled up to 10 vI.% (=(100-60-24)x0.6). As a result,
all aggregates uniformly filled around 94 vl.% (=60 vI.%+24 v1.%+10 vl.%). It must be
considered that space was meant to be filled by the aggregates in a rhombic display and, thus,
the mixture becomes a mortar structure. Bonding materials (e.g. epoxy resin) were meant to
be poured from upper surface over all aggregates. Upon solidification of the bonding
materials, the generated composite material was removed from the mould. Here, the
component distribution was similar to that of the calculation model. For these, the size of the
middle aggregate was restricted to be less than one seventh of the coarse aggregate.
Meanwhile, the relationship between the fine and the middle aggregates is also the same.
Therefore when the mould volume Vi, is decided, the volumes and the weights regarding the
coarse, the middle and the fine aggregates and the bond can very easily be calculated, and
the good timing for agreement between the under and upper moulds can also be estimated.
This timing is the limit of the upper mould sinking (Fig. 1(c)) and the highest density
condition.

Working times for manufacturing the small sturcture with the new composite are shown
in Fig. 3. The small structure was the right cylinder with 5 mm diameter and 10 mm length.
It consists of coase aggregate (Glass: 0.7 mm diameter and 60 wt.%), middle aggregate
(Glass: 0.08 mm diameter and 24 wt.%), fine aggregate (Carbon: 0.005 mm diameter and
10 wt.%) and bond (Epoxy resin: 6 wt.%) (see Table 1, Sample No. 1). The working times
for the three processes; mixing, air removing and hammering are 0.5 min, 2.1 min and
1.3 min respectively. Working times for the samples No. 2 and No. 3 in Table 1 were similar
to the sample No. 1. The working times is very effective in the industrial field.
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Figure 3:  Working times for small structures with new composite in the manufacturing
process.

Table 1: The specification of ultrasonic scaler, used materials and its properties for the test.

Specification of the used devices for the small structure with the new composite

Power 11w
Ultrasonic Varios 370 Amplitude 2-3 ym
scaler (NSK-Nakanishi JAPAN) Vibration frequency 28-32 kHz
Size W80xD115xH32 mm
The used material, wt.%, size for test pieces
Sample Coarse Middle Fine Bond Calculated properties
No. aggregate | aggregate | aggregate
Young’s modulus GPa 41
Glass Glass Carbon Epoxy | Density kg/m? 2210
No. 1 0.7 mm 0.08 mm 0.005 mm resin Thermal conductivity W/(mK) 0.61
60 v1.% 24 v1.% 10 vI.% 6vl.% | Coefficient of linear expansion K* | 10x10°®
Specific heat kJ/(kg * K) 0.84
. Young’s modulus GPa 136
Alumina | Alumina i'llt::gg Epoxy | Density kg/m? _ 3540
No. 2 0.7 mm 0.08 mm 0.01 mm resin Thermal conductivity W/(mK) 20
60 v1.% 24 v1.% 1'0 V1% 6VvI.% | Coefficient of linear expansion K* | 10x106
Specific heat kJ/(kg * K) 0.98
Young’s modulus GPa 79
Steel Alumina Carbon Epoxy | Density kg/m? 5770
No. 3 0.7 mm 0.08 mm 0.005 mm resin Thermal conductivity W/(mK) 5.9
60 v1.% 24 v1.% 10 v1.% 6VvI.% | Coefficient of linear expansion K* | 12.1x10°
Specific heat kJ/(kg - K) 0.58

Properties of the used materials for the small structure with the new composite

, . L Coefficient of i
Material m JjﬂfSSéPa Dkzr};l]gy Therm{a}:/;:(ﬁ%mtwny linear i)/(};ianswn Sg;?l'(gc. hlia)lt
Steel 210 7800 30 12x10°¢ 0.46
Glass 69 2460 0.75 9.0x10° 0.84
Alumina 340 3920 34.7 10x10°® 11
Silicon nitride 300 3200 17 3x10° 0.7
Carbon 8.9 740 0.12 2.1x10°® 13
Epoxy resin 2.6 1200 0.4 96x10°® 0.6
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Specification of the ultrasonic scaler used in the manufacturing process, the materials for
the test pieces used in Section 4 and each material property for the all new composites are
shown in Table 1. The ultrasonic scaler used in the manufacturing process is a device for a
dental clinic. Three small structures with new composite; samples No. 1, No. 2 and No. 3
were manufactured for evaluation purposes in Section 4. At that time, several properties for
samples No. 1, No. 2 and No. 3 were also calculated by the calculation models in Section 2.
All samples are manufactured by the manufacturing process described in Section 3.

