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Abstract. The effect on the addition of optimally ball milled kaolin and
fly ash geopolymer ceramic as reinforcement on the morphology and
electrical properties of Sn-0.7Cu composite solder were explored.
Geopolymer ceramics from fly ash class F and kaolin were prepared using
geopolymer technology, milled at various speed and time. 1.0 wt. % of
each sample were used to form composite solder via microwave sintered
through powder metallurgy method. Structural characterization via SEM
reveals that kaolin geopolymer ceramics has nano-sized subangular powder
particles with larger amount of open porosity compared to fly ash
geopolymer ceramics when milled at optimum speed and time. Four Point
Probe test results showed a decreasing trend of electrical resistivity for
kaolin geopolymer ceramics as the milling speeds and times increased.
Overall, the results compared to electrical resistivity of other composite
solder with various typical ceramic reinforcement additions, proves that
kaolin geopolymer ceramics reinforcement to be the best option so far in
term of morphology, electrical properties and its sustainable
manufacturability.

1 Introduction

Geopolymers is an inorganic polymer that formed at low temperature, normally under
100 °C [1,2] and contain amorphous to semi-crystalline crystal structure which can be
converted to crystalline ceramic phase through sintering [3]. Compared to conventional
ceramic production, via sol gel or hydrothermal techniques, this method of producing
ceramic through geopolymer starting material has improvised the material strength [4]. In
geopolymer process, there is no release of bounded carbon dioxide since this process does
not involve any calcination of calcium carbonate and the process does not need for facilities
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such as extreme high temperature kilns, with large outlay on fuel, plants and equipment.
The mechanical properties of this geopolymer ceramic are similar to those of industrial
ceramics. The availability of suitable raw materials from appropriate geological resources
also utilization from industrial waste product as raw material can be considered as an
advantage of this new ceramic production technology [5,6].

Fly ash and kaolin geopolymer besides its plus point of vast availability, its good
processing workability, and improved mechanical properties in final product is the cause
why is being studied for its potential application as ceramic precursor [4]. Nano-
geopolymer on the other hand portrays quality of forming thermally-stable high-strength
and close to final shape structures at room temperature. Also, nanometres sized crystallite
novel amorphous and crystalline materials are produced. High-energy ball milling becomes
handy for particle size reduction (comminution) down to the nanometres scale which
corresponds to increased reactivity of nanostructured powders promoted by higher surface
area [7]. Among high-energy ball mills; the planetary ball mill is a mechanically simple,
low cost, versatile device for efficient grinding and suitable for any class of materials, and a
larger quantity of powder can be produced easily [8]. According to several reference
papers, particle size reduction prior to milling not just increases the reactivity, but also
proved to contribute increases in compressive strength of the geopolymers [9-13].
Therefore, the feasibility of forming nanostructured ceramics from geopolymer and its
effect on mechanical properties has been widely demonstrated, hitherto there are limited
literatures available on incorporation of nano-sized kaolin and fly ash geopolymer ceramics
into composite solder [14-17]. Little work has been conducted to investigate the
comparative effect of addition of these ceramic reinforcements to the electrical properties
of solder.

In this paper, two types of geopolymer ceramics which from fly ash and kaolin were
milled for optimal time and speed. Both of this geopolymer ceramics were characterized in
aspect of particle size and surface morphologies. The electrical resistivity of composite
solder incorporated with two different types of geopolymer ceramics has been investigated
by mechanical mixing of 1wt% of respective ceramic reinforcement with Sn-0.7Cu solder,
compacted via powder metallurgy technique, microwave sintered and tested via four-point
probe method. The SEM analysis is used to correlate the particles morphology, shape, size
and porosity presence with the electrical resistivity of composite solder.

