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ABSTRACT – Powder injection molding has become 
the main attraction in manufacturing implant material 
due to the ability to produce complex shape product at a 
lower cost. This study focused on the feedstock 
preparation of titanium-hydroxyapatite with temporary 
space holder for powder injection molding process. The 
main focused is to obtain the critical and optimal 
powder loading for the feedstock using oil absorption 
and torque rheology method. The critical powder 
loading was found at 82% of powder volume for 
composition of 9:1 of titanium-hydroxyapatite at 20% 
of space holder. The optimal powder loading selected 
for further PIM process is at 77% which is 2-5% below 
the critical powder loading percentage.    
 
1. INTRODUCTION 

Titanium (Ti) is one of the most abundance 
element in existence. Titanium and its alloy has been 
widely used in various application includes aerospace 
and medical application due to its superior properties. 
Most used titanium alloy for implant material is 
Ti6Al4V which possess excellent strength and high 
corrosion resistance that similar to bone properties[1, 2]. 
Titanium alloys is cooperated with bioceramics material 
such as hydroxyapatite to enhance bioactivity of the 
implant[3]. Hydroxyapatite (HA) is biological active 
material that can promote bone growth for implant 
application[4, 5]. Fabrication of Ti-HA composite has 
been very challenging due to the fact that both material 
is different in nature.  Various method has been 
proposed in order to produce Ti-HA composite for 
implant application as reported by Arifin et.al.[6]. One 
of them is through powder injection molding process[7]. 
Powder injection molding (PIM) has become the main 
attraction in manufacturing process which offer more 
complex shape, high tolerance at a low cost compare to 
other conventional manufacturing method[8]. This 
advantages made PIM as the best candidate for 
processing titanium implant which often required 
complex shape and geometry. Moreover, PIM process 
successfully produced porous Ti-HA using space holder 
technique[9]. Porous structure is crucial to promote cell 
growth for implant application[10].  

In general, PIM consist of four main steps 
including feedstock preparation (mixing), injection, 
debinding and sintering. This study is focused on the 
feedstock preparation step which is determination of 
critical powder loading of Ti-HA with powder space 
holder. The optimum powder loading for the feedstock 

is important to obtain the best powder to binder ratio 
and provide homogenous mixture to ensure the 
subsequence processes can be done without any defect. 
Critical solid loading of the powder can be determined 
by torque variation, density, melt flow, density and 
viscosity versus composition[11]. In this paper, critical 
and optimal powder loading of Ti6Al4V powder and 
hydroxyapatite powder together with NaCl space holder 
were determined using oil absorption method. 
 
2. PROCESSING METHOD 
Materials 

Titanium alloy powder used in this study is 
Ti4Al6V with particle size of 19.61µm obtained from 
TLS Technik Germany. Hydroxyapatite was obtained 
from Sigma Aldrich with the particle size of 5.34 µm. 
The powder space holder used in this study is sodium 
chloride (NaCl) due its low cost and easy 
dissolution[12]. The composition of titanium and 
hydroxyapatite is kept at 9:1 ratio with 20% of space 
holder. 
 
Critical powder loading 

Critical powder loading is carried out to 
determine the optimum powder and binder ratio to make 
sure the material can be mixed homogenously and 
injected without any problem. Critical powder loading is 
done based on the ASTM D-281-31 using Brabender 
mixer. Critical powder volume percentage (CPVP) is 
obtained based on mixing torque where the maximum 
torque curves represent the critical powder loading that 
can be used for metal powders. This means that the 
particles are tightly packed and all the void are filled 
with the binder. The optimal powder loading is kept 
between 2-5% below than the critical loading. The 
CPVP value can be obtained based on the equation (1): 
 

= 100 (%)  (1) 

 
Where  is the volume of the powder and  is the 
volume of oliec acid. Oliec acid is added in 1ml for 
every 3 minutes until the torque value stabilised. 
 
3. RESULT AND DISCUSSION 

Based on the Figure 1, the maximum torque peak 
occurred at 82% of powder loading which indicates that 
the 82% is the critical powder volume percentage 
(CPVP). After the critical point, the torque value started 
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lowering down to a steady state which reflected the 
homogenization of the mixture. The optimal powder 
loading is slightly lower than critical loading which is 
below 2-5% from critical loading. The optimum loading 
indicates that the ratio between powder volume and total 
volume (powder + binder volume) provided 
homogenous mixture due to the powder particles are 
tightly packed and further minimized the spaces 
between the particles by filling with the binder. This 
mixture indicated a good injection conditions while the 
powder particle contact are sufficient enough to 
maintain the rigidity of the molded sample throughout 
the whole process [13]. Therefore, the optimum powder 
loading selected was 77% for further powder injection 
molding process. 
 

 
Figure 1. Critical powder loading for Ti-HA with 
powder space holder. 
 
4. CONCLUSIONS 

Critical powder volume percentage (CPVP) was 
successfully determined at 82% of powder loading 
using oil absorption with torque rheology method based 
on the ASTM D-281-31. The optimum powder loading 
value is kept below 2-5% from the critical powder 
loading for powder injection molding process which is 
at 77% of powder volume. 
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ABSTRACT – The main problem faced by the 
electronics packaging designer nowadays is how to 
increase component density and provide the necessary 
thermal dissipation to improve the reliability and 
performance of component. The selection of proper 
material is one of the solution to optimize the 
performance of the electronic devices. Copper is a 
material which is ideally suited for electronic packaging 
applications while graphene is a new developed material 
which is used as the filler to prepare thermally 
conductive metal composites. In this study, the copper-
graphene composite is produced using powder injection 
moulding process. This process is capable to produce 
high precision, low cost and complex shape of products 
at high production volume. PEG based multicomponent 
binder system was used. Copper- graphene feedstock 
contained 0.5vol.% of GNps. A nanoscale dispersion of 
functionalized GNps was adopted to ensure the 
homogeneity of GNps within the feedstock. The 
relationship between viscosity and shear rate was 
determined and results showed that the addition of 
0.5vol.% of GNps in copper has increased the viscosity 
up to 21% at 140˚C than that of pure copper feedstock. 
The density test was carried out on the injection molded 
parts and it is found that copper-graphene injection 
molded parts showed higher density value as compared 
to pure copper injection molded parts. 

 
1. INTRODUCTION 

Nowadays, the electronic industry has a serious 
concern to achieve optimal performance of electronic 
chips which attain high temperature during operation 
resulting reduced performance. To overcome this issue, 
heat sinks are developed with metal composites. These 
composites are reinforced with highly conductive 
reinforced materials results to enhance the thermal 
conductivity and these composites are consider more 
attractive for heat sink applications [1]. PIM process is a 
new process that has emerged as a key technology due 
to its ability to produce small and complex components 
at low cost with high production volume [2, 3]. Copper 
is one of the most common materials used for thermal 
management because of its high thermal conductivity. In 

order to produce the heat sink with complex shape using 
PIM, a flow able feedstock in molding machine is 
required [4]. In addition, defects free fabrication of 
metal matrix composites using PIM has been reported 
[5, 6]. In order to achieve a high electrical conductivity 
in polymeric composites with low cost and easy 
processing, graphite based materials are getting more 
attraction [7]. Apart from that, attempt to incorporate 
graphene nanoplatelets (GNps) into the feedstock is a 
new approach to enhance the performance of electronic 
devices. Graphene is one of the most fascinating 
materials being studied today, and received world-wide 
attention due to its unique structure and excellent 
mechanical, thermal and electrical properties [8, 9]. 
Recent research has shown that the graphene-based 
materials can have a great impact on electronic and 
optoelectronic devices, chemical sensors, 
nanocomposites and energy storage [8]. Graphene has 
demonstrated excellent mechanical properties with 
Young’s modulus of 1 TPa and high thermal 
conductivity, about 5000 W/mK for freely suspended 
samples, which is among the highest of any known 
material[10-12]. This research studied the flow behavior 
of copper-graphene composite and the effects of 
graphene addition on the density value of the injection 
molded parts. 

 
 
2. METHODOLOGY 

The binder system used in this study consists 
of 73vol.% PEG, 25vol.% PMMA and 2vol.% SA. 
Powder loading of 58% was used based on critical 
powder loading. Two formulation of feedstock have 
been prepared and shown in Table 1.  
 
Table 1 Feedstock formulations developed for this study 

 
Copper Mixture Graphene 

content (vol.%) 
F-1 0 
F-2 0.5 

 
For F-2, GNps were initially immersed in distilled 

water and sonicated for 1 hour at temperature of 50°C 
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followed by the dissolution of PEG in GNps and water 
solution with the help of magnetic stirrer. Finally the 
mixture was dried in the oven for 4 hours. The dried 
GNp-PEG mixture was then mixed with the other 
components of the binder system (PMMA, SA) and 
copper powder in Brabender at temperature of 150°C. 
 

The viscosity of both feedstocks were measured 
using capillary rheometer Shimadzu CFT-500D at  
temperatures from 130 to 150 °C. 

 
The specimens for both feedstocks were injection-

molded at different temperature of 150⁰C for F-1 and 
140⁰C for F-2. The injection pressure of 8 bars and the 
mold temperature of 60⁰C were used at these 
temperatures.  
 
3. RESULTS AND DISCUSSION 

The obtained results showed that both 
formulations exhibit pseudo plastic behaviour which is 
recommended for MIM. The addition of GNp to the F-2 
feedstock contribute to the increase of viscosity because 
of large surface area of the graphene nanoplatelets. 
 

 
Figure 1 Viscosity vs. shear rate of F-1 feedstock 

 

 
Figure 2 Viscosity vs. shear rate of F-2 feedstock 

 
The F-2 molded parts gave higher density value of 

5.63 g/cm3 compared to F-1 molded parts (5.55 g/cm3). 
This is mainly due to the homogeneous dispersion of 
GNp in Cu matrix as well as the strong interfacial 
bonding between individual GNp and Cu matrix, which 
is aided by the functionalization GNp. 
 
4. CONCLUSIONS 

The results of rheological studies showed that 
small amount of GNps increased the viscosity of 
feedstock and density of molded specimens. 
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ABSTRACT –Titanium (Ti) based biomedical materials 
application which are widely used at present, such as Ti-
6Al-7Nb.  Due to the toxicity of vanadium to the human 
body, theTi-6Al-7Nb alloy that has been developed for a 
more suitable biomaterial in place of the Ti-6Al-4V alloy. 
The research part was prepared by metal injection 
moulding process which is a kind of net-shape powder 
metallurgy forming process and palm stearin as a binder 
system. Meanwhile, Design of Experiment technique 
(DOE) was used in the sintering process to investigated 
the important quality parameter and study the effects of 
sintering factors on the density of the sintered parts. The 
density measurement was carried out by Archimedes 
method with electronic balance (Mettler Toledo) using 
distilled water as a medium. The results showed that the 
sintering temperature and dwell time is the highest 
significant parameter that contributes to highest sintered 
part density. 
 
1. INTRODUCTION 

Ti-6Al-7Nb alloy is widely used in medicine, such 
as artificial hip joints, spinal fixators, and dental 
implants, due to its lightweight and superior corrosion 
resistance. This alloy can be a good applicant as an 
alternative to a more widely used Ti-6Al-4V alloy, since 
the release of vanadium ions from the Ti–6Al–4V alloy 
may cause long term problems [1, 2]. The α and β phases 
is a bi-modal microstructure, this combination phase 
which have in this alloy and good in mechanical 
applications [3]. The application of Ti alloys as implant 
material is rare because of the complex fabrication 
process, quite high costs of the raw material and 
associated geometry design constraints [4]. Metal 
injection molding (MIM) could be a smart choice to 
overcome these problems. The advantages of MIM 
process is can reduce costs for a high numbers of 
component are produced for net-shape fabrication. 
Further more, MIM compromises unique design 
flexibility that is not readily achievable with other 
fabrication processes [5]. The traditional approach to 
experimental work is to vary one factor at a time, holding 
all other factors fixed. This method does not produce 
satisfactory result in a wide range of experiment settings 
[6].  

In this study, the Design of Experiment (DOE) 
method which is called Taguchi method is adopted to 
determine and optimize the sintering parameters. In 
recent years, the Taguchi method has become a powerful 

tool for improving productivity during research and 
development [7]. The effect of four factors: sintering 
temperature; dwell time; heating rate and cooling rate 
were investigated. The optimum sintering condition was 
proposed and confirmation experiments were conducted. 
 
2.      METHODOLOGY 

In this study L9(34) orthoganal array consisting 9 
experiment trials and 4 coloum is used as DOE followed 
by ANOVA to determine the significant level and 
contribution of each variables to the sintered part. The  
control processing parameters varied at 3 levels for the 
sintering prosess is listed in Table 1. The flow chart 
shown in Figure 1 for the simulation methodology.  
 

Table 1 Control parameters and its value 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1 Methodology flow chart 
 

3.    RESULTS AND DISCUSSION 
 The analysis of experiment density result is shown in 

Table 2. A linear data pre-processing method for the 
density is the larger-the better. Figure 2 shows the S/N 
ratio of each interaction where the optimum 
configuration becomes A2, B2, C1 and D2. 

 

Level 

Sintering 
Temperature 

(ºC) 
A 

Dwell 
Time 
(hour) 
         

B 

Heating   
Rate (s) 

 
C 

Cooling 
Rate (s) 

 
D 

1 1200 3 3 4 
2 1250 4 4 5 
3 1300 5 5 6 

 

Studying on theory with regard to 
vacuum sintering process 

parameters.  Obtained Experiments 
Design and Planning 

Start 

Prepare the brown part and 
determine the sintering parameters 
by using Taguchi method L9(34) 

Setting the parameters on sintering 
machine 

Confirmation test 

Run sintering operation 

Analyze the parameter responses 
with Mean Square Deviation, S/N 

ratio, Analysis of Variance 
(ANOVA), with Minitab software 

End 

Error < 5% 
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Table 2 Taguchi’s L9(34) ) orthogonal array 
demonstrates the value of experimental  

 
Experiment 

Factor Density (g/cm3) 
A B C D S/N Mean 

1 0 0 0 0 12.344 4.143 
2 0 1 1 1 12.486 4.210 
3 0 2 2 2 12.360 4.149 
4 1 0 1 2 12.485 4.210 
5 1 1 2 0 12.592 4.262 
6 1 2 0 1 12.595 4.263 
7 2 0 2 1 12.487 4.211 
8 2 1 0 2 12.621 4.276 
9 2 2 1 0 12.518 4.226 

     ∑ 37.95 
     T 4.2167 

 

 
Figure 2 Main Effect Plot for SN Ratio 

 
Each of the parameter was analyze using analysis of 

variance (ANOVA) which is standard statistical 
technique to provide a measure of confidence [8]. 
According to the Table 3, the sintering temperature 
(Factor A) with 43.73% and dwell time (Factor B)  with 
21.53 % contribution is the highest significant parameter 
that contributes to highest sintered part density.  

 
Table 3 ANOVA Results 

Factor Sum of 
Square 

Degree of 
Freedom 

Mean 
Square 

Variance 
ratio F 

Pure 
Sum of 
Square 

Percent 
Contribution 

A 0.033 2 0.017 17.206 0.031 43.734 
B 0.017 2 0.009 8.979 0.015 21.534 
C 0.002 2 0.001 0.938 -0.000 -0.166 
D 0.002 2 0.001 0.932 -0.000 -0.184 

Error 0.017 18 0.001 1 0.025 35.082 
Total 0.071 26 0.028   100 

(F0.05; 2; 18)= 3.55(Table-F) 
Confident Level: 95% 

4.    CONCLUSIONS  
Taguchi method is proven as an effective 

optimization tools for sintering process to produce Ti-
6Al-7Nb sintered part via MIM method. In order to 
achieve highest sintered density, the optimum 
combination of parameters achieved was A2, B2, C1 and 
D2, that is sintering temperature at 1250 ºC, dwell time 
at 4 hour, heating rate at 3 second and cooling rate at 4 
second.  The most influencing factor to the sintered 
density is sintering temperature, followed by dwell time, 
then heating rate and cooling rate is very less significant 
and can be neglected. 
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ABSTRACT – The selection and formulation of binder 
system play an important role in  Powder Injection 
Moulding (PIM). The rheological properties of  
feedstock need to be controlled because of it may results 
successfully injection moulded, debound and sintered 
without defects occurred. The first stage in PIM 
processing was applied to mix Hydroxyapatite (HA) 
with Palm Stearin (PS) and Polyethelyne (PE) binder 
system. Three feedstocks of 54, 55, 56 vol% powder 
loading were prepared through a Brabender mixer. The 
rheological behaviour, including flow behaviour index 
and flow activation energy of the homogeneous 
feedstock, were determined with a capillary rheometer. 
The results show, the F1, F2, and F3 feedstocks posses 
pseudo-plastic flow which is an important requirement 
in PIM processing. The F1, F2, and F3 feedstocks show 
flow behaviour indexes, n in the range of 0.16-0.24 and 
flow activation energies, E was 5.36, 6.91 and 14.35 
kJ/mol at a shear rate of 1000s-1. 
 