In this research, the smallest size for the small structure (right cylinder) was 5 mm
diameter because of the suitable sizes for coarse, middle and fine aggregates. It is no problem
for the manufacturing process (Section 3) to produce a required small size for the structure.

4 EVALUATION OF DEVELOPED CALCULATION MODELS AND
MANUFACTURING PROCESS
The calculation models for Young’s modulus, density, coefficient of linear expansion,
thermal conductivity and specific heat in Section 2 were evaluated. As both the density and
the specific heat of the composite can easily and exactly be calculated by the composite ratio
of the used materials, the evaluation of these properties was not performed in this section.

4.1 Evaluation for Young’s modulus

A schematic view of the experimental set-up regarding Young’s modulus for the new
composites is shown in Fig. 4(a). Samples No. 1, No. 2 and No. 3 in Table 1 were used for
this Young’s modulus evaluation. Test piece sizes are 5 mm diameter and 20 mm height. (1)
The test piece is put up in the guide pipe with 6 mm inner diameter. (2) 100 N of compression
force is loaded on the test piece. (3) The displacement £ of the top of the test piece is measured
by a CCD camera. (4) The Young’s modulus E can be calculated by knowing the cross
section area A and height h of the test piece, the displacement £ and the compression load P
(E=P--A--£Xh). The results for evaluation of the Young’s modulus and calculated value
Eca and the experimental value Eex are shown in Fig. 4(b). When the experimental value Eex
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Figure 4:  Evaluation of Young’s modulus. () Schematic view of experimental set-up; and
(b) Experiment results of Young’s modulus.
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is compared with the calculated value Eca, the experimental error for Young’s modulus is
around -3.6% t0 -4.8% (=(Eex— Eca) +~ Eca < 100). The reasons were that the new composite

was not perfectly in the highest density condition and the residual air in the new composite
had very small influence on the Young’s modulus.

4.2 Evaluation for coefficient of linear expansion

A schematic view of the experimental set-up regarding the coefficient of linear expansion for
the new composites is shown in Fig. 5(a). Samples No. 1, No. 2 and No. 3 in Table 1 were
used for this coefficient of linear expansion evaluation. Test piece sizes are 5 mm in diameter
and 20 mm in height h. (1) The side of the test piece is insulated for heat transfer by styrene
foam with 10 mm thickness. (2) The test piece with styrene foam is inserted and kept for very
long time (about 24 hours) in the homoisothermal vessel at 100°C. (3) Then the test piece is
put on an air conditioning room at 20°C+1°C the displacement £ of the top of the test piece
is measured by a CCD camera till the test piece temperature is 20°C. (4) The coefficient of
linear expansion « can calculated by the heaght h and temperature diffrence AT of the test
piece and the displacement £ (a= £+A4T--h). Thermal behaviour of the test piece in the initial
stage which is from the removal of test piece in the homoisothermal vessel to start the
measurement was complemented by using the relationship between the test piece temperature
and the test piece displacement. It was confirmed that the coefficient of linear expansion for
steel could be measured by using this method. The result for evaluation of the coefficient of
linear expansion is shown in Fig. 5(b), which also reveals the calculated value aca and the
experimental value aex. When the experimental value aex is compared with the calculated
value o, the experimental error for coefficient of linear expansion is around +1.8%—+1.2%
(=(atex — 0car) ~ 0ica X 100). The reasons are that the new composite is not perfectly in the
highest density condition and the residual air in the new composite has small influence on
the coefficient of linear expansion because of small Young’s modulus.
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Figure 5:  Evaluation of coefficient of linear expansion. (a) Schematic view of
experimental set-up; and (b) Experiment results of Young’s modulus.
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4.3 Evaluation for thermal conductivity