2 Experimental procedure

In this research, fly ash and kaolin were used as raw materials to form geopolymer
ceramic. Fly ash supplied by Manjung Power Plant, Perak and kaolin supplied by
Associated Kaolin Industries Sdn Bhd, Malaysia. The element composition of as-received
fly ash and kaolin were given in Table 1. Sodium hydroxide (NaOH) pellet with 99% purity
supplied by Formsoda Plastic Corporation, Taiwan and Sodium Silicate (Na,SiOs3) solution
supplied by South Pacific Chemical Industries Sdn Bhd, Malaysia. Distilled water used
throughout the research. Sn0.7Cu were used as base lead-free solder supplied by Nihon
Superior Co. Ltd., Japan.

Table 1. Elemental composition of as-received fly ash and kaolin.

Element (%) Si Al Fe Ca K Ti Loss on
1gnition
Fly ash 258 | 146 | 53 2.9 14 13 0.6
Kaolin 2623 | 1471 | 4.60 - 503 | 136 0.99
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NaOH solution with 12 M were used to prepare alkaline activator with Na,SiO3; /NaOH
ratio of 0.24:1. The mixture of kaolin or fly ash, and alkaline activator with ratio of 1:1
were mixed together for a few minutes and cured at 80 °C for 24 hours. Kaolin and fly ash
geopolymer were crushed and sieved into 150 um and compacted at 5 tonnes for 5 minutes.
The sample were heated at 1200 °C for 3 hours soaking time. Then, sample were crushed
and sieved into 43 um before ball milling process according to the parameter set up showed
in Table 2 using stainless steel balls at 10:1 ball-to-powder ratio in dry environment.
Monolithic Sn0.7Cu solder and its composites were prepared by powder metallurgy method
through microwave sintered by mixed 1 wt.% of milled geopolymer ceramics with Sn0.7Cu
solder in airtight container via planetary mill for 1 hour at 200 rpm. The sample were
compacted in 12 mm diameter mould at 4.5 tonnes for 5 minutes and sintered through
microwave sintering at 185 °C under ambient condition in 800W, 50Hz Panasonic
microwave oven. The particle size of fly ash and kaolin geopolymer ceramic before and
after milling were obtained using a Malvern particle size analyser. Scanning electron
microscope (SEM) were used to study the changes on surface morphology before and after
milled and four-point probe were used to analysed the electrical resistivity of monolithic Sn
0.7Cu and its composites.

Table 2. The ball milling parameter.

No. Raw materials Milling time (hours) | Milling speed (rpm)
1 Fly-ash geopolymer ceramic (FAGC
i e (FAGC) 5 0, 100, 300, 500
2 Kaolin geopolymer ceramic (KGC)
3 Fly-ash geopolymer ceramic (FAGC
Y - £E0POY - ( ) 0,5,7,10 *optimum speed
4 Kaolin geopolymer ceramic (KGC)

* Depend on the optimum speed that produced the smallest particle size.

3 Results and Discussions

3.1 Particle size and surface morphologies

The surface morphologies of fly-ash geopolymer ceramic (FGC) before and after
milling are shown in Fig. 1 (a) and Fig. 2 (a, b, ¢, d), and kaolin geopolymer ceramics
(KGC) before and after milling are shown in Fig. 1 (b) and Fig. 2 (e, f, g, h), respectively.
It can be seen that FGC surface contain large amount of open micropores, irregular and
nearly rounded shape whereas KGC surface contain small amount of open micropores that
actually larger in size compare to FGC, irregular and angular in shape. The presence of
many large particles in FGC powder before milling are shown in Fig. 2 (a). Once the
milling speed increases, the reduction of FGC particle sizes also happens from average size
of 43 um down to 7.5 pm. The irregular and nearly rounded shape of FGC starts to become
more angular, smaller and nearly in the same size.