1.    INTRODUCTION 

Hydroxyapatite CaI0(PO4)6(OH)2 is an inorganic 
component where it is chemically and 
crystallographically identical to the natural bone. The 
hydroxyapatite (HA) properties is an extremely 
compatible material to biomedical applications 
especially for orthopaedic implantation[1]. It is a great 
bioactive material that allows new bone to grow from 
the natural bone into the implant [2]. In vivo study 
shown that the biological apatite layer was found on the 
surface of hydroxyapatite implant. The study also 
reported the apatite deposition was found and 
interacting or interlocking between synthetic 
hydroxyapatite and natural bone tissue existed[3].  

The excellence of HA capabilities caused this 
material to be an important bioceramic material in 
implantation. In Powder Metallurgy (PM), HA most 
frequently processed by plasma spraying [4], Cold or 
Hot Isostatic Pressing [5] and Powder Injection 
Moulding (PIM)[6]. Due to demand increased through a 
year, the most suitable processing method was PIM 
processing. Thus, this method is promising in mass 
production and shaping in bioceramic processing.  

The injectable of HA was depending on the 
selections of binder systems. There are several studies 
reported the used of polymers in HA such as high 
density polyethylene (HDPE), polyetheretherketone 
(PEEK), poly methyl methacrylate (PMMA),  poly (L-
lactide) (PLLA), Palm Stearin (PS), Stearic Acid (SA), 

Paraffin wax, EVA and collagen[7,8,9]. Tanner et al., 
reported that the used of HA polymer matrix 
(HA/HDPE) with 40% volume HA in implant was 
established over 3 years. The HA/PLLA composites 
provides sufficient mechanical support during healing 
period, but, cannot afford under high loading condition. 
While HA/PMMA composites reported that poor 
mechanical properties of structure[10]. The major 
problem was interfacial adhesion between HA particle 
between polymer matrix [6]. It was believed that 
because of absorption for HA is higher compared to 
metal when performing mixing process.  

The aim of this study is to analyze the rheological 
behavior of HA with PS and PE based polymer binder 
with different volume percentage of powder loading. 
The effects of powder loading on flow behavior will be 
analyzed for injection moulding purposes. 

2.    METHODOLOGY 
        The hydroxyapatite (HA) material used is 
manufactured by the TLS Technik GmbH, Germany, 
and Sigma, Aldrich. The size of non-calcined HA 
powders particles was measured using Malvern particle 
size analyzer. The distribution of particle size for HA 
which has D50 of 5.3μm. Pycnometer density of HA is 
3.3008 g/cm3 where its shape is agglomeration flakes. 
Table 1 indicates the powder loading of HA powders 
loading range of 54-56 vol % which is within powder 
loadings 50-55 vol% of ceramic injection moulding[11]. 
The HA feedstocks mixture with binders system is 
60vol% polyethylene and 40vol% palm stearin. 
 
Table 1 HA-PS/PE binder systems feedstocks 
Feedstock Powder 

Loading 
(vol%) 

HA 
(wt%) 

PE 
(wt%) 

PS 
(wt%) 

F1 56 82.32 10.61 7.07 
F2 55 81.72 10.97 7.31 
F3 54 81.11 11.33 7.55 
 
The critical powder volume concentration (CPVP) of 
the mixture is measured using the oil absorption 
technique based on ASTM: D- 281-12. A Brabender 
mixer is used to prepare the HA-PS/PE feedstock. The 
mixing temperature is 150oC for 3h at 25rpm for 
different powder loading. A RH Rosand 2000 capillary 
rheometer was used to measure the viscosities of HA-
PSPE feedstocks. The test was conducted at 
temperatures of  150oC, 160 oC, 170 oC and 180 oC with 
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the capillary die of 1mm diameter and length of 10mm 
(L/D=10). The results of viscosity and shear rate were 
measured in Pa.s and 1/s units respectively.  
 
3. RESULTS AND DISCUSSION 
 The pseudoplastic behavior of feedstock indicates 
decrease viscosities with increasing shear rate. The 
behavior of feedstock was calculated according to the 
following power law Eq. (1). 
 η = Kγn-1                 (1) 
where a η nd K are the flow behavior indexes for 
viscosity and constant. The feedstock with pseudoplastic 
behavior has an n value less than 1, whereas the 
feedstock with n = 1 is called Newtonian. Figure 1 
shows the viscosity-shear rate graph of the Feedstock F1 
derived in the rheological result. Based on the graph 
shows that the power law, an exponent n ranging from 
0.12-0.2 represents a pseudoplastic behavior. The 
viscosity decreasing at higher shear rate due to shear 
thinning. The measured viscosity and shear rate are 
range 10-1200Pa.s and 50–5000 s-1 respectively. Figure 
2 shows graph temperature dependency of viscosity 
which is plotted based on approximation, Arrhenius 
equation Eq. (2), where can describe the correlation 
between viscosity and temperature. 
η = ηo exp                                                              (2) 
where η is the mixture viscosity and ηo is the viscosity at 
the reference temperature, E is the flow activation 
energy, R is the gas constant, T is the temperature in 
Kelvin, K unit. Based on Eq. (2) The derived flow 
activation energy, E values for F1, F2 and F3 feedstocks 

are 5.36, 6.91 and 14.35 kJ/mol at a shear rate 1000 s-1. 
The higher values of E the more sensitivity the 
feedstock to the temperature.  

 
Figure 1 The graph of viscosity versus shear rate 
showing data fits to the power regression lines. 
 

    
Figure 2 Correlation between viscosity and temperature 
of feedstock. 
 
4.    CONCLUSIONS 
The shear rate and viscosity formulations of HA 
feedstocks are in the range of suitable for PIM 
processing.  The flow behavior index n is range 0.12-0.2 
where n< 1 indicate that the pseudoplastic behavior 
existed. While, the flow activation energy, E for F1,F2, 
and F3 were 5.36, 6.91 and 14.35 kJ/mol respectively. 
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ABSTRACT – In present work, the effect of slurry and 
stucco coating thickness on microstructure and 
mechanical properties of aluminum alloy (LM6) 
produced by investment casting technique was 
investigated. Ceramic mold with four different layers 
(2mm, 4mm, 6mm, and 8mm) of thickness was 
prepared from aluminum oxide as slurry and stucco. 
From the analysis of the tensile strength, the optimum 
coating thickness with the highest result that is 161.67 
MPa is on the 3rd layer of coating. Furthermore, the 
addition layer of coating thickness will not affect the 
structure of aluminum alloy (LM6). The microstructure 
pattern shows the eutectic silicon formation at the wall 
of the mold has higher intensity compared to the center. 
The results show coating thickness gives a significant 
effect on the microstructure between the wall and the 
center. The heat transfer of the thinner coating is faster 
in comparison to thicker coating. Indirectly, it forms 
high density needle silicon formation at the wall and 
gives a better strength to the alloy.  
 
1. INTRODUCTION 

 Aluminium utilization in automotive industry is 
predicted to increase up to 340kg per vehicle in 
consideration with the body panel, engine part and 
structure application in the year 2015 [1]. Investment 
casting is also known as lost wax casting or precision 
casting which is widely used for producing complex 
geometries of ferrous and non-ferrous metal product. 
Furthermore, it will be able to produce dimensionally 
accurate and high quality intricate shapes components 
with good surface finish and the investment casting 
process is also generally used to produce small, thin 
walled castings with wax as a medium of pattern [2, 3].  
Apart from these advantages, it also exhibits a very low 
surface roughness compared to sand cast component, 
thus reducing machining cost [5]. W.jiang, studied the 
wall thickness of A356 aluminium alloy and had 
discovered that the α-Al phase and eutectic silicon 
particles evolve from a fine dendrite to course dendrite 
and from fine fibrous structure to a coarse plate like 
structure [6].  

   
 
2. METHODOLOGY 

 A wax was poured into aluminum molds to obtain 
the shape of tensile test specimen with a runner at the 
middle and the tensile test specimen was design 
according to the ASTM B557M. Once a wax pattern is 
produced, it is assembled with other wax components 
on the main runner to form a casting cluster or wax 
pattern tree as show in figure 1(a). Next, the entire wax 
pattern tree is dipped into ceramic slurry and is stuccoed 
at the wet surface. Both of the process was completed as 
1st coating. The process was repeated with the 3rd, 4th, 
5th, 6th layer of coating. Once the ceramic mold was 
dried, the entire wax pattern was placed into a steam 
autoclave to remove the wax. 
 A commercial Al-11.5Si-0.6Fe-0.5Mn shown in 
table 1, ingot was place in a crucible and is melted in 
the resistance heating furnace at temperature up to 
750±5°C. Meanwhile ceramic mold was preheated in 
the firing furnace at temperature up to 850°C. The ingot 
was melted and poured into the hot ceramic mold at 
680°C of pouring themperature and was cooled at a 
room themperature as shown in figure 1(b). After as-
cast was cooled sufficiently, mold shell was chipped 
away from the as-cast according to the figure 1(c) and 
tensile test  specimen was cut from the as-cast figure 1 
(d).      
 

  
        a)                b)                  c)                    d) 
Figure 1 a) wax pattern tree, b) ceramic mold, c) 
aluminium alloy was chipped away from as-cast, d) 
tensile test specimen. 
 

Table 1 Chemical composition of LM6 
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Element  Si Fe Cu Mn Mg Ni  Zn Al 
Percent 
(%) 

11.5 0.6 0.1 0.5 0.1 0.1 0.1 Bal 

 Specimens with different coating thickness went 
on the tensile test and the results are obtained. Tensile 
results were analyzed and were plotted tensile stress vs 
tensile strain graph. In other hand, microstructure of the 
alloy was analyzed under image analyzer with 5x to 20x 
magnification.       
 
3. RESULT AND DISCUSSION 
 
 The highest value of the maximum tensile stress 
was 161.67 MPa which came from the 3rd coating 
thickness and the lowest value of the maximum tensile 
stress was 136.67 MPa which came from the 6th layer 
of coating thickness. For the 4th and 5th layer of coating 
thickness, the maximum value of tensile stress is 154.67 
MPa and 155 Mpa respectively. All of the values of 
tensile strength were referred to the value on 
S.Samsuddin et al [1] as a referance. Although the 3rd 
coating thickness have the highest tensile strength, the 
yield strength was understandably low at 76 MPa in 
comparison to the 5th coating thickness. Table 2 shows 
the tensile properties of each of the coating thickness.   
 

Table 2 Tensile properties of each coating thickness 
layers of coating thickness 
 
 From table 2, the thin coating thickness of ceramic 
mold gives a significant effect on the strength of the 
aluminum alloy because of the heat transfer between the 
mold and the molten metal and the gas permeability was 
faster than thick coating. On the other hand, the 
formation of the eutectic silicon structure at the wall 
was at higher intensity and fair at the center (Figure 2). 
The morphology of the aluminum formation is almost 
the same as S.Farahany et al with strontium as the 
modification element and needle flake appeared at of 
the microstructure. 
 
 
 
 
 
 
 

Figure 2 Microstructure for 3rd coating thickness a) wall b) 
center c) wall 

4. CONCLUSION  
 
 In conclusion, the solidification behavior of LM6 
alloy with different coating thickness has been 

investigated. Through microstructure and tensile test, 
the optimum coating thickness that affect the strength of 
LM6 alloy has been obtained. Three layers of coating 
are the highest value in maximum tensile stress, 161.67 
MPa and maximum load, 27160.56 MPa and high 
eutectic silicon formation at the wall makes the bonding 
between grains to be improved. With this research 
project, it will benefit  the investment casting industry to 
save cost on raw material especially by buying the 
refactory materials that will eventually contribute to the 
highest cost on the total production. 
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Layer of 
coating 

Tensile 
stress MPa  

Average of 
yield 
strength 
MPa 

Modulus 
of 
elasticity 
GPa 

Max load 
kN 

 
 

3 161.67 76 52 27.16  
4 154.67 84 88 25.98  
5 155 108 64 26  
6 136.67 68 80 22.96  

 

b c a 



Advanced Processes and Systems in Manufacturing An International Conference 2016 
28 ~ 30 August 2016- Kuala Lumpur, pp. 11-12 
  
 
 

11 
 

Surface evaluation of rotary ultrasonic assisted machining technique for 
hardened steel material 

R. Azlan 1,2*, R. Izamshah1, M. Hadzley1, M.S. Kasim1, M. Arfauz1, M. Akmal1 

 
1)Faculty of Manufacturing Engineering, Universiti Teknikal Malaysia, Melaka 

Hang Tuah Jaya, 76100 Durian Tunggal, Melaka, Malaysia 
2)Department of Mechanical Engineering,  

Politeknik Melaka, Balai Panjang,  
Plaza Pandan Malim, 75250 Melaka, Malaysia. 

 
*Corresponding e-mail: p051410004@student.utem.edu.my 

Keywords: Hardened steel; Ultrasonic assisted vibration machining; Surface roughness. 
 
ABSTRACT – The requirement for an excellant surface 
finish especially for the mold and die application posed 
several challenges for the manufacturer. In general, 
most of the mold and die material are made from 
hardened steel (~40-60 HRc). The high strength of these  
materials reduced the capability of the conventional 
machining technique. Poor machined surface and high 
tool wear rate are some of the problems associated with 
the conventional machining of this material. To 
overcome this problem, this paper proposed a hybrid 
machining process by adding an ultrasonic transducer to 
the normal tooling system (UAM). Experimental work 
consist of comparing between ultrasonic machining and 
conventional machining for different parameters, 
namely cutting speed, feed rate and machining depth 
has been done to validate the effectiveness of the 
proposed technique in improving the surface roughness 
value for machining hardened AISI D2 material. The 
technique of design of experiment (DOE) employed is 2 
level factorial design with 3 factors. From the conducted 
machining test, it shows that the presence of the 
ultrasonic vibration has significantly improved the 
machined surface roughness with up to 85% reduction 
in Ra value compared to the conventional machining 
process on the same cutting condition. In addition, from 
the macroscopic observation of machined surface shows 
that the surface produced from ultrasonic machining is 
uniform and with consistent peak to peak value which 
improved the surface finish. 
 
1. INTRODUCTION 

In the mold and die industries, the requirement for 
an excellent machined surface finish is crucial, in order 
to reduce the manual polishing process, which are costly 
and time consuming [1-3]. Currently, conventional 
machining process employed for the mold and die 
material (hardened steel with ~40-60 HRc) creates 
several challenges such as poor machined surface, high 
cutting force, extreme machining temperature and rapid 
tool wear [4-6]. To overcome the issues brought  by the 
conventional machining process, a hybrid machining 
process is proposed, namely ultrasonic assisted 
machining (UAM). UAM involves the use of ultrasonic 
vibration frequency, ranging between 20-40 kHz  that is 
transmitted to the rotating cutting tool.  

By incorporating the ultrasonic frequency to the 
rotating cutting tool, the vibration oscillation amplitude 

of the tool is altered that had imposed a static pressure 
on the workpiece surface grains, in which the workpiece 
surface is hammered into, and finally a peening surface 
is produced that improved the surface finish by reducing 
the peak height produced from the milling cutter. In 
addition, the transmitted oscillating vibration also 
reduced the contact pressure between the cutting tool 
and the workpiece, thus reducing the machining force 
and temperature that consequently prolongs the cutting 
tool life. 

This study was conducted to evaluate  the surface 
finish between ultrasonic machining and conventional 
machining for different parameters namely cutting 
speed, feed rate and machining depth on hardened AISI 
D2 material. In addition, macroscopic observation of the 
machined surface was also employed to evaluate the 
phenomena of the cutting process. 
 
2. METHODOLOGY 

The material used in this study was AISI D2 tool 
steel with the hardness of 51 ± 2 HRc with the 
dimension size of 125  mm X 100 mm X 19 mm 
(WxHxL). Details of the material chemical 
compositions for AISI D2 tool steel were tabulated in 
Table 1. All tests were done using HAAS VF-1 3 axis 
CNC milling machine, and for the ultrasonic machining 
tests, a BT40 ultrasonic tool holder with a frequency of 
23.83 kHz and amplitude of 2 m was used. Figure 1 
shows the ultrasonic tool holder used in the experiment. 
A total of 8 runs of slot machining tests were performed 
using 2 flutes carbide flat end mill with 6 mm diameter.  