The schematic view of thermal conductivity experimental set-up for the new composites is
shown in Fig. 6(a). Sample No. 1, Sample No. 2 and Sample No. 3 in Table 1 were used for
the evaluation. Test piece sizes are 5 mm in diameter and 10 mm in height h. (1) The two test
pieces are put up on both sides of the ceramics heater (5 W, 5 mm diameter and 1.5 mm
thickness). (2) The side of the test piece is insulated for heat transfer by styrene foam with
10 mm thickness. (3) The top 7+ and the bottom T temperatures of the test piece at the steady
state condition are measured by the thermo-couples with T type in the air conditioning room
at 20°C. (4) The thermal conductivity A can be calculated by knowing the top 77 and the
bottom T temperatures of the test piece at steady state, cross section area A and height h of
the test piece, the displacement £ and the heat generation W compression load L (A =W X (Tt
—Tg)~+~2-+-A--h). The result from the evaluation of the thermal conductivity is shown in
Fig. 6(b). The calculated value A and the experimental value Aex are shown in this figure.
When the experimental value Jex is compared with the calculated value Aca, the experimental
error for thermal conductivity is around -2.9% to -3.8% (=(Aex — Acal) =+ Aca X 100). The
reasons are that the new composite is not perfectly in the highest density condition and the
residual air in the new composite has small influence on the thermal conductivity.
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Figure 6:  Evaluation of thermal conductivity. (a) Schematic view of experimental set-up;
and (b) Experiment results of Young’s modulus.

The calculation accuracy was evaluated in the section. The calculations for coefficient of
linear expansion was accurate to around +1.8%—+1.2% but the Young’s modulus and thermal
conductivity were around -2.9% to -4.8%. This was thought to be because of air formation
in the composite material and the FEM simulations were modified accordingly; as a result,
the software calculation accuracy for the Young’s modulus and thermal conductivity reached
an error down to a £2% each. The developed calculation models and manufacturing process
were evaluated in several cases with the generation of new composites with hybrid properties.
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5 MATERIAL OPTIMIZATION ALGORITHM USING FEM INVERSE ANALYSIS
Material optimization software using inverse analysis has already being developed in our
research [9]. And in this section, the proposed software was used for the small structure. An
algorithm of the material optimization using inverse analysis of the FEM was developed as
depicted. At first, an innovative product with the most suitable function was decided by using
a marketing data. The most suitable properties for the innovative product were calculated by
both the inverse analysis of the FEM simulation and the method of successive substitution in
the personal computer. The FEM simulations features are static analysis, thermal analysis
and vibration analysis which are outlined in Table 2. It also shows the relationship between
the different simulation features and the necessary properties for each analysis. The necessary
materials and the composite ratio for the new materials with the most suitable properties were
finally calculated by our software. Then the new composite material with the most suitable
property was manufactured by the procedure described in Section 3.

Table 2: Various properties for the input data in certain FEM simulations.

Types of FEM simulation Boundary conditions Input data for FEM

Shape and size
Static analysis Fix condition Material properties (Young’s
modulus and Poisson’s ratio)

Shape and size
Steady state Heat tr_ansfer Material properties (Thermal
coefficient P
conductivity)
Thermal .
analysis ‘Shape and size
Non-steadv state Heat transfer Material properties(Density,
y coefficient specific heat and thermal
conductivity)
Shape and size
Free vibration Fix condition Material properties(Young’s
Vibration modulus and density)
analysis . o Shape and size
Forced vibration F'c)j( con_dltlon _and Material properties(Young’s
amping ratio .
modulus and density)

Note: At thermal deformation analysis, both Static and Thermal analysis are used, and coefficient of linear
expansion is also used for input data. Poisson’s ratio is always 0.3.

6 CONCLUSIONS
It is concluded from the results that:

1. The expanded proposed software was able to calculate Young’s modulus, density,
coefficient of linear expansion, specific heat and thermal conductivity for several
material samples as previously proposed. Through the selection of adequate materials
and the calculation of their ratios, it was possible to achieve specific desired properties
in a new composite material.

2. The calculation of resultant properties was carried out given that the component
materials and their ratios in a composite material are known. A small structure with
material optimization was manufactured and evaluated. It is concluded from the results
that the technology was very effective and useful for the development of a new
composite material with several hybrid properties.
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