Similarly, the same pattern was observed in KGC powder where the powder starts to
decrease in size from average size of 43 um down to 7 um. The process of particle size
reduction causes the morphological changes of FGC and KGC and this can be clearly
observed in the SEM micrograph shown in Fig. 2. The plastic deformation started to
increase as the milling speed increases and in turn increased the changes in particle
morphologies. Further increase in milling speed lowered the ability of powder to withstand
the deformation without fracturing [18,19]. Consequently, smaller particle size was formed
as tabulated in Table 3. Thus, with the optimal speed of 500rpm that was observed and
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found to have the lowest particle size, the geopolymer ceramic powder further milled for 7
and 10 h at 500rpm to investigate the optimal milling time in particle size reduction.

(e) ® ® (h)
Fig. 2.Surface morphologies of geopolymer ceramic powders milled at 5 hours for different milling
speed (a) FGC at 0 rpm, (b) FGC at 100 rpm, (¢) FGC at 300 rpm, (d) FGC at 500 rpm, (e) KGC at 0
rpm, (f) KGC at 100 rpm, (g) KGC at 300 rpm and (h) KGC at 500 rpm.

Table 3. Particle size of KGC and FGC with different milling speed for 5 hours.

Speed of milling (rpm) Particle size (KGC) Particle size (FGC)
0 43 um 43 um
100 23 um 29 um
300 13 um 16 um
500 7 pum 7.5 um

The effect of milling time on the particle size of FGC and KGC powder at 500 rpm was
tabulated in Table 4. Increase of ball milling duration contributes to particle fineness
indicating the extent of breakdown of structure [20]. When the milling time was increased
up to 7 hours, particle size of FGC powder was drastically decreased while particle size of
KGC was slightly decreased compared to FGC. This shows that FGC experienced major
deformation and lost their strength to withstand the fracture effect that took place after 5
hours of milling. Fig. 5. (a) shows that the particle size become smaller and more angular
for KGC powder while Fig. 5 (c) shows that there were small changes in size and shape of
KGC powder compared to KGC powder milled for 5 hours. Further increased in milling
time to 10 hours, particle size of FGC was increased significantly. This aligned with the
increased in particle size shown in Fig. 5 (b). The FGC particles happen to be in cold-
welding stage when milled for 10 hours.

During the process of milling, the geopolymer ceramic powder is subjected to three
important process that are severe plastic deformation that leads to change in the size of
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particles, fracturing effect that cause the breaks of particles into smaller size and cold-
welding process where this process cause the re-joining of the particles and thus increases
the size of the particles [19]. For independent ceramic powder, the average particle size
tends to be increased upon attaining steady-state equilibrium when balance between
welding rates is achieved after milling for certain time interval [8]. At this point, the smaller
FGC particles can withstand the deformation without further fracture and re-welded into
larger particles [9].

In contrast, particle size of KGC was continue decreased. Reduction in size of particles
larger than average and propagation through smaller particle cluster of trashes smaller than
average results in finer particle size of KGC at this stage in agreement with Rao et al.’s
work [20]. After 10 hours of milling time at 500 rpm, the KGC powder became sub
angularly shaped with coarse surface morphology as shown in Fig. 5 (d) .

Table 4. Particle size of KGC and FGC with different milling time at 500 rpm.

Milling time (hours) Particle size (KGC) Particle size (FGC)
0 43 um 43 um
5 7 pum 7.5 um
7 5.5 um 0.97 um
10 0.88 um 6 um

(d)
Fig. 3.Surface morphologies of geopolymer ceramic powders milled at 500 rpm for different milling
time (a) FGC at 7 hours, (b) FGC at 10 hours, (¢) KGC at 7 hours, (d) KGC at 10 hours.

3.2 Electrical resistivity of Sn0.7Cu solder composites

Good electrical conductivity is a key criterion for a solder which serves its function as
electrical interconnection which allows current conduction through it. Thus, a low electrical
resistivity of the material is expected for effective functioning of an electronic device.
Presence, shape, volume, size and type of reinforcement and matrix are found to be a few
factors that affect electrical resistivity of a composite material [21-26]. In this research,
three of the factors; presence, type and size of reinforcement definitely affected the
electrical resistivity of the composite solder.