 
Table 1:  Chemical compositions of AISI D2 

Composition C Si Mn Cr Mo V 
% weight 1.55 0.3 0.4 11.8 0.8 0.8 

 
Figure 1 : Ultrasonic tool holder 

 
The surface roughness of the cutting slot was 
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measured by using a portable surface roughness tester 
(SJ 301). The arithmetic average value of surface 
roughness, Ra, was set throughout the experiment. The 
measurement was repeated 10 times on horizontal (feed 
direction) for every sample. The machining process was 
carried out for different parameters, namely cutting 
speed, feed rate and machining depth of cut. A full 
factorial design of experiment with two levels of each 
factor as the design of experiment tool. Details of the 
cutting parameter are tabulated in Table 2.  
 

Table 2:  Two  levels cutting parameter 

 
3. RESULTS AND DISCUSSION 

The measured machined surface roughness were 
tabulated in Table 3 and graphically presented in Figure 
2. From the experimental result, the observed surface 
roughness values for conventional machining ranged  
between 0.32 m to 3.48 m, whereas for the ultrasonic 
machining the surface roughness ranged between 0.27 
m to 1.11 m. The finest and the lowest values of 
surface roughness was 0.27 m at 0.6 m/min (cutting 
speed), 5 mm/min (feed rate) and 12 m (depth of cut) 
with  ultrasonic assisted machining. In addition, the 
effects of machining parameters also affects the surface 
roughness value that needs further investigation.  

The obtained result clearly shows the improvement 
of surface roughness values with the presence of 
ultrasonic vibration with up to 85% reduction in Ra 
value compared to conventional machining process on 
the same cutting condition. In addition, the macroscopic 
observation of machined surface shows that the surface 
produced from ultrasonic machining is uniform and 
with consistent peak to peak value which improved the 
surface finish as shown in Figure 3. 

 
Table 3. Results of  surface roughness of machined 

surface without ultrasonic and  ultrasonic  

Run Vc 
(m/min) 

f 
(mm/min) 

Ap 
(m) 

Surface  
roughness,  

Ra(m) 

Conventional Ultrasonic 
 

1 0.6 100 10 0.87 0.69 
2 0.6 100 12 0.83 0.77 
3 3 5 12 0.32 0.27 
4 3 100 10 3.47 2.59 
5 3 100 12 3.48 0.52 
6 0.6 5 10 3.33 0.87 
7 3 5 10 2.36 0.48 
8 0.6 5 12 2.84 1.11 

 
4.   CONCLUSIONS 
This paper demonstrated that the presence of ultrasonic 
vibration on the rotating cutter significantly improved 
the surface roughness value. The best selection of 
machining parameters with ultrasonic assisted 

machining are 0.6 mm/min (cutting speed), 5 mm/min 
(feed rate) and 12 m (depth of cut) with 0.27 m of  
surface roughness value.  
 

 
Figure 2: Comparison of surface roughness result 
between conventional machining and ultrasonic 

machining.  
 

 
Figure 3: Conventional machining surface (left) and 

ultrasonic machining (right). 
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      DOC 
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ABSTRACT –  Powder injection molding (PIM) is a net-
shaping process that can fabricate complex shapes of 
products in large quantities using metal and ceramic 
powder. There is no report on the fabrication of Ti6Al4V-
W composite through PIM process. Ti6Al4V and W was 
found to be a  biocompatible material and has been 
widely used in bone implant application. In this study, 
90wt.% of Ti6Al4V and 10wt.% of W was successfully 
mixed based on the 67vol.% powder loading by using 
palm stearin and polyethylene as a binder system. The 
rheological properties of the feedstock were analyzed 
using Shimadzu CFT-500D capillary rheometer. It was 
shown that at 130°C and 150°C, the flow behavior of the 
feedstock was dilatant compared to 170°C which is 
pseudoplastic flow. The lowest activation energy 
obtained was 0.227 kJ/mol. The feedstocks produced are 
in the range of injectability index for PIM process. 
 
1. INTRODUCTION 

Powder injection molding (PIM) is a manufacturing 
process that combines plastic injection molding and 
powder metallurgy which can produce high product 
density, complex shapes, high mechanical properties and 
better surface finish than powder metallurgy products [1]. 
This process consists of four main steps: mixing, 
injection molding, debinding and sintering [2]. Titanium-
based alloys (Ti6Al4V) has been widely used in 
biomedical implants which can give sustainabity of large 
forces and retain the shape after patient physical activity 
[3]. The advantages of using Ti6Al4V are high 
biocompatibility, low modulus and resistance to 
corrosion [3]. Wollastonite (W) is a natural calcium 
silicate ceramic (CaSiO3) that has been extensively used 
as a bone tissue regeneration because of their superior 
bioactivity  and biocompatibity compared to 
hydroxyapatite (HA)[4]. Some investigators have 
reported that wollastonite are bioactive and observed that 
the formation of apatite on CaSiO3 ceramics is faster than 
that on other bioglass and glass-ceramics in simulated 
body fluid (SBF) [5, 6]. This combination of Ti6Al4V 
and W can give high mechanical properties and 
biocompatible composite which is expected to have more 
broad practical applications especially for the bearing 
implants. The objective of this study is to determine the 
rheological behavior of Ti6Al4V-W composite for 
powder injection molding process. 
 

2. METHODOLOGY 
Figure 1 (a) and (b) shows the scanning electron 

micrograph of Ti6Al4v and W respectively. 90wt.% of  
titanium alloy (Ti6Al4V) powder with an average 
particle size 19.6 μm purchased from TLS Technik 
GmbH & Co, Germany, was mixed with10wt.% of 
wollastonite (W) powder with an average particle size of 
8.7 μm purchaced from CNPC, China. There are two 
types of binder used which are 60wt.% of palm stearin 
(PS) and 40wt.% of polyethelene (PE). The powder and 
binder was mixed together using Brabender mixer at 
150°C based on 67.0 vol.% powder loding. The 
rheological testing was carried out using Shimadzu CFT-
500D capillary rheometer with 0.1 mm diameter of die. 
The temperature tested was 130, 150 and 170°C based on 
highest melting temperature of binder which is PE with 
loads of 20, 30, 40 and 50 kN. 

 
  

 
 
 
 
 
 
 
Figure 1 SEM micrograph of (a) Ti6Al4V powder 

and  (b) Wollastonite powder 
 

3. RESULTS AND DISCUSSION 
Based on the critical powder volume percentage 

(CPVP) value of Ti6Al4V-W mixture, the result was 
69.0vol.%. German and Bose (1997) stated that the 
optimal powder loading is 2-5% below the CPVP value 
and 67.0vol.% was chosen [7]. 

 
A PIM feedstock is basically considered a 

pseudoplastic fluids that indicate the viscosity of the 
feedstock which decreases with increasing shear rate [8]. 
Figure 2 shows the graph of viscosity against  shear rate 
based on variable temperatures of 130, 150 and 170°C. 
When the temperature are 130°C and 150°C, the 
feedstock indicates dilatant flow behavior which is 
viscosity increase with increasing shear rate. When the 
temperature increase to 170°C, the flow behavior change 
to pseudoplastic behaviour which is viscosity decreases 
with increasing sheat rate. 

(a) (b) 
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Figure 2 Graph of viscosity against shear rate for 

Ti6Al4V/W feedstock 
 

 The dilatant flow behavior at 130°C and 150°C 
differed from the preferred type of the feedstock with 
pseudoplastic flow characteristics in PIM. However, the 
measured viscosity and the shear rate are in the range of 
13-20 Pa.s and 2000-10000s-1 which are the injectable 
range of the feedstock for PIM process (viscosity below 
1000 Pa.s and shear rate ranging from 102-105 s-1). This 
is due to the feedstock that do not melt completely 
resulting in higher fraction to extrude the die of capillary 
rheometer. It was shown that by increasing the 
tempereature, the viscosity of the feedstock decreases. 
Temperature of 170°C shows the pseudoplastic behavior. 
At this rate, the expansion of the binder happened with 
the disentanglement of the molecular chain by fluctuation 
of the random molecular structure [9]. 
 
 Sensitivity of the feedstock towards the pressure 
and changing of environment temperature was 
determined by the Arrhenius equation measured by the 
activation energy, E (kJ/mol). The feedstock with small 
E value is preferable since less defects will be produced 
due to the low sensitivity towards pressure and 
temperature changes. Figure 3 shows the graph of 
activation energy. The E value measured was 0.27 kJ/mol 
is much smaller compared to other research reported by 
Foudzi et. Al (2013), which has successfully produced an 
injected sampel without defects [8]. This characteristic is 
very important during the injection molding process, 
where defects such as cracks and deterioration can be 
avoided. 
 

 
Figure 3 Graph of activation energy for 67.0vol.% 

Ti6Al4V/W feedstock. 

4. CONCLUSIONS 
The flow behavior of Ti6Al4V/W feedstock were 
both dilatant and pseudoplastic behavior in the 
rheological properties. However, the value of the 
viscosity and the shear rate are in the range of 
injectable for powder injection molding process. 
The activation energy shows that the feedstock is 
less sensitive towards pressure and temperature 
changes which can gives less defects during 
injection molding process. It can be concluded that 
the Ti6Al4V/W feedstock can be injected during 
injection process. Variable ratio of Ti6Al4V and W 
will be considered in future works in order to obtain 
an optimized feedstock suitable for PIM process. 
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ABSTRACT – Thermal management has become a key 
design for electronic systems due to increasing need for 
product functionality and size reduction. Thermal 
management is an important design consideration to 
ensure the reliability and performance of the products 
produced. This review focused on the techniques of 
processing heat and materials which involve Metal 
Matrix Composite (MMC). The technique of processing 
is a common way for producing heat sinks which are 
extrusion, stamping, injection molding and die casting. 
Typical materials used in thermal management 
application are silver, copper, gold, diamond and 
aluminium for rapid transfer of heat from high power 
devices. However, thermal management also become 
barriers and challenging to related electronic industry in 
improving devices and performances of the products 
with the increasing variation of electronic products. 
 
1. INTRODUCTION 
Modern generations have switch towards the device 
using electronic components that process high power 
dissipation. The continuing trends for size reduction, 
compact size and smaller components increase the 
importance thermal management to ensure reliable 
operation. Thermal management is essential to be fully 
understand in order to obtain a reliable product that can 
process high power dissipation and a system that 
enables heat distribution. Thermal management 
application is used to achieve a loss reduction in 
transient conditions for better utilization and to reduce a 
failure related to over temperature [1]. If the 
environmental temperature is extremely low, the heat of 
electronic components will increase to achieve 
satisfactory operation under safe temperature. Proper 
package and better performance of a system is ensured 
by transferring heat out of the system or heat dissipation 
method. Heat dissipation is important in improving the 
performance of electronic devices and materials with 
high thermal conductivity which are typically used for 
effective heat dissipation of a component[2].  
 However, the increasing trends for product 
variations and size reduction  have became barriers and 
challenging to the related electronic industry in 
improving their devices performance. Thermal 
challenges may limit the effectiveness of overall 
application and system. Due to this problem, the 
compatibility of the materials used for heat dissipation 
become vital and many industries tend to come with 
advanced materials with high thermal conductivites for 
better performance system. The effectiveness of heat 
spreading material is related to its thermal conductivity 

[3]. This paper will briefly discuss the technique of 
processing heat, common materials for thermal 
management and the latest materials used. 
 
2. TECHNIQUE OF PROCESSING 
Nowadays, the most common for cooling devices is air 
cooling using heat sinks. The most common way to 
manufacture heat sinks are extrusion, stamping, 
injection molding and die casting. 
 
2.1    Extrusion 
Extrusion is a process which a solid block is converted 
into a continuous length of uniform cross-section by 
forcing to flow under a high pressure and practical 
process to yield the sectional materials such as sheets 
and bar [4]. Extrusion is also the most widely used 
method for heat sink [5].  
 
2.2    Stamping 
Stamping is a process that use a power press and fit with 
a metal stamping die. Stamping can manufacture any 
size of heat sink and stamping is also advanced 
technology that produce automotive components with 
tensile strength up to1500MPa [6]. 
 
2.3    Injection Molding 
Injection molding is  a process for producing parts by 
injecting the material into the mould. Injection 
moulding process manage to produce large amount of 
high quality parts with high accuracy in a short period 
of time [7]. In the increasing demand of compact and 
small components of electronic components, injection 
molding is a suitable technique as injection molding can 
produce small and high detailed metallic parts[8].  
 
2.4   Die Casting 
Die casting is the process when molten metal are forced 
under high pressure into mold cavities. This process is a 
cost efficient technique in producing casting from 
aluminium, zinc, magnesium and copper based 
alloys[9]. These materials have high thermal 
conductivities which is suitable for heat dissipation but 
the heat sink may be worsened by porosity evolving 
during solidification[5]. 
 
 
 
3. MATERIALS 
 
3.1    Main Materials 
Thermal conductivity of the materials is vital to 
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dissipate heat faster and increase the effectiveness of the 
heat spreading materials. Aluminium and copper are two 
most common and widely used materials for heat-
spreading materials because they have high thermal 
conductivity [10]. Silver, gold and diamond which also 
have high thermal conductivity and commonly used as 
the main materials for heat sinks. 
 
3.2    Fillers 
The filler is used to reinforce the main materials used in 
the operation. Nowadays, graphite also actively use as 
filler for heat dissipation. Graphite has high thermal 
conductivity and can be used for heat sinks depending 
to the thickness, geometry and size[11]. Carbon 
nanotubes also has been used as a filler in copper matrix 
nanocomposites. The experimentally measured that the 
thermal conductivites of composites increases with the 
additional of these fillers[12].  
 
3.3    Metal Matrix Composites 
Metal Matrix Composites (MMC) are the composite 
materials with at least two constituent part one is a 
metal and other material is metal or another material 
such as ceramic. Aluminium and its alloy are the most 
commonly used matrix material due to good thermal 
conductivities and better corrosion resistance [13]. 
There are several considerations in preparing MMC 
which are the difficulity in achieving a uniform 
distribution of the reinforcement material, the ability of 
two main substances to make contact, the porosity and 
the chemical reaction between the reinforcement 
material and the matrix alloy[14]. Aluminium Silicon 
Carbide(AlSiC) is the example of composite material 
used for thermal management.  AlSiC composite 
material is currently providing integrated thermal 
management solutions for microprocessors. The thermal 
conductivity of AlSiC can provides reliable thermal 
dissipation which is 180 W/mK [15]. 
 
4. CONCLUSIONS 
The thermal management is essential for designing and 
developing a product. In order to prolong the lifetime 
and performance, the products must be kept cool under 
all drive and during the operating conditions. The 
fundamentals of heat transfer and a full understanding 
of the heat processing techniques and materials used are 
needed to properly design the products. Thermal 
simulations and testing should be used to optimize and 
measure the performance of each products produced. 
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ABSTRACT–Stainless steel and Zirconia have become 
attractive choice of powder injection molding (PIM) 
materials because of their respective excellent 
mechanical and thermal properties.These are often 
combined deliberately to produce functionally graded 
components. The characterization and rheological 
investigations of the materials are thus  indispensable 
for successful implementation of subsequent stages of 
the PIM process. In this investigation, the powder 
materials were characterized. Two feedstocks consisting 
of solid loadings of 68% and 50% for stainless steel (17-
4PH) and 3mol% yttria stabilized zirconia (3YSZ) 
respectively, were prepared based on optimal loading 
within 2-5% lower than the critical value. A common 
binder was employed comprising of 60% palm stearin 
and 40% polyethylene. The rheological results for the 
two materials exhibited pseudoplastic and shear 
thinning behavior indicated by a decrease in velocity 
with increasing shear rate. The results also show that a 
temperature of 1300c is considered appropriate for 
injection molding of SS17-4PH and 3YSZ with solid 
loadings of 68% and 50% respectively.  
 
1. INTRODUCTION 

PIM applications will continue to expand as a 
result of constant development and increased demand 
for integration of a number of functions in many 
structural and functional components.The PIM process 
is a net shape manufacturing process developed from a 
combination of excellent shaping capability of plastic 
injection molding and flexibility of powder metallurgy 
[1]. The implementation procedure is usually based on 
four processing steps; mixing, injection molding, 
debinding and sintering. A homogenous mixture of 
powder and binder termed ‘feedstock’ is granulated and 
injection molded to produce a green compact. The 
binder is  subsequently extracted and the compact 
sintered to obtain the final component at near full 
density. 

The powder and binder characteristics are 
fundamental to successful PIM processing. Therefore it 
is important that a precise balance is maintained 
between powder attributes, binder composition, and 
ratio of powder to the binder. The stainless steel (17-
4PH) and zirconium (3YSZ) powder material have been 
selected for this study. Stainless steel (17-4PH) is 
widely used in PIM industries. It is also used as  
structural materials in many applications due to 
excellent mechanical properties. On the other hand, 

3YSZ has been extensively investigated and widely 
used because of its exceptional mechanical and 
functional properties such as high toughness, oxygen 
diffusivity and low thermal conductivity[2]. One of the 
dominant powder characteristics is the optimum solid 
loading which is estimated based on the critical solid 
loading.The critical solid loading corresponds to a 
composition where the particles are in point contact and 
the interspaces filled with binder. Molding is usually 
performed at the optimum solid loading which is taken 
as 2-5% lower than the critical value[1]. The binder is 
well known to be the key component which provides 
formability and flowability required for molding[3].  

 The key variable describing the rheological 
behavior of the PIM feedstock is viscosity. It plays a 
great influence on the constant flow  and uniform filling 
of feedstock into the mold cavity. Good rheological 
evaluations will eliminate those conditions that cause 
flow instabilities during molding, thus avoiding defects. 

This research focuses on characterization and 
rheological investigation of selected PIM materials as a 
prelude to  two component PIM fabrication. 
 
2. METHODOLOGY 
         The morphology of the SS17-4PH and 3mol%YSZ 
powders were observed using Scanning electron 
microscope(SEM) and Field emission scanning electron 
microscope(FESEM) respectively and are shown in 
figures(1a) and(1b). The SS17-4PH powder was 
supplied by Sandvick Technologies Ltd and had a mean 
size of 22μm according to the manufacturer’s 
specification. The 3mol%YSZ powder supplied by 
Nabond Technologies Co Ltd had a mean size of <5μm 
as indicated by the  manufacturer. The densities of 
SS17-4PH and 3mol%YSZ were determined as 
7.78g/cm3 and 5.96g/cm3 respectively using a Helium 
Pycnometer.In this investigation, the binder system used 
composed of 60%Palm stearin(PS) and 40% Low-
density polyethylene(LDPE).The binder characteristics 
were determined using Differential scanning calorimeter 
(DSC) and Thermogravimetric analyzer(TGA). The 
feedstocks for the two materials were prepared 
separately.  Mixing of the feedstocks was performed on 
a Brabender mixer at a speed of 30rpm and temperature 
of 1400c. Homogeneity of the feedstocks was obtained 
when the torque maintained a steady value for 
30minutes. The Schimadz capillary rheometer was 
subsequently used to evaluate the deformation 
behaviour of the feedstocks with temperature varied 
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from 1300c to 1500c.  
 

 
 
Figure 1 FESEM and SEM photograph of (a) 3YSZ and 
(b) SSI7-4PH                     
 
3. RESULTS AND DISCUSSION 

From the DSC result,the melting points of the 
binder components are indicated by the peak 
temperatures corresponding to 630c and 124.70C for PS 
and LDPE respectively. This peak represents the 
temperature at which maximum heat absorption 
occurs.The LDPE binder shows a higher melting point 
and therefore mixing and molding must be performed at 
a temperature above this point. On the other hand, the 
mold temperature must be maintained at a temperature 
below the lower melting point (630c) to avoid adherence 
of the molded part to the mold cavity. 

 In this investigation, a solid loading of 68% and 
50% for SS17-4PH and 3YSZ powders respectively 
were choose based on optimal loading within the range 
2-5% lower than the critical value. A high solid loading 
was preferred to minimize shrinkage during subsequent 
steps such as debinding and sintering[4]. However, 
excessive solid loading is unacceptable because of 
molding difficulties. It is well  known that the volume of 
the binder reduces the volume of the powder is 
increased, thus increasing the viscosity. 

  The rheological properties of the feedstocks are 
evaluated based on the temperature dependent viscosity 
profiles versus shear rates. An appropriate range of 
shear rates are usually between 102- 105s-1while 
maximum viscosity is 103pa.s. Rheological results for 
the two feedstocks indicate pseudoplastic behavior 
(shear thinning, n<1),where viscosity decreases with 
increase in shear rate (See Figures 2&3). The reason 
may be due to particle alignment or binder molecule 
orientation and streamlining with the flow[1]. The flow 
behavior index (n) indicates the sensitivity of viscosity 
to shear. Feedstocks with a low value of n exhibit 
minimum changes of viscosity by variation of the shear 
rate during injection molding[5].However, the 
extremely low value of n results in viscosity drop at 
high shear rate regions and is related to molding defects 
such as jetting and powder-binder separation.Thus a 
temperature of 1300c is selected for injection molding of 
the feedstocks (See Table1). The activation Energy(E) 
indicates the sensitivity of the viscosity to temperature. 
Thus a high value of E means that any small 
temperature fluctuations result in sudden viscosity 
change and vice versa. 

 
               Figure2 Rheological behavior of 3YSZ 
 

 
             Figure3 Rheological behavior of SS17-4PH 

 
                      Table1Rheological data  
Material   Powder   Temp.  Flow   Material  Powder  Temp.  Flow 
                 Loading    (0c)  Index(n)             Loading    (0c)    Ind.(n) 
SS17-4PH    68%     130      0.64    3YSZ     50%        130      0.44 
  (E=3.7)                   140      0.70   (E=I54)                   140      0.61 
                                 150      0.32                                  150      -0.01                                   
4. CONCLUSIONS 

The characterization and rheological investigations 
of the PIM materials were successful. The result 
demonstrated that the powder loadings of 68% and 
50% for SS17-4PH and 3YSZ respectively 
exhibited considerable rheological behavior 
desirable for injection molding.It further shows 
that a temperature of 1300c is suitable for molding. 
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ABSTRACT – Hydrofluoric and Nitric acids solution 
with additional of water were tested as pickling 
solutions for 316L stainless steel before application of 
hydroxyapatite coatings. Pickling was explored at room 
temperature for 5-10-15 min. The microstructure, 
surface morphologies and surface roughness of 316L 
stainless steel treated by acid pickling were studied in 
this study. Microstructure and surface morphologies of 
the surface layer were investigated by the optical 
microscope (OM), scanning electron microscope (SEM) 
and X-ray diffraction (XRD). Surface roughness has 
been measured by using perthometer (Mahr). The 
experimental result shows that increment of surface 
roughness when longer exposed to the acids solution. 
 
1. INTRODUCTION 

The use of austenitic stainless steel of the type of 
316L as the most economical alternative for orthopaedic 
implants compared to the other usual Co-Cr or Ti alloys 
since to reduce the costs of public health services. 316L 
stainless steel is widely used in orthopaedic surgeries 
like joint replacement and fracture owing to their 
general corrosion resistance, high mechanical strength 
and excellent biocompatibility [1-3]. The low carbon 
content in the 316L stainless steel provided an improved 
corrosion resistance in body fluids. Besides, the 
presence of 2 to 4wt.% Mo increases the resistance to 
pitting corrosion. 
       However, on account of the chemical composition 
and austenite microstructure, austenitic stainless steel 
has low mechanical strength and poor wear resistance, 
which have been the main obstacles hindering its 
application [4]. Also, oxide scale, burr and oil 
contamination, which are formed during the machining 
process, are also inconvenient for the subsequent 
operations such as welding and assembly. 
 
Acid pickling is used to remove the surface impurities, 
such as rust, oxidation scale and stains [4, 5]. And 
passivation is the chemical treatment with a mild 
oxidant, such as a nitric acid solution, for the purpose of 
the removal of free iron or other foreign matters and 
enhancing the spontaneous formation of the protective 
passive film [6]. 

The aim of this work was to develop pickling 
solution for 316L stainless steel and to determine the 
effect of this pickling process on microstructure and 

surface roughness of the substrate. Microstructure and 
surface morphologies of the surface layer were studied 
by the optical microscope (OM), scanning electron 
microscope (SEM) and X-ray diffraction (XRD). 
Besides that, surface roughness has been measured by 
using perthometer. 
 
2. METHODOLOGY 
        The metal substrate employed for this study is a 
commercial 316L stainless steel disc of 3 mm thickness 
and 15.8 mm diameter. The chemical composition is 
shown in Table 1. The metal substrates are fabricated by 
selective laser melting (SLM) process. 

All the substrates undergo annealing process at 
1120oC for two hours in flow argon atmosphere and 
cooling inside tube furnace for at least four hours. Then, 
annealed substrates are pickled into 7.5 ml nitric acid 
(HNO3) with additional of 5 ml hydrochloric acid (HCl) 
and 37.5 ml of water for removing the oxide scales and 
unwanted substances. The acid pickling process is 
conducted room temperature with different immersion 
times; 5-10-15 minutes. 

 
Table 1   chemical composition (wt.%) of the 

employed 316L stainless steel. 
Componen

t 
C Si Mn P S Cr Ni M

o 
Fe 

Base metal 0.0
2 

0.5
4 

1.65 0.0
32 

0.0
1 

19.0
0 

13.
60 

2.4
8 

Bal. 

 
During the experiment, the surfaces of samples, 

i.e., the results of the acid pickling, were visually 
checked by the optical microscope (OM). Scanning 
electron microscope (SEM), x-ray diffraction (XRD) 
and perthometer were used to evaluate the effect of acid 
pickling process on 316L stainless steel. 
 
3. RESULTS AND DISCUSSION 

Figure 1 (a, b, c and d) show the images of the 
samples before acid pickling, after immersion in acid 
solution for 5-10-15 min. As shown in these figures, 
immersion for 15 mins able to fully remove of oxide 
scales formed during stress relief treatment. 
Microscopic images in Figure 2 (a, b, c and d) were 
captured by using optical microscope (OM) proved that 
immersion in acid pickling up to 15 min can remove 
oxide scales and roughen the stainless steel 
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surface.Prolong the immersion time in acidic 
environment would increase the surface roughness as 
shown in figure 3. 

 
 
 
 
 
 
 
 
 
 

 
 
Figure 1 Images of samples (a) before acid 

pickling, (b) after immersion in acid solution for 5 min, 
(c) after immersion in acid solution for 10 min, (d) after 
immersion in acid solution for 15 min. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2 Microscopic images of samples (a) before 

acid pickling, (b) after immersion in acid solution for 5 
min, (c) after immersion in acid solution for 10 min, (d) 
after immersion in acid solution for 15 min.  

 
Figure 3 Surface roughness on different samples 

 
 
4. CONCLUSIONS 

This work is currently in progress. The work will 
be proceed for SEM and XRD analysis soon. 
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ABSTRACT –  Metal injection moulding (MIM) is a 
well-known process that provides advantages when 
making small parts with high density. MIM process can 
cut down the production costs due to its net-shape 
fabrication advantages, acceptable for manufacturing 
small parts, and combining high part complexity with 
high production quantities. This study compares the 
effects of binder components and sintering parameters on 
the mechanical properties of 316L stainless steel MIM 
compact. Stainless steel 316L parts have been obtained 
by a modified metal injection moulding (MIM) process 
using two different binder component. The first binder 
component consists of paraffin wax, polypropylene and 
stearic while the second binder component consists of 
paraffin wax, carnauba wax, polypropylene and stearic 
acid. Sintering was carried out under argon atmosphere 
between 1100˚C and 1300˚C for 1 and 3 hours. The 
microstructure was examined by using scanning electron 
microscope and mechanical properties were evaluated 
using tensile tests and hardness test. Good agreement 
between mechanical properties and sintering curves has 
been found. Samples that sintered at 1300 ˚C for 3-hour 
exhibit highest tensile strength and hardness compared to 
others samples. By increasing the sintering temperature 
and sintering time, stainless steel 316L sintered compact 
recorded better mechanical properties. 
 
1. INTRODUCTION 

   Metal injection moulding (MIM) is a technology 
currently used in several industrial applications that 
brings together the diversity of conventional powder 
metallurgy (P/M) and geometric freedom of component 
design associated with thermoplastic injection moulding. 
The process is drawing much attention as a promising 
technique that leads to a large-scale production of 
metalworking with precision and complex in shape. The 
MIM process is widely used with 316L stainless steels 
and other materials [1, 2].  
   This technology includes four processing stages: i) 
mixing of powders and organic binders to get the 
feedstock, ii) injection moulding of the feedstock, ii) 
debinding to eliminate the binder, and iv) sintering by 
solid state diffusion. Among the four processing steps, 
the sintering process is the most important because it 
affects the final quality of the parts. Previous studies have 
shown that the significant factors of the sintering cycle 
are: heating rate, sintering time, sintering temperature 

and sintering atmosphere. These factors can affect the 
microstructure, pore size and shape, and final density [3]. 
The feedstock is also critical to MIM; in particular, the 
binders in the feedstock strongly determine MIM quality. 
They provide adhesion among powdered particles and 
improve the mechanical properties of feedstock and 
prevent separation phenomena among binders and 
powders [4, 5]. Common binders in MIM are wax-based 
binder systems, and the typical backbone polymers are 
polypropylene. Various waxes and acids are also added 
to the binder to lower down the viscosity and increase the 
wettability and miscibility. The wax-based binder system 
performed the lowest viscosity and lowest heat capacity, 
and greater pseudo-plasticity compare to another binder 
systems [6]. 
   The main issue of the present study is to compare the 
effects of two different binder components and sintering 
parameters on the mechanical properties of 316L 
stainless steel MIM compact. Three different sintering 
temperature and two different sintering time were 
proposed, and confirmation experiments were conducted. 

 
2. METHODOLOGY 
 

The experimental study employed commercially 
available gas atomised 316L stainless steel (SS) powders 
by Osprey Co., UK. The two binder system used to 
prepare the feedstock were shown in Table 1.  
 
Table 1 Binder system for 316L stainless steel 

Binder 
Type 

Components Composition 
(%) 

Binder A Paraffin wax (PW) 
Polypropylene (PP) 
Stearic acid (SA) 

70 
25 
5 

Binder B Paraffin wax (PW) 
Polypropylene (PP) 
Carnauba wax (CW) 
Stearic acid (SA) 

69 
20 
10 
1 

 
The feedstock was mixed by using the mixer 

machine. Injection moulding was carried out on a Nissei 
NS20-2A injection moulding machine.  

The debinding process has two stages – (1) solvent 
debinding followed by (2) thermal debinding. In the 
solvent debinding stage, the green compact was kept in 
60˚C solvent bath of the vapourised heptane for 2h. In the 
thermal debinding stage, the residual binders are 
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converted into gas and eliminated. Meanwhile, some of 
the powder is sintered, strengthening the green compact 
to prevent producing products with a defect. The process 
is conducted in a tube furnace with heating from room 
temperature to 500 ◦C and holding at 500 ◦C for 1 h. For 
the sintering, the process also will be conducted by using 
high-temperature tube furnace under argon atmosphere. 
The compacts were sintered at 1100 ◦C, 1200 ◦C and 
1300 ◦C for 1 hour and 3-hour soaking time. 
 
3. RESULTS AND DISCUSSION 
 
From the experiment, 48 sintered compact were 
successfully fabricated. The sintered compact diagram 
for different sintering parameters was shown in Figure 1. 
 
 

 
 
Figure 1 Sintered compact of stainless steel 316L 
 

From the mechanical testing result, there is no 
significant difference has been recorded on tensile 
strength for binder A and binder B compacts. Both binder 
systems recorded tensile strength between 216 MPa – 
410 MPa. The compact that sintered at 1300 ̊ C for 3-hour 
exhibit highest tensile strength compared to others 
compacts.  The result was shown in Figure 2.  

  
Figure 2 Tensile strength for binder A and binder B 
 
4. CONCLUSIONS 
 
       By increasing the sintering temperature and sintering 
time, stainless steel 316L sintered compact recorded 
better mechanical properties. 
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ABSTRACT – The forming agent that commonly used 
in the fabrication of metallic foam is titanium hydride 
(TiH2). The alloy was subjected to a thermal analysis 
method for identification of thermal event of TiNb alloy. 
In this present work, the thermal behaviour of elemental 
Ti-40Nb powder mixture was investigated using 
differential thermal analysis (DTA) and dilatometry 
techniques. The result showed that the mixture exhibited 
several thermal events which were supported by the X-
ray diffraction (XRD) result. It was found that the 
overall reaction had undergone four-step processes. The 
first and second steps are subjected to the 
dehydrogenation process while the third and fourth step 
corresponded to the formation of TiNb alloy. The basis 
of sintering behaviour for experimental work had been 
founded by using the thermal analysis result. As the 
result, the β-phase of TiNb exhibited better appeared at 
1200°C sintered temperature. 
 
1. INTRODUCTION 
 Fabrication of new implant material based on 
Ti alloy has attracted much attention in biomedical 
research for hard tissue replacement such as hip and 
knee [1]. Nevertheless, certain Ti-based alloy, however, 
resulted in high Young’s modulus for instance Ti-6Al-
4V (110 GPa) [2] rather than human cortical bone (≤ 20 
GPa) [2]. As a consequence, the mismatch problem 
comes arise between bones and implant material that 
lead to stress shielding effect [3]. Among all the Ti alloy 
that already existence, TiNb alloy has received a great 
interest because of promising biocompatible and low 
Young’s modulus value (~1.5-3GPa) as reported by 
Zhuravleva et al. [4], that technically similar with 
human cancellous bone (~3GPa) [5]. The low value of 
Young’s modulus is owing to rich β-phase existence at 
the end of the reaction.   
 Utilisation of Ti powder for formation Ti alloy 
is not favourable because of the high cost of the raw 
material and metal working processing route. Despite 
the high cost of Ti powder, a new approach to reducing 
the cost of production has developed, whereby fabricate 
Ti-based alloy using TiH2 powder instead of Ti powder. 
 The formation of TiNb as based on literature 
usually via arc melting and powder metallurgy (PM) 
processing route [4]. As concern toward the complicated 
shape of the implant compartment, PM will be the best 
approach since it is a method that has the capability to 
produce the net final shape and omitting from secondary 

machining processes as long as controlling the 
compacting and sintering condition [5].    
 Since there is a limited study on the formation 
of TiNb from TiH2, the phase transformation during 
sintering is still not well understood. Hence, this study 
was attempted to use thermal analysis method which 
purposing on understanding the sintering mechanism of 
TiNb alloy particularly on phase transformation as it can 
help in creating the sintering profile for experimental 
work, later in this research.  

2. METHODOLOGY 
 The mixed powder of TiH2-40Nb (wt %) was 
attained from the mixing of TiH2 powder (~53 μm) and 
Nb powder (~130 µm) to a composition of 40 % Nb and 
60% TiH2 respectively. The powders were milled for 5 
hours using a planetary ball mill Retsch PM 400. Then, 
the mixed powder was compacted by a force of 1000kg 
with a die pin of 25mm in size. The green compact was 
then sintered by thermal analysis process and by using a 
tube furnace. 
 The thermal analysis of DTA was carried out 
under an inert gas atmosphere. Linseis DTA L81 
performed the analysis of DTA at the heating rate of 5 
°C/min with flowing gas at the rate of 10 ml/min. The 
sample was heated up to 1200 °C. Meanwhile, Linseis 
Dilatometer L75 conducted the dilatometry 
measurement on a vertical configuration.  The 
parameter of the sintering was kept constant as the 
DTA, which to have a similar parameter for sintering 
process. The sintering process using tube furnace was 
performed at 1200°C under an inert gas atmosphere 
which following the parameter during the thermal 
analysis process. The sintering profile was created after 
analyzed the thermal analysis result. The phase changes 
from the mixed powder to the as-sintered sample were 
characterized by X-ray diffraction analysis (XRD) were 
performed the XRD using a Rigaku 3014, Japan. 
 
3. RESULTS AND DISCUSSION 
 Based on thermal analysis result, according to 
Figure 1 and 2, it is found that overall sintering process 
has undergone four steps process. The process are: 1) 
reduction of H+ atom (TiHx, x = 0.7~1.1); 2) major 
dehydrogenation process; 3) formation of TiNb alloy 
from α-Ti; 4) formation of porous material. At the early 
stage of the sintering process, the first and second step 
referring to dehydrogenation process. On the other 
hand, the usage of TiH2 as a raw material may probably 
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 Figure 3 XRD patterns of different types of samples: (a) 
TiH2, (b) Nb, (c) as-mixed, (d) sintered sample at 1200°C 

prevent the oxidation at low temperature due to the 
bonding of Ti with H [6]. As in literature [7], after 
450°C, the TiH2 start produced new generated Ti atom. 
Increase the temperature causes the α-Ti start 
intermingling around Nb due to a small particle size of 
Ti rather than Nb. Thus, the diffusion in this sintering 
process dominated by diffusion of Ti-Ti particle. The 
diffusion of the particles had consequence in increasing 
the porosity of the sample. Besides, the unbalanced 
diffusion rate causes the Kirkendall pore at the end of 
the reaction [3], [8].  

 
Figure 1: The DTA curves heat flow of TiNb as a 

function of temperature 

Figure 2: The shrinkage curves of TiNb as a function of  
temperature 

 
 Above 700°C, the α-Ti began a phase 
transformation to β-Ti. Above 883°C (β transus 
temperature), the phase state now was dominated by 
BCC unit cell due to increase in temperature. The 
temperature increases cause an increase in energy. At 

1200°C, the dehydrogenation process of TiH2 had been 
totally completed. This conclusion accordance with 
Figure 3, where the XRD pattern of the as-sintered 
sample sintered at 1200°C had shown no traces of TiH2. 
Also, β-Ti, Nb and α–Ti peaks were observed at an as-
sintered sample of XRD pattern. For preparing a 
sintering profile for experimental work, the thermal 
analysis results had been used whereby at certain point 
temperature, the sintering time had been prolonged. As 
the result, sintered at 1200°C, the alloy exhibited the 
better appearance of the β-phase.  
 
4. CONCLUSIONS 
The sintering mechanism of TiNb alloy exhibited four 
major steps. Ti-Ti diffusion dominated the diffusion 
during the sintering process. The presence of porous and 
rich β phase at 1200°C would expect for low Young’s 
modulus value of the alloy. The sintering profile for 
experimental work was prepared by manipulated the 
thermal analysis result. 
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ABSTRACT – Ceramic injection moulding (CIM) is a 
near net shape process to produce smaller and intricate 
parts at a competitive cost. However, fine particle size 
used for injection moulding process generally cause 
agglomeration, which results in defects on sintered 
components. This study extensively investigates the 
characterization of sintered parts of YSZ produced by 
CIM process. YSZ parts were moulded using an 
injection moulding process that utilized a multi-
component binder system. YSZ powder was mixed with 
the binder at powder loading ranging from 58 to 60 
vol%. The CIM parameters used in this study were fixed 
for all feedstock to control the integrity of the sintered 
parts results at different powder loading. Thermal 
debinding and pre-sintering process were carried out 
using a carbolite furnace at 550ᴼC followed by 1100ᴼC 
for 2 hours respectively. The microstructure and 
hardness of the sintered part at different powder loading 
were identified. A large porous region was clearly 
observed at 58 vol% compared to 60 vol%. All samples 
sintered at 1350ᴼC, and 60 vol% had the highest 
mechanical properties with hardness 357.42 HV. 
 
INTRODUCTION 

Ceramic injection molding (CIM) is a combination 
of powder technology and injection molding that 
involves several stages, including mixing, debinding, 
and sintering [1]. During mixing, ceramic powder is 
blended with binders to form a homogeneous 
compound. Binders provide viscosity to the powder, 
thereby simplifying the process of filling feedstock into 
molds during injection molding. Also, binders help 
maintain the original shape of the ceramic powder 
during debinding and until the start of the sintering 
process [2]. Optimum powder loading ratio is also 
important to the success of PIM [3]. The powder to 
binder ratio ranges from 45% to 75% by volume [4]. A 
high powder loading ratio will cause inconsistencies in 
the injected parts, which can subsequently damage the 
injection machine. In contrast, a low powder loading 
ratio can cause separation of binders from powder 
during injection, thus prolonging debinding and leading 
to considerable shrinkage during sintering [5,6]. An 
optimum percentage of powder loading can minimize 
shrinkage, prevent cracking, and increase the 
mechanical properties of materials [7]. Therefore, the 
critical powder volume concentration (CPVP) of the 
feedstock was evaluated to obtain the optimum powder 

loading ratio for injection. Previous studies have focuses 
on the n-particles sizes of YSZ showed that the 
maximum powder loading were 82 wt%, 54 vol% and 
43 vol% respectively [8-10].  

 
1. METHODOLOGY 

YSZ powder with average 13µm particle size and 
density of 5.60 g/cm3 was mixed with Palm stearin (PS) 
and Polyethelyne (PE) at a ratio (60:40) as a binder at 
58, 59 and 60 vol% of powder loading. The mixing 
process was carried out in a Thermo Haake PolyLab 
internal mixer at 150ᴼC for 90 minutes using 30 rpm 
rotational speed to produce feedstock. The samples were 
injected at 170ᴼC in rectangular bars shape with 
dimension 25mm x 5mm x 5mm. Thermal pyrolysis 
(debinding) was performed which the parts were 
embedded in alumina powder as a wicking agent and 
heated in a furnace to 550ᴼC. The heating rate used was 
0.4C/min and soaked for 2 hours in order to remove the 
binders. The pre-sintering was carried out 
simultaneously after debinding process at 1100ᴼC for 2 
hours with moderate heating rate to initiate the 
solidification process. The parts were subsequently 
sintered in the furnace up to 1350ᴼC for 2 hours without 
wicking agent. The microstructures of as-sintered parts 
were observed using Tabletop Microscope (SEM), and 
hardness test evaluation was performed using Vickers 
Hardness Machine 

 
2. RESULTS AND DISCUSSION 

Figure 1 shows the morphology of (a) injected 
moulded part (b) sintered part for powder loading of 60 
vol%. It clearly shows that at the moulded stage, some 
traces of binder can be seen indicates the PE and PS 
were covered the powders particles. At the sintered parts 
(b) all the binder was completely removed proven by 
porosity appearance, and the particles start to diffuse. 
The grains overlapped with one another and some of the 
particles did not undergo the necking process or diffuse 
completely due to lack of soaking time during the 
sintering process. As mention in [11], a higher surface 
area and temperature initially provide for faster 
sintering process. Late in sintering, the motivation 
forces have been exhausted, and the rate of sintering is 
slow. So, the longer soaking time and higher sintering 
temperature are required. The mistake occurs in this 
process affects the mechanical properties of the sintered 
product. However, the surface of the 60 vol% sintered 
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part had fewer voids than 58 vol%, which resulted in 
better mechanical properties. 

 

   
 

 
 

Figure 1: Microstructure of 60vol% powder loading 
(a)green body (b)sintered part 

 

 
Figure 2: Hardness of sintered parts of various powder 

loadings  
 

Figure 2 shows the hardness of the sintered parts 
with increased powder loadings. Figure 2 indicate that 
60 vol% powder loading had the highest hardness of 
357.42 HV, where 58 vol% had the lowest hardness of 
314.72 HV. These values were far from the 3 mol% 
YSZ theoretical hardness value of 1100HV due to 
incomplete diffused sintered parts during the sintering 
process as observed in the microstructure [12].  P.C.Yu 
et al (2007) also reported, the sintering process using 
temperature at 1350ᴼC yield the hardness below than 
1000 HV [8]. 

3. CONCLUSIONS 
YSZ parts were successfully fabricated through 

powder injection moulding by using PE and PS as 
the binder. A hardness of 357.42 HV was achieved 
for 60 vol% at 1350ᴼC sintering temperature. The 
morphological studies showed that all parts 
incompletely diffused, and some of the particles 
retained the grains near spherical shape. This study 
indicates that the increasing of powder loading will 
increase the hardness of the sintered parts. 
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ABSTRACT – Porous nickel titanium can be used 
especially as biomedical implants due to its pseudo-
elasticity and shape memory behaviour. In this work, 
porous NiTi alloy was successfully fabricated by metal 
injection moulding (MIM) of elemental powder 
comprising nickel (Ni) and titanium hydride (TiH2) 
powder and sintered at a temperature of 1200℃ using 
argon gas in tube furnace. TiH2 was used as a chemical 
homogenization agent as well as to attain shape visibility. 
The results demonstrated the formation of NiTi (B2) was 
observed by SEM and the B2 phase was detected in the 
XRD pattern. This phase exhibits pseudo-elastic 
behaviour, where the reversible phase transformation 
occurs during heating and cooling. This behaviour is 
suitable for biomedical application. 
 
1. INTRODUCTION 

Nowadays, the demand for bone-like metallic 
structure to be used in orthopedic applications has 
allowed greater opportunity for materials researchers to 
study new designs of metallic implants with improved 
porous structure and superior properties. As compared to 
the other metallic materials, NiTi alloys have been 
widely used in recent years because of their unique 
properties of shape memory and pseudo-elastic 
behaviour [1-3]. Titanium is very reactive with oxygen at 
low temperature, which results in the formation of TiO, 
TiO2, Ni2Ti4Ox and thus diminishes the shape memory 
effect and pseudo-elastic behaviour. TiH2 was believed 
as a promising starting elemental powder instead of 
titanium because it can reduce the impurities and 
intermetallic phases effectively with the presence of 
CaH2 powder during sintering process [2-3]. Due to the 
high sensitivity to heat of the NiTi alloy, fabrication of 
small and complicated shape implant parts via 
conventional processes is no longer practical. Powder 
injection moulding is the best candidate to produce 
biomedical parts with minimal secondary operation [4]. 
In this proposed research, a complete process of metal 
injection moulding (MIM) consisting of powder-binder 
mixing, injection moulding, debinding and sintering will 
be employed in order to fabricate porous NiTi 
components.   
 
2. METHODOLOGY 

Two types of powder were used in the current study: 
nickel and titanium hydride. Titanium hydride is irregular 
in shape while nickel powder is spherical. The flow chart 
as shown in Table 1 summarizes the research works in 

overall.  
Table 1 Experimental flow chart 

  
 

3. RESULTS AND DISCUSSION 
Figure 1 reveals the XRD pattern of the NiTi alloys 

TiH2 after it is sintered at temperature 1200℃ covered 
with calcium hyride. The most prominent phases are NiTi 
(B2), NiTi (B19), Ni4Ti3 and NiTi2. The formation of 
single phase NiTi during sintering due to the result of 
inter-difussion between nickel and titanium hydride, thus 
indicates the formation of pseudo-elastic behaviour and 
shape memory effect. On the other hand, existence of 
other intermetallic phases diminish the shape memory 
effect and pseudo-elastic as the formation of intermetallic 
phases should be avoided [5].  

 
Figure 1 XRD pattern of sintered sample at 1200℃ 

 
Figure 2 shows SEM examination of Ni/ TiH2 of the 

sintered samples. In correlation with XRD result, the 
microstructure showed the formation of large 
interconnected pores due to kirkendall effect [6]. 
Different gray scale illustrated different phases exist 
where the darkest side indicates lower atomic mass and 
the lightest side illustrates higher atomic mass [7]. A 
medium gray phase, which has (53.4at%) nickel indicates 
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the formation of NiTi while the needle like structure 
shows Ni4Ti3 (martensite). For dark gray  matrix phase 
that  has (33.7at%) nickel shows the existence of 
NiTi2/Ni2TiOx, which is supported by Krone et al., who 
produced NiTi by using pre alloyed NiTi powders [8].  
Reported by Bertheville et al., the NiTi2 and Ni2TiOx 
generally have the same structure but Ni2TiOx has larger 
lattice parameters due to the amount of dissolved oxygen 
[9].The dehydrogenation of TiH2 was believed to increase 
the sintering process, thus improved the homogenization 
and  reduce the formation of intermetallic phases 
compared to Ni/Ti mixtures [3]. 

 

 
 Figure 2 Back-scattered SEM image of as-sintered 

50at% NiTi alloy 
 

Figure 3 shows the DSC pattern after sintering 
process. It shows that all samples exhibit reversible phase 
transformation where only one peak was detected on the 
sample. Reported by Chen et al. 2013, the martensite and 
austenite temperature is slightly lower compared to 
present works as shown in Figure 3. This could be due to 
different composition of Nickel content [3]. A  broader 
phase transformation is  obviously detected because of 
the formation of other secondary phases such as NiTi2 
and Ni4Ti3 during heating and cooling processes. It also 
showing that the mixture of shape memory and pseudo-
elastic  behaviours are expected in the test at 25°C, as the 
temperature within the range of As and Af. [7]. 

 

 
 

Figure 3 DSC measurement for NiTi sintered at 
temperature 1200°C. (a) heating and (b) cooling 

4. CONCLUSION 
Single phase NiTi was sucessfully achieved by 

using Ni/TiH2 powders and sintering under CaH2 
reducing agent. From back-scattered SEM showed 
different grayscales indicating the different phases of 
single phase NiTi and others intermetallic phases. In 
correlation with XRD results, it was proved that the 
major fraction of B2 phase (austenite) existed, while the 
DSC result showed the transformation peak of reversible 
transformation of austenite to martensite. The porous 
structure of NiTi indicates the inter-connected pores 
which are suitable for bone tissue growth in implants.  
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ABSTRACT–Small-wire SAW is a low-cost alternative to 
the conventional SAW. In robotic or mechanized welding 

system the welding bead geometry and welding parameter 

have to be known before welding. Developing them by 

trial and error is costly and wasteful practice in the long 

run. Therefore, there is a need to develop a tool to predict 

the correct parameter and bead geometry. A robotic small-

wire SAW was employed to deposit bead-on-plate on 

carbon steel in 1G position, using a range of welding 

parameter permitted by the power source. Quality welded 

samples were cut at the cross-section, polished and etched 

to display their macrostructure. The bead geometry was 

measured; the correlation between bead geometry and heat 
input was plotted. Without considering the bead 

penetration, the data is found to be quite scattered, except 

bead width. By applying the trend-line equations, only the 

bead width can be predicted accurately, the deviation 

between predicted geometry and measured geometry is 

consistently less than 1mm. One simple equation is enough 

to predict the bead width for the 1G position. By grouping 

the data based on bead penetration, all the bead geometry 

data aligned closely along the respective trend-line, and all 

elements of bead geometry can be predicted with high 

accuracy. Out 99 samples, the deviation of all elements of 
bead geometry and the values of mean average deviation 

(MAD) is less than 1mm. 

 

1. INTRODUCTION 

Welding is a process of creating a homogeneous joint 

between the base materials in terms of materials, 

chemical composition, metallurgical properties and 

mechanical or physical characteristic[1]. In the 

beginning part of the 20th century, some welding 

process still using bare steel wires which are caused 

poor quality of weld bead due to air contaminate. To 

overcome this problem, welder started using an inert 
gas such as helium and argon gas. As time goes by, 

welding industries invented SAW process that had 

been patented by Robinoff in 1938 and later on was 

sold to Linde Air Products Company. Initially, it was 

used for defense buildup in shipyards and factories. 

SAW process using the same concept of shielding gas 

where it used flux to shield the weld from the air[2]. 

SAW was good at welding at high speed, at high 

current and high deposition[3]. Nevertheless, SAW is 

a high heat input process, not suitable for short length 

welding or welding on the thin plate[4]. Due to these 
reasons, small-wire SAW had been invented to 

overcome all the problem that been mentioned 

before. Actually, small-wire SAW is an innovation of 

metal inert gas process, welded with submerged 

welding flux instead of a gas shield. It is low in cost, 
perform like conventional SAW, but can weld in short 

length, low heat input and suitable for a thin plate[5]. 

Like any mechanized welding processes, the major 

issue in small-wire SAW application is the selection 

of welding parameter and getting the desired weld 

bead geometry.  The traditional approach is to 

develop the welding parameter by trial and error, a 

procedure which leads to high wastage of material 

and labour cost, and the best welding condition may 

not be achievable[6]. This project focused on a 

procedure to predict the desired bead geometry from 

heat input data so that the output will be within the 
accuracy of 1.0 mm for 1G welding position. A 

similar research was experimented by Shahfuan[7], 

where the heat input was used in prediction. The 

material used was low carbon steel 9 mm, one of the 

most common materials, welding in the most 

common position. Successful prediction of this 

process will ease and popularize the application in 

the welding industry. The quality and beauty of SAW 

and the benefits of robotic metal inert gas can be 

realized, thus contributing toward a new welding 

trend in the future[8]. 
 

2. METHODOLOGY 

1. Tabulate the welding parameter of small-wire SAW 

based on the common range of welding which can be 

tolerated by Kempi metal inert gas welding power source 

as shown in Table 1. Current increment at 25A, voltage 

increment at 2V and speed increment at 2mm/s. 

 

Parameter Range Units 

Current 150-

350 

ampere, A 

Arc Voltage 25-35 volts, V 

Travel Speed 4-16 mm/s 

Contact Tip-to-Work 
Distance 

15 mm 

Table 1: Welding Parameter 

 

2. Prepare material. The carbon steel bar, 25mm width x 

300 mm length with a thickness of 9 mm, each bar was 

welded with six welding parameters; the length of each 

weld sample was 50mm.  

3. Prepare consumable and joint. The small-wire SAW 

used 1.2mm diameter wire, ER70S-6 and OK Flux 10.78. 

The depth of flux was 25-30mm. The welding deposition 

was bead-on-plate in 1G position.   

4. Welding process. To weld the carbon steel, a robot 
namely ABB IRB 2400 was employed. The system can be 
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programmed to weld at the selected current, voltage and 

speed. Wire extension was 15mm.  

5. After welding, all weld samples were inspected and 

quality deposits were tagged with the actual welding 

parameter, lacquered to prevent rust formation, 

photographed to capture the visual record. 

6. Cutting process – the cutting process will be done using 
abrasive cutter which will produce 205 samples altogether. 

The length of measurement is 1 inch respectively. Out of 

205 samples, only 99 samples are acceptable according to 

the requirement. 

7. Grinding and polishing processes - The first sand paper 

was used is a course one which is the code number will be 
in range 230-340. Then it will be followed up by a fine one 

which is in range 600-1500. Typically, polishing process 

will join after the grinding process.  

8. Macro-etching process – Each weld samples were 

dipped down onto the NiTal solution (a mixture from nitric 

acid and alcohol), the weld bead area will become darker.  

9. Coating process - The purpose of the coating process in 

this project is to protect the weld samples from making any 

contact with humidity in order to prevent the meld metal 

from rusting.  

 
3. RESULTS AND DISCUSSION 

 
Figure 6: Correlation of bead geometry and heat input, 

small-wire SAW 1G (Without consideration of bead 

penetration) 

99 samples  Bead 

Width 

Throat  Cap Penetration  

MAD (mm) 0.48 1.00 0.47 0.73 

Max 

Deviation 

(mm) 

1.00 3.17 1.33 2.46 

% of 

samples 
>1mm 

0 42 7 24 

Table 2: Accuracy of prediction of bead geometry 

The data of bead width is distributed closely along the 

trend-line as shown in Figure 6. This shows that only the 

bead width can be predicted with good accuracy. Table 2 

shows, the MAD for bead width is 0.48mm, and 100% of 

the predicted bead width has deviation less than 1mm 

when compared to experimental samples. In contrast, the 

measured values of the throat, cap, and bead penetration 

are scattered about their respective trend-line. The 

accuracy of prediction is poor. The MAD for Throat, Cap 

and Penetration is between 0.5mm to 1.0mm, maximum 

deviation is between 1.3mm to 3.2mm. It’s shown that 

42% of throat, 7% of the cap and 24% of bead penetration 

has deviation exceeding 1mm. Therefore, there will be a 

need for further work and experiment in order to ascertain 

the deviation percentage for the throat, cap, and 

penetration below 1mm. Despite the inaccuracy in 

predicting the values of throat, cap and bead penetration, 
this system offers only one equation, a very convenient 

tool for the accurate prediction of bead width and the most 

widely applied element in weld design compare to the 

throat, cap and bead penetration.  

 

4. CONCLUSION 

The prediction of bead width of small-wire SAW in 1G 

position by using heat input as a tool to predict weld bead 

geometry was successfully developed. The reliability of 

prediction within 1mm maximum deviation from actual 

samples is good because the sample size is large. Even 

though the prediction of throat, cap and weld penetration is 
poor but still there are still need more improvement so that 

the prediction of these three variables can be achieved.  
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ABSTRACT – This paper investigates the vital 

characteristic of an innovative ceramic injection 
moulding (CIM) process for orthopaedic application, 

particularly bone implant. The main objective is to 

maximize the usage of palm stearin as a single based 

binder as the function of flow properties during 

injection molding process. Besides that, the feedstock is 

analyzed to satisfy the rheology requirement in function 

of flow viscosity conducting the binder as a carrier 

during mixing and injection molding. This natural eco 

binder palm stearin provides a promising result, which 

fulfills pseudoplastic properties, particularly during 

injection molding and enhances the function as a pore 
former agent for the growth of final pore structure. The 

development of inter-connecting pore structure during 

sintering ensures the bone tissue ingrowth during 

implantation. As a result, a degrading temperature is 

anticipated during mixing and injection molding, hence 

will lengthen the life of the tools and leading to energy 

conservation. 

 

1. INTRODUCTION 

Ceramic injection molding (CIM) is an advance 

revolution in ceramic material manufacturing 

technology regarding to its properties that can fabricate 
complex shape, precise geometry and net-shape 

components. Uniquely, ceramic injection molding 

(CIM)  is the combination of versatility and the merger 

of the part of plastic injection molding that has 

flexibility of design and powder metallurgy, thus 

provides possibility to join various part together into a 

single part [1],[2].  

Furthermore, the technology has been utilized as a 

fundamental background for manufacturing complex 

shapes from many common engineering materials. 

Accordingly, ceramic injection molding becomes a 
precise manufacturing technique since the growth is 

anticipated.  

CIM is a combination of four sequential processes, 

which includes a high concentration of powder 

intensively mixed with a binder to form a moderate 

viscosity of feedstock[4],[5]. This feedstock mold for 

injection molding in equipment has the same concept 

used for polymer injection molding. The molding step 

involves heating and pressurization of the feedstock and 

requires careful attention. In the next phase, after 

molding the binder is extracted from the component, it 

is heated to the thermal debind and sintering 
temperature to attain a high final product density [5],[6]. 

The process is applicable to a wide range of established 

and emerging materials, and can achieve competitive 

final properties. 

The most optimum test in determining the 

feedstock homogeneity, stability and constitutive is 
rheological test. The ratio of powder to the binder is a 

key parameter for successful injection molding process 

[7],[8]. Too little binder in thr mixture leads to a high 

viscosity and the formation of trapped air pockets, both 

of which make molding difficult. Moldability problems 

can occur, if the mix required for a large fraction of 

ceramic powder is combined with a much smaller 

fraction of organic binder. It is important to confirm that 

the feedstock prepared is homogeneous if it satisfies the 

flow curve in capillary rheometer that relates to how 

well the particulate solid is distributed in the binder 
matrix [9]. Feedstock homogeneity promotes 

dimensional consistency of injection parts and helps 

prevent defects, especially separation of powder and 

binder and powder segregation. 

 

2. METHODOLOGY 

The feedstock, which consists of HAP powder 

from different formulations, is loaded into a bore in the 

temperature-controlled barrel of the capillary rheometer. 

A capillary die about 1 mm in diameter is mounted at 

the bottom of the barrel bore. Next, a piston is utilized 

to extrude the sample through the capillary die at the 
mold barrel temperature in the range of 60 to 70º C , and 

the resultant pressure is measured at the die entrance. 

The shear viscosity is computed from knowledge of the 

capillary die dimensions, piston speed and pressure. The 

shear rate of the test can be varied to produce a flow 

curve (viscosity versus shear rate). 

 

3.       RESULTS AND DISCUSSION 

              The stability of feedstock comprised several 

formulations of HAP ceramic materials with single 

based binder palm stearin was analyzed  through a 
rheological test. Figure 1 indicates that the HAP 

formulation failed to extrude via rheometer capillary 

due to the insufficient heat supply to the feedstock and 

the close view of dilatants behavior is represented 

(small figure).        

The shear viscosity was tremendously higher, 

reaching up to 12000 Pa.s, which is totally out of range 

and it is not acceptable to proceed with injection 

molding unless the shear viscosity obtained was lower 

than 1000 Pa.s for ceramic materials. The rheology 

analysis of 50 °C  and 55°C  in Figure 1 show the 

highest viscosity value due to the binder cannot flow 
through die orifice due to the insufficient heat supplied. 

It was found that the powder still remained in the barrel, 

in which the binder had only flow through the die 

orifice. Therefore, if the  temperature used is below the 
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melting point, it will lead to powder binder 

separation[7],[8].  

The sufficient temperature used plays an 

important role since it will fully melt the binder and 

provide fluidity to form the desired shaped. Thus, the 

useful information from the rheological test becomes as 

guidance to fulfill the requirement of pseudoplastic 

behavior. The binder contained in the feedstock 

delivered a unique propertiy since it acts as temporary 
transportation and leads to a fruitful injection molding 

process. 

             Next, Figure 2 shows the several formulations 

achieving pseudoplastic behavior. The shear viscosity 

obtained below the range of 200Pa.s with respect to the 

shear rate and considered as easy to flow and form the  

shape [9]. The maximum content of ceramic material is 

applied in order to investigate the efficiencies of net 

formulation that can be achieved by ceramic materials.  

 

 
Figure 1 rheological analysis of formulations at 

temperature 50ºC and 55ºC and close view of dilatant 
fluid. 

 

 
Figure 2 rheological analysis at 60ºC and 70ºC 

 

 

3.       CONCLUSIONS 

 

The ceramic (HAP) feedstock have capable interaction 
with single based binder system and was successfully 

injection molded at maximum powder loading at very 

low temperature of 60ºC ~70ºC. 
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ABSTRACT – Ti6Al4V alloy and MgAZ91D alloy 
have excellent combinatorial properties. However, in 
many cases their applications are limited because of 
weaknesses in their mechanical properties such as low 
fatigue strength for MgAZ91D and low modulus 
elasticity for Ti6Al4V. In this work the propose solution 
is to improve their mechanical properties by applying 
the suitable heat treatment process on these alloys. The 
heat treatment temperature of Ti6Al4V was performed 
at 950oC and 900oC, while for MgA91D at 500oC and 
450oC. Then followed by water and air quenching and 
aging treatment at 400 oC/4 hours for  Ti6Al4V and 200 

oC/8 hours for MgAZ91D. The microstructural 
measurement revealed that the heat treatment process 
produces a large grain size as of the temperature 
increases. Besides, the alloy with air quench medium 
shows the high increment in hardness measurement 
compared to untreated and other quenching medium. 
 
 
1. INTRODUCTION 

Ti6Al4V and MgAZ91D are in the low density 
alloys group that have a density less than 4.5g/cm3 [1]. 
Ti6Al4V is a titanium alloy that composed of 6% 
Aluminium, 4% of Vanadium and balanced 90% is 
titanium [2]. This alloy has been widely used in various 
applications including aerospace, chemical plant and 
biomaterial application due to light weight property, 
good corrosion resistance and excellent high 
temperature properties [1-2].  

MgAZ91D is a magnesium alloy that consists of 
9% Aluminium, 0.6% Zinc, 0.4%  Manganese and the 
balanced is Magnesium [3]. This alloy is receiving more 
consideration because of their light weight and superior 
specific strength. The most common applications of 
MgAZ91D are in die casting part for automotive 
industry such as vehicle modules drive train, interior, 
body and chassis also other applications [4]. 

However, both of these alloys have weaknesses in 
their mechanical properties such as low fatigue strength 
for MgAZ91D and low antifriction characteristic for 
Ti6Al4V [1-3]. Because of low fatigue strength, 
MgAZ91D cannot be applied to power train 
components such as transmission cases and engine 
casting where at the operating temperature (around 150-
175oC) it will start to creep [5]. The same as the 
Ti6Al4V, due to low antifriction characteristic, its 
require special covers and lubricant usage on friction 
surface [2]. 

Therefore, the aim of this study, is to investigate 

the possibility of improving their mechanical properties 
by applying the suitable heat treatment process for both 
of these alloys. 
 
2. METHODOLOGY 

Ti6Al4V is being heat treated at temperature of 
950oC and 900oC for 1 hour soaking time. While, for 
MgAZ91D performs the heat treatment process at 
temperature of  500oC and 450oC at 8 hours soaking 
time. Then each of the samples were quenched using 
water and air medium till it reaches the room 
temperature condition. After the quenching process, the 
Ti6Al4V undergo the aging process at temperature of 
400oC for 4 hours and 200 oC for 8 hours for MgAZ91D 
alloy. The process of heat treatment was summarized in 
Table 1 below.    

 
Table 1. Heat treatment process parameters 

 
The surface roughness of the heat treated samples were 
measured using a Mitutoyo SJ401 surface profilometer 
to determine the changes in the surface property after 
the heat treatment process. The microstructure analysis 
was done using optical microscope. Prior to that, the 
surface area was ground and polished to produce a 
mirror like finish surface and the surface were etched 
using Kroll’s reagent  for Ti6Al4V and Nital reagent for 
MgAZ91D to reveal the microstructures. For the 
purpose of mechanical property study, a Mitutoyo 
Rockwell hardness tester was employed with spherical 
diamond indenter to measure the surface hardness  
 
3. RESULTS AND DISCUSSION 
 
3.1 Surface roughness and hardness analysis 
 The surface roughness analysis of heat treated 
samples were found to higher as compared to the as 
received sample especially for the sample in water 
quenching medium (Table 2 and Table 3). Meanwhile, 
for the samples with air quenching medium shows no 
significant difference in comparison to the as received 
sample. For the surface hardness analysis, it shows that 

Material Heat treatment 
Temperature 

Quenching 
medium 

Aging  

Ti6Al4V 
950oC/ 1 hours Water 

400oC/ 4 
hours 

Air 

900oC/ 1 hours Water 
Air 

MgAZ91D 
500oC/ 1 hours Water 

200oC/ 8 
hours 

Air 

450oC/ 1 hours Water 
Air 
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for Ti6Al4V samples with higher heat treatment 
temperature produces a higher surface hardness value 
compared to untreated particularly for sample in water 
quenching medium. Whereas, for MgAZ91D samples 
unable to perform the hardness analysis as of restriction 
in indenter size. 
 

 

 
3.2 Microstructure analysis 
 Figure 1(a) and (b)  shows the optical micrograph 
of the as received samples of Ti6Al4V and MgAZ91D 
alloy. For Ti6Al4V shows the lamellae structure of α- 
phase (shown lightwhite) and β-phase (shown 
darkerblack). While for MgAZ91D alloy show bigger 
primary β-phase.   
 

(a) Ti6Al4V (b) MgAZ91D 
Figure 1 Microstructure of as received samples 

Figure 2 and Figure 3 presents the optical micrograph of 
the heat treated Ti6Al4V and MgAZ91D samples. It is 
observed that the grain size of Ti6Al4V increased as of 
temperature increased. It is also observed that the 
volume fraction of β-phase in Ti6Al4V increased with 
the heat treatment process. This is also equivalent with 
MgAZ91D, the grain size of microstructure increases as 
of heat treatment temperature increase and sample with 
water quenching have  larger grain size compared to air 
quenching samples. 
 
4. CONCLUSIONS 
It has been observed that the heat treatment process has 
a major influence on the microstructural and mechanical 
properties of Ti6Al4V and MgAZ91D alloy. It is 
observed that the heat treatment process able to improve 
the hardness property of these alloy. The improvement 
is considered to be primarily due to the changes in grain 
size of microstructure. 

  
(a) 900oC in air (b) 900oC in water 

  
(c) 950oC in air (d) 950oC in water 

Figure 2. Microstructure of Ti6Al4V after the heat 
treatment process  

 

  
(a) 450oC in air (b) 450oC in water 

  
(c) 500oC in air (d) 500oC in water 

Figure 3. Microstructure of MgAz91D after the heat 
treatment process  
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Table 2 Surface roughness value (Ra) and Hardness 
value (HRC)  for Ti6Al4V as received and heat treated 

samples 

Sa
m

pl
es

 Ti6Al4V 
Ti6Al4V 

As received 
950oC/ 1 hours 900oC/ 1 hours 

Water Air Water Air 
Ra 2.85 1.82 1.22 1.08 1.09 

HRC 34.52 32.93 33.77 31.23 28.41 

Table 3 Surface roughness value (Ra) for MgAZ91D as 
received and heat treated samples 

Sa
m

pl
es

 MgAZ91D 
MgAZ91D 
As received 

500oC/ 1 hours 450oC/ 1 hours 

Water Air Water Air 

Ra 1.42 0.76 1.06 0.75 0.74 

Primary β-phase 
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ABSTRACT –  Magnesium AZ91D  is widely applied 
in the electronic and telecommunication industries due 
to its low densities, excellent strength to the weight ratio 
and easier to cast. However, its possess a low surface 
hardness which will weaken the adhesion properties 
especially when hard coatings is to be applied. The need 
of hard coating is crucial to enhanced its corrosion 
resistance. In this work, nitriding process was carried 
out to improve the surface properties of MgAZ91D in 
enhancing its corrosion properties. The nitriding process 
was performed using high temperature furnace with the 
nitrogen gas flow at a constant rate of 5 scfh. The 
temperature utilized are at 300°C, 400°C, and 500°C, 
for 1 and 2 hours respectively. Analysis on the surface 
roughness of the nitrided MgAZ91D was conducted 
using a surface profilometer. Its surface hardness and its 
case depth were analysed using Vickers microhardness. 
The result showed that the surface hardness, surface 
roughness and the case depth of the nitrided MgAZ91D 
increased with the increase in the process temperature 
and time. Thus, the process temperature and time of 
nitriding MgAZ91D is crucial to be investigated to 
obtain the right combinations between the surface 
hardness, the surface roughness and the case depth for 
corrosion applications. 
 
1. INTRODUCTION 

The last few decades have witnessed a vast 
research on the lightweight materials, e.g. magnesium 
alloy (Mg). Mg and its alloys, especially AZ91D 
receiving more consideration because of their light 
weight and superior specific strength. It has a high 
strength to weight ratio with a density is only 2/3 of 
aluminum and 1/4 of iron [1]. It also has good 
properties in thermal conductivity, dimensional stability, 
and good machinability [2] for automotive and 
telecommunication industries. 

The most common magnesium alloy used is 
AZ91D. The chemical composition of MgAZ91D alloy 
based on ASTM standard was shown in Table 1. The 
reason for the success of this particular type of alloy are 
its beneficial properties (e.g. high strength to weight 
ratio) making it remarkable for automotive application 
where weight reduction is of significant concern.  

 
Table 1 Composition of AZ91D Magnesium alloy 

Mg Al Zn Mn Si Cu Fe Ni 
90 8.3 – 9.7 0.35 - 1 ≥ 0.13 ≤ 0.1 ≤ 0.03 ≤0.005 ≤ 0.002 

 

 
However, the MgAZ91D also known for it’s 

weaknesess in corrosion resistance as well as low 
surface hardness [3]. Recent work  have proved that 
nitriding can improve the corrosion properties of 
MgAZ91D [4]. 

Nitriding process is a technique where the process 
will be able to modify the surface of the substrates to 
increase their properties such surface hardness [5]. Gas 
Nitriding is commonly used the source gas such as N+, 
N2+, NH+, NH2+, due to fast neutral nitrogen molecules 
plays an important role in nitrogen transfer [6-7]. In this 
study, a nitriding process is conducted using 
conventional process where the process was carried out 
at a low melting temperature, which is using the 
nitrogen gas. The process parameter need to control is 
the gas flow rate, temperature, and time [8-9].  
 
2. METHODOLOGY 

Commercially available cast AZ91D magnesium 
alloy samples were cut into 20 mm×10 mm×3 mm and 
used as substrate in the experiment. Prior to nitriding 
process, each of sample surfaces was ground with SiC 
abrasive paper 800 and 1200 grits, then followed by 
polishing with fine alumina paste (average size 0.05 
μm).  

Table 2 Nitriding Process Parameter 
Time, 
(Hour) 

Temperature, 
(°C) 

Nitrogen Gas 
Pressure 

(Pa) 
Flow rate, 
(SCFH) 

1 
300 

300 5 

400 
500 

2 
300 
400 
500 

 
The gas nitriding process is conducted using the gas 
furnace, with allowing the nitrogen gas flow. Table 2 
shows the nitriding parameters involved in this study. 
 
3. RESULTS AND DISCUSSION 

Figure 1 shows the surface roughness of nitrides 
MgAZ91D at various temperatures and time, the test 
load used is 5gf. Figure 2 shows the surface hardness 
measurement. The surface hardness is increasing due to 
the increase of processing time. Besides, from the 
sample cross section, the highest hardness obtained was 
at the near surface area region. The hardness gradually 
decreased until reaching the core hardness (65HV). This 
represents the case depth profile for each of the samples 
(Figure 3 to Figure 5). 
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Figure 1 Surface Roughness’s of Untreated AZ91D and 

Nitrided MgAZ91D 
 

 
Figure 2 Surface Hardness of Untreated Sample and 

Nitrided MgAZ91D 
 

 
Figure 3 Case Depths profile of Untreated Sample and 

Nitrided MgAZ91D at 300°C for 1 and 2 hours 
 

 
Figure 4 Case Depths profile of Untreated Sample and 

Nitrided MgAZ91D at 400°C for 1and 2 hours 
 

 
Figure 5 Case Depths profile of Untreated Sample and  

Nitrided MgAZ91D at 500°C for 1 and 2 hours 
 

It was also observed the case depth profile 
increased with the increases of process temperatures and 
time. However, in this study it was found that the 
increasing of the case depth hardness were not constant 

may due to the diffusion of nitrogen atom which is only 
used heat and not through the other elements such a ion 
implantation, plasma nitriding, or elements to force the 
nitrogen diffuse into AZ91D. 
 
4. CONCLUSIONS 
In this study, it has been observed that nitriding of 
MgAZ91D has a major influence on its mechanical 
property. Diffusion of nitrogen  into the MgAZ91D 
samples produces a higher surface roughness and a 
substantial increase of surface hardness of nitride 
MgAZ91D compared to untreated. Besides, it also 
produced a case depth profile up to 30µm. This 
contributes to the improvement of hardness value near 
surface area.   
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ABSTRACT –  Additive manufacturing is a process to 
build up printed part in layers by depositing material 
based on the 3D design data. This process is also known 
as 3D printing. There is a high number of studies has 
been made on this new emerging technology to enhance 
the performance of the printed parts. Hence, this study 
proposes a new method of Fused Deposition Modelling 
(FDM) which combined with mechanical pressing. In 
this approach, a roller is used to improve the strength of 
the printed part. The parts are fabricated using low-
range 3D printer, RepRap Mendel. Acrylonitrile-
butadiene-styrene (ABS) material was used in the study. 
The samples printed from the normal FDM were 
compared with the samples printed from the new 
method with respect to their tensile strength and 
macrostructure. The images of the sample were captured 
by using Scanning Electron Microscope (SEM). Based 
on the study, it was found that the strength of the 
material printed using the new method shows greater 
tensile strength values at various conditions compared 
to the normal FDM. Larger contact surface area between 
the layers as a result of additional pressing contributed 
to the values. Furthermore, the porosity of the samples 
produced using the new method is also reduced. 
 
1. INTRODUCTION 

The application of additive manufacturing has 
brought a tremendous impact on the manufacturing 
industries. The ability of this technology to build up the 
printed part in layers by depositing material based on 
the 3D design data allows highly complex structures to 
be printed with a cost-saving potential and minimal 
build time. There are a few types of 3D printing such as 
Fused Deposition Modelling (FDM), Selective Laser 
Sintering and Laminated Object Manufacturing, Solid 
Ground Curing, Poly Jet and etc. [1]. This study focuses 
on the effect of additional pressing on the deposited 
material during the FDM process. FDM is a technique 
where the thermoplastic wire is heated and fed through 
the nozzle becoming semi-molten. The nozzle and the 
platform moving according to the G-code that has been 
developed through CAD data so that the deposited 
material is built up layer by layer [2].  

There are many types of low-range open source 3D 
printer, for example, the RepRap, the Fab@home and 
the Ultimaker where started at university and had a large 
open source community supporting their development. 

However, the mechanical properties of deposited 
material are less superior compared to the well-
established manufacturing technique. Many studies 
were conducted to analyze the performance of 3D 
printed material, for example, Bakar et. al had analysed 
the FDM performance by applying difference process 
parameter and concluded that the circular shape is less 
accurate for a very small radial distance [3]. Therefore, 
a few research has been conducted to overcome this 
problem either through process optimization, process 
improvement, material and others. Anitha et. al has 
determined the effect of layer thickness, road width and 
deposition speed of the FDM process by using Taguchi 
method and found that the layer thickness is most 
influencing process parameter affecting surface 
roughness [4]. The surface finish of the printed part 
produced is better with a small number of layer 
thickness. Besides, chemical treatment also has been 
utilized for a better surface finish. Dimethyl ketone and 
water solution were used which significantly improved 
the surface roughness yet reduced in tensile strength [5].  

In this research, a new method has been 
implemented to enhance the inferiority of high porosity 
and concurrently increase the tensile strength. The 
strength of the printed part is significantly affected by 
the percentage of the porosity. Thus, this research 
proposes a new method of integrating mechanical 
pressing using a roller to improve the strength of the 3D 
printed parts.  
 
2. METHODOLOGY 

In order to study the effect of mechanical pressing 
during FDM,  a roller that is compatible to the nozzle 
has been designed. The schematic of mechanical 
pressing is shown in Figure 1. The roller is made up of 
the chrome steel with 1cm diameter and 0.8 cm width. 
There are two rollers that move forward and backward 
following the nozzle as it is attached to the nozzle. 
When the semi-molten filament deposited in layers from 
the nozzle, the rollers were rolled on the deposited 
material and concurrently pressed it. The material used 
for this study was commercial acrylonitrile-butadiene-
styrene (ABS) filament and printed according to ASTM 
D638 standard. The basic samples with line pattern and 
90° fill angle were printed using both methods. The 
parameter that varied in this study was fill density. Five 
samples for each parameter were printed with 20%, 
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40%, 60%, 80% and 100% fill density from both normal 
FDM and the new FDM method. Then, the properties of 
the samples from both techniques were analyzed 
through the tensile strength test using the Instron 
machine (Model: INSTRON 5585H Series Floor Model 
Testing System). The images were captured using 
Scanning Electron Microscope (SEM) (Model: Zeiss 
Axiovert 200 Matt). The macrostructure of the samples 
and the presence of porosity were then compared.  

 
Figure 1 The schematic of FDM process integrated with 

mechanical pressing. 
 
3. RESULTS AND DISCUSSION 

 The porosity of the samples was observed by using 
SEM. This is shown in Figure 2. The cross-sectional 
area of the samples printed from the normal FDM 
shows the deposited materials are circular in shape 
which causing the contact surface area between the 
layers become small. Therefore, the porous area of the 
printed part was higher. However, the samples printed 
from new FDM method integrated with the mechanical 
pressing shows the printed layer become flat on the top 
and not circular in shape as compared to normal FDM. 
This is due to the pressure that was applied by the roller 
onto the surface. As a result, the contact surface area 
becomes larger and subsequently narrowing the 
presence of porous area.  
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2 Sectional views of sample printed by 
(a) Normal FDM (b) New FDM with additional 

pressing 
Figure 3 compares the tensile strength between the 

normal FDM and the new FDM with additional pressing 
with varying fill density. From the graph, tensile 
strength for normal FDM slightly increases from 28 
MPa to 30 MPa while the new FDM method shows 
increment that ranges from 30 MPa to 36 MPa. This is 
due to the larger contact surface area of the layers that 
act as a strong bonding from one layer to another. 
Therefore, it is proven that by adding pressure during 
FDM enables the strength of the FDM part to be 
improved.  

 
Figure 3 Tensile strength of 3D printed part with 

varying fill density. 
 

4. CONCLUSIONS 
The new FDM with integrated pressing shows a 
better tensile strength of the 3D printed part. As the 
printed surface is pressed during processing, the 
porosity reduces and the contact area between the 
different layers increases. As a result, the strength 
of the samples also increases.  
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ABSTRACT – The application of ultrasonic vibration 
in metal forming has significantly reduced the forming 
force. This force reduction can be explained by 
softening effect of material and the reduction of 
interface friction. Many studies focused on the 
deformation of bulk metal while a specific study on tube 
forming is very limited. The present study aims to 
investigate the deformation profile of copper tube under 
quasi-static and ultrasonic compression. In the 
ultrasonic compression, the lower die used ultrasonic 
horn. This horn vibrates at a frequency of 20 kHz in 
longitudinal vibration mode. During quasi-static and 
ultrasonic compression, the load-displacement 
relationship will be recorded. Deformation profile of 
compressed tube will be observed and energy absorption 
will be calculated from the load-displacement curve. 
The better deformation profile has been obtained during 
ultrasonic compression compared to quasi-static 
compression.  
 
 
1. INTRODUCTION 
 
 The world’s metal forming industry is evolving. 
Metal forming technology plays a crucial role in the 
manufacturing industry. Therefore, the development of 
new machines and technology applications is vital to 
keep pace with global developments. An increase 
demand on product quality and quantity from the 
customers forced the manufacturer to shift the 
automated machines from the conventional ones to 
elevate productivity and reduce loss and defects.  
 Metal forming is a primary manufacturing process 
that includes rolling, bending, forging and drawing. The 
application of ultrasonic vibration in metal forming 
processes have been widely studied and has become 
well-established research since the early 1950’s [1]. 
Ultrasonic metal forming is defined as the application of 
ultrasonic vibrations to these processes to intensify the 
performance through reduced forming forces, increased 
processing rates, less tool wear and improved surface 
finish.   

The effectiveness of applying ultrasonic vibration 
during deformation processes was related to the process 
rate, friction condition, ultrasonic frequency and 
amplitude, vibration mode, type of deformation and 
material properties [2]. The application of ultrasonic 
vibration has been widely used to determine fatigue life 
of material. An ultrasonic fatigue test can provide high 
cycle cyclic load and therefore shorten the time to 

complete the test [3]. However, this test can only 
suggest the time service duration of the component 
before failure at constant cyclic load. Some application 
may involve a superimposed cyclic force during applied 
static stress [4].  

The application of power ultrasonic in the forming 
process requires a specific design of ultrasonic horn. 
The function of ultrasonic horn is to transmit energy 
from the transducer to the tool or die at specific 
amplitude and vibration mode. 
 The present study investigates the physical and 
mechanical response of an ultrasonic assisted 
compression of metal tube. It is expected that through 
in-depth understanding of material response under high 
cyclic stress provides useful information for metal tube 
design, fabrication and applications.   
 
 
2. METHODOLOGY 
 
Design of Ultrasonic Horn  

The design of the horn was adapted from a double-
slotted block horn [5] that excited ultrasonic frequency 
of 20 kHz and vibrates in longitudinal  mode.   A three 
dimensional model was developed using ABAQUS to 
predict the horn dimension so that it can deliver the 
required vibration characteristic. Reliable performance 
of this horn is associated with the vibration amplitude 
and the uniformity of the working surface and the 
avoidance of modal participation by non-tuned modes at 
the operating frequency. The horn was then fabricated 
using high grade aluminium and capable to deliver 10 
µm amplitude at the working surface. Figure 1 shows 
the horn and the ultrasonic system used in this study. 
 
Quasi-static and Ultrasonic Compression Test 
 A thin copper tube with two different sizes were 
used in this study.  First tube has an outer diameter of 
9.5 and another 12.7 mm. Series of quasi-static and 
ultrasonic compression test of the tube were conducted 
at a constant crosshead speed of 30 mm/min on dry 
surface conditions. For the static compression test, 
specimens were statically compressed between two 
platens. The test procedure was then repeated for 
ultrasonic compression test. To apply the ultrasonic 
vibration, the lower platen was replaced by a double-
slotted block horn. The ultrasonic vibration was applied 
continuously from the onset of plastic deformation to 
the completion of the test. Both static and ultrasonic 
compression tests were stopped when the specimen’s 
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height reduced at approximately 50-60% of its original 
height. Load-displacement curves were recorded 
through hardware and software of the universal 
SHIMADZU testing machine. The deformation profile 
of compressed tubes, then observed and energy 
absorption from both test procedures were calculated.      

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Double-slotted block horn attached to the 
ultrasonic system 

 
 

3. RESULTS AND DISCUSSION 
 
The load-displacement curve of quasi-static and 

ultrasonic compression are plotted as in Figure 2 and 
Figure 3 for 9.5 mm and 12.7 mm copper tube diameter. 

 
 
 
 
 
 
 
 
 
Figure 2 Load-displacement curve for a 9.5 mm 

diameter of copper tube 
 
 
 
 
 
 
 
 
 

Figure 3 Load-displacement curve for a 12.7 mm 
diameter of copper tube  

 
For both sizes, the copper tube initially deformed 

elastically until the tube displaced at approximate 1.8 
mm. In the quasi-static compression, the load drop 
drastically immediately after yield and start to regain 
repetitively at a lower than the yield point before force 
continuously increases when the compression stop at 
approximately 50% of height reduction. This fluctuate 
load could be explained by the repetitive tube swelling 
before it compressed further and the swelling closely 
compacted.  

Significant force reduction has been recorded 
when the ultrasonic vibration applied in the plastic 
region. For both tube sizes, ultrasonic vibration has also 

reduced the fluctuating force when a smoother curve is 
in this entire plastic region. It is suggested that the high 
frequency lower platen excitation has effectively 
reduced the swelling effect of the tube. Therefore,  
further compaction of the deformed tube can be 
continued at approximate height reduction of 60%.  

Figure 4 shows the deformed tube profile for 
quasi-static and ultrasonic compression. Better swelling 
profile is observed for ultrasonic compared to static 
compression. 

       
Figure 4 Deformed tube – quasi-static (left) and 

ultrasonic compression (right) 
 
Table 1 shows the ultrasonic compression has 

reduced approximately 40% of energy absorption for 
both tube sizes. This lower energy absorption can be 
related to the material softening effect.  

 
Table 1 Energy absorption of copper tube 

 
 
4. CONCLUSIONS 
 

The application of ultrasonic vibration during tube 
compression has significantly reduced the forming force 
for both copper tube sizes. The reduction of energy 
absorption during ultrasonic compression can be related 
to softening effect. Also, ultrasonic vibration has 
increased the compressibility and formability of a 
copper tube by minimizing the swelling effects.  
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ABSTRACT – Metal injection moulding (MIM) is a 
net-shape process that has many unique advantages for 
the mass invention of complex shaped components. The 
316L stainless steel (SS)  water atomised powder was 
used with composite binder, which consists of 
Polyethylene Glycol (PEG), Polymethyl Methacrylate 
(PMMA) and SA (Stearic Acid). Feedstock with powder 
loading of 61 vol.% was mixing using Brabender 
Plastograph rotary mixer at 70°C of mixing temperature. 
The dog bone shape sample was injected using vertical 
injection moulding machine with optimum injection 
parameter. The effect of different sintering temperatures, 
1100°C, 1200°C and 1300°C at a sintering time, one 
hour, three hours and five hours on the mechanical 
properties of 316L SS sintered compact will be studied. 
Then, the mechanical properties of 316L SS will be 
related with the microstructure of the sample using 
optical microscopy, scanning electron microscopy 
(SEM), and energy dispersive x-ray (EDX). 
 
1. INTRODUCTION 
 316L SS water atomised powder was used in this 
studies as it has high corrosion resistance and water 
leaching compatibility. The binder systems consist of 
PEG and PMMA are preferred because of easily being 
removed through solvent debinding and thermal 
debinding [1]. PEG binder has been receiving attention 
as it is safe to environment and water soluble binder [2]. 
PEG was acted as a secondary binder which helps to 
decrease the viscosity of feedstock and then to increase 
the ability of replication, whereas PMMA works as a 
primary binder to keep the component in shape after 
injection moulding and debinding. SA acted as the 
lubricant as it is a surfactant with the aim of improving 
the properties of a binder such as spreading, surface 
wetting, binder strengthening, and adsorption [3, 4].  

The paper was aim to fabricate sample from 316L 
SS water atomised powder using MIM process. The 
mechanical properties and physical properties of the 
sample will be examined at three different sintering 
temperatures and three different sintering times. The 
mechanical properties that will be tested are hardness 
and tensile test. The physical properties involved are 
density measurement, surface roughness and shrinkage. 
Then, the microstructure of 316L SS sintered compact 
will be observed.  
 

2. METHODOLOGY 
The powder used in this study was  316L SS water 

atomised powder (Epson Atmix Corp). The particle 
shape is an irregular shape with fine particles powder 
size around 5 μm. The chemical composition of metal 
powder is illustrated in Table 1 and the particle of 
material can be seen in figure 2. The details of PMMA, 
PEG and SA binders are shown in Table 2.The samples 
fabricated in this study were dog bone shape for a 
tensile testing (figure 3). A binder system based on 73 
vol.% PEG and 25 vol.% PMMA is prepared. About 2 
vol.% SA was added as a lubricant to improve the 
mouldability of the binder system, improved the powder 
loading and the green strength without sacrificing the 
mixture flow properties. The 316L SS water atomised 
powder was mixed with binders in the Brabender 
plastograph EC rotary mixer for 95 min at 70 °C. 70 °C 
is the mixing temperature within the highest melting 
temperature and lowest degradation temperature of 
binder for 73 vol.% PEG, 25 vol.% PMMA, and 2 
vol.% SA [5]. The powder loading was 61 vol.% which 
was the suitable range for this binder type. After the 
feedstock was turned into pellet forms, the dog bone 
shape samples will be fabricated using MIM process by 
vertical injection moulding machine. Then, the moulded 
samples were initially weighed. As PEG was a water-
soluble binder, the solvent debinding was carried out in 
distilled water. The optimum immersion temperature 
obtainable by [6] for 316L SS powder with 73 vol.% 
PEG, 25 vol.% PMMA and 2 vol.% SA was 59°C [7]. 
The sample was water bath at 59°C up to four hours. 
Then, it was taken out at regular intervals of time and 
dried at the same temperature in air for an hour and 
weighed to determine the amount of PEG removed. The 
remaining binders, PMMA and the SA, were removed 
by thermal pyrolysis for various times. After debinding, 
the samples were sintered in a tube furnace under a 
controlled atmosphere of argon. All the fabricated 
samples will undergo three different sintering 
temperatures; 1100, 1200, 1300°C and three different 
sintering times; an hour, three hours, five hours.  

 
Table 1 Chemical composition of 316L stainless steel 

water atomized powder 
Elements Mass(wt%) 

C 0.027 
Si 0.84 

Mn 0.19 
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P 0.016 
S 0.012 
Ni 12.20 
Cr 16.40 
Mo 2.10 
Cu 0.03 

 
Table 2 Type of binder used for MIM process 

 

 
Figure 2 SEM image of 316L Stainless Steel particle 

powder at 1250x 
 

 
Figure 3 Dog bone shape for injection molded sample               

(Dimension in mm.) 
 

3. RESULTS AND DISCUSSION 
The defect that always occurs when low injection 

pressure and low injection temperature was used is short 
shot. It happens because of loading material cannot fully 
fill the mold cavity as shown in  figure 4(a). Figure 4(b) 
shows the weld line defect on injected moulded sample. 
It was caused by high surface tension of feedstock. 
Figure 4(c) shows the result of the injection moulded 
sample that using the optimum parameter of injection. 

 
 

 
 

(a)                          (b)                       (c) 
Figure 4 Injection moulded samples;(a) Short shot, (b) 

Weld line, and (c) Optimum result 
 
Figure 5 shows the expected result of 316L SS 

water atomised sample from green compact, brown 
compact until sintered compact. The density 
measurement will be determined by Archimedes 
method. Surface Roughness Tester Mahr MarSurf PS1 
will be used for surface roughness measurement. 
Dimensional accuracy measurement, to test the 
shrinkage of the sample will be performed by Optical 
Measurement Mahr MM 320 & QC 300. The universal 
tensile machine will be used for tensile test.  

 
Figure 5 Expected result for the tensile shape 

sample 
 

4. CONCLUSIONS 
The parameters of sintering are studied to 

enhance the mechanical properties of 316L SS water 
atomised as the increasing of sintering temperature 
and time is predicted to increase the strength and 
hardness of the material. The study is currently in 
progress. 
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ABSTRACT - In conjunction with the development of 
cooling devices and utilization of porous material in the 
cooling devices design, joining of porous copper to 
copper becomes significant. Therefore, in this research, 
brazing porous copper to copper was conducted using 
Cu-based brazing filler metal (Cu-9.7Sn-5.7Ni-7P) to 
identify the effects of brazing parameters to joint 
interface. In this study, different brazing parameters were 
employed with two different brazing temperatures of 
660ºC, and 680°C brazed for 10, and 15 min. The 
microstructure and phase constitution of the bonded 
joints were analyzed by means of Scanning Electron 
Microscopy (SEM) equipped with Energy Dispersive 
Spectroscopy (EDS) and X-ray diffraction (XRD). It was 
observed that the typical microstructure of the joint 
consisted of a number of intermetallic phases, such as 
Cu-P, Cu-Ni, Cu-Sn and Ni-Sn phase compounds.  

1. INTRODUCTION 
Thermal management is a major issue for high power 
electronic devices facing serious challenges under this 
trend of high frequency, miniaturization, and growing 
capacity. Generally, a heat sink with large heat transfer 
performance has to be attached to a power device to 
control and optimize temperature level. Porous metals 
have many potential applications in thermal management 
because of their huge internal surface area and high 
permeability for fluids. Porous copper is an ideal metal 
for use in heat exchangers and heat sinks because of high 
thermal conductivity of copper. [1-2]. Among different 
types of heat sinks, those utilizing micro-channels are 
anticipated to have excellent cooling performances 
because higher heat transfer capacity was obtained with 
smaller channel diameters. Recently, Porous metals are 
being studied as a promising alternative for compact heat 
exchangers due to superior thermodynamic 
characteristics. As compared to ordinary materials, the 
most prominent feature of porous metal is the existence 
of many voids within the material which makes it light 
weight. These pores are known to have many interesting 
combinations of physical and mechanical properties such 
as high surface area, high thermal conductivity, 
resistance to thermal shock, and excellent noise 
attenuation[3-4].  

         Applications to electronics cooling of metal foam 
heat exchangers have been investigated by several 
researchers revealing promising advances in the rate of 
heat removal. Zhang et al. [5] investigated 
experimentally on heat transfer performance of lotus-type 
porous copper heat sink. A special kind of micro-channel 
heat sink was fabricated using porous metal with long 
cylindrical pores. The results from the experiment show 
that lotus-type porous copper heat sink has excellent heat 
transfer performance compared to the conventional type 
of heat sink. Ogushi et al. [6] found that lotus-type 
porous copper has heat transfer capacity 4 times greater 
than conventional groove fins. Therefore, in this research 
brazing is conducted to join porous copper to copper 
using a single piece of filler metal to join base and top 
side. 

2. METHODOLOGY 
In this research, Cu-based filler metal known as 
MBF2005 was used for brazing porous copper to copper. 
The chemical composition and temperature characteristic 
of the filler metal are shown in Table 1. The base metal 
used in the experiment was pure solid copper available 
commercially with a 99.9 wt% composition. The base 
metal was cut into a dimension of 15 x 15 x 3 mm3. The 
bonding surfaces were ground on SiC abrasive papers 
until an average roughness of 0.11 prior to brazing was 
achieved. Then, filler metal and porous copper were cut 
into a dimension of 13 x 13 mm3 and 10 x 10 x 5 mm3, 
respectively. The porous copper was placed in a diluted 
sulphuric acid solution for proper cleaning and removal 
of oxidation layer. The items were stacked in sandwich 
configuration in a specific clamp system as shown in 
Figure 1. Brazing was conducted in a partial vacuum 
furnace (KYK) with a controlled atmosphere by using 
industrial argon gas. The samples were brazed in a 
chamber furnace with two different brazing temperatures 
of 660°C, and 680°C. The brazing time was set as 10, 
and 15 minutes.  

An average heating and cooling rate of 10°C/min were 
set for the experiment using argon gas at a flow rate of 
3.5 L/min. Furnace brazing is often selected due to its 
effectiveness in preventing oxidation [7]. For 
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characterization of microstructure, the samples were 
ground with various SiC abrasive grit size ranging from 
300 - 2400 and polished until mirror finished.  

 

Figure 1: Schematic illustration of specimen arrangement in 
specific clamp system. 

Filler 
Metal 

Chemical 
Composition  

(mass %) 

Solidus 
Temp 
(°C) 

Liquidus 
Temp 
(°C) 

 
MBF2005 

Cu Ni Sn P  
591 

 
643 77.6 5.7 9.7 7.0 

Table 1: Chemical composition with solidus and liquidus 
temperature of filler metal [8]. 

 
3. RESULTS AND DISCUSSION                .     

The microstructure of the joint interface was analysed by 
SEM to identify the existing filler metal elements.  As 

illustrated in figure 2, colour contrast is used to identify 
the existing filler metal. The dark color region at the joint 

interface represents the filler microstructure. The EDS 
analysis revealed that Phosphorus (P) is the main element 
contributing to the formation of the microstructure. This 
is due to high intensity of P elements spotted during the 

analysis at different parameters. Moreover, Nickel is also 
spotted at the joint interface. It was observed that better 
diffusion of filler metal elements was seen for higher 

temperature, especially Nickel content. It was also noted 
that the diffusion of filler metal to the top joint improved 
with increasing temperature and time. It can be perceived 

that the thickness of the reaction layer reduces at the 
base, flowing towards porous copper and the top after 
increasing the brazing temperature and time. The XRD 
analysis identified five phases that were present due to 
the reaction of active filler metal. The existing phases 

were detected as Copper Phosphorus (Cu0.97P0.03), Nickel 
Tin (Ni17Sn3), Copper Nickel (Cu3.8 Ni0.2), Copper 

Phosphide(Cu97P3) and Copper Tin (Cu3.84Sn0.12) shown 
in figure 3 below. The mechanical properties of the 
porous copper after brazing were also tested using 

Vickers micro hardness test. The solid copper had a 
maximum value of 37 HV whereas the joint interface had 

a maximum value of 91.3 HV. It can be concluded that 
the rigidity of the porous copper tends to increase due to 
the effects of surface hardening. The rigidity of porous 
copper after brazing is important to ensure it will less 

deform during servicing of cooling devices; an important 
property for future product development.  

 

Figure 2: Top and base SEM micrograph of