Fig. 4 shows the effect on electrical resistivity of the composites solder when FGC and
KGC prepared by milling at different time and speed were used as reinforcement material
to form composite solder. Base on Fig. 4. (a), the lowest electrical resistivity was from
composite solder incorporated with 1wt% of KGC milled at 500 rpm. A slightly similar low
electrical resistivity value of 8.82 pQ.cm obtained for composite solder incorporated with
Iwt% of FGC powder milled at 500 rpm indicating 500 rpm as the optimal milling speed
for the reinforcement material. Preceding the study in finding the optimal milling time, the
result as shown in on Fig. 4. (b) suggests, 7 hours as the optimal milling time for FGC
powder as the resistivity value tend to increase when the powder milled for period of time
longer than 7 hours, whereas 10 hours is found to be the optimal milling time for KGC
powder upon achieving the lowest electrical resistivity value of 2.78 uQ.cm. These results
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do not just directly relate to the size of the reinforcement, but also the volume of porosity in
the reinforcement material itself [22].

a 25 7 —-&--Sn0.7Cu+Flyash 7 24 7 3 ---8--- $n0.7Cu + Fly ash

a 23 1 —e—sn0.7Cu +Kaolin | & 20 S —o— 8n0.7Cu + Kaolin
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Fig. 4. Effect on the electrical resistivity of Sn0.7Cu composites solder with different (a) milling
speed and (b) milling time.

Fig. 5 shows the comparison between presence of porosity in KGC particles and FGC
particles. This micro porosity present in respective geopolymer ceramic particles largely
influence the homogeneity of matrix and reinforcement as the porosity allows better
bonding between reinforcing particles and solder thus enhancing the overall uniform
distribution [27].

Based on Fig. 5, the obvious effect of porosity to electrical resistivity can be
understood. Although practically in most cases, porosity is found to have very little effect
on conductivity, but theoretically presence of open porosity found to increase the
conductivity. This is possible if the electronically conducting species are adsorbed onto the
surface of pores, proving additional conduction paths also said to act as active site provider
[28]. Also, as per Hall Petch relationship, grain size increase causes removal of high
resistance grain boundaries. This is the factor which contributes to electronic conduction of
ceramics. KGC surface morphology as in Fig. 5. (b) shows a large number of open pores
compared to FGC where this in turn became a path for above phenomenon to happened and
consequently decreased the electrical resistivity of the composites solder. This finding is
aligned with the trend that can be observed in Fig. 4. (b).

Due to above mentioned factor, many nano-sized porous ceramics have been used as
reinforcement material in composite solder. Even so, addition of kaolin and fly ash
geopolymer ceramic is found to be most effective not just in term of electrical resistivity,
but also in term of sustainability. Production of geopolymer ceramic is a simple, low cost
process that requires very low temperature sintering for ceramic formation compared to
production of typical ceramics.

(a) (b)
Fig. 5. (a) FGC at 7 hours and (b) KGC milled at 10 hours.
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4 Conclusion

In conclusions, the milling speed and the milling times are two predominant parameters
that affects the size of particles and morphological changes in geopolymer ceramics. The
optimal milling speed to produce nano-sized powder particles for both KGC and FGC is
found to be 500 rpm, with different optimal milling time of 10 hours for KGC and 7 hours
for FGC at the optimal milling speed. KGC is found to be composed of sub angular
structured, irregularly shaped particles with larger amount of open porosity initiating from
its plate like structure compared to FGC that have lesser particle size reduction, shape
irregularity and open porosity which is the factors that support the resulting larger electrical
resistivity of FGC compared to KGC in composite solder. Overall, comparing and
considering the performance of KGC and FGC also other typical ceramics in aspect of
morphology, electrical properties and sustainability, KGC is found be the best ceramic
reinforcement for composite solder.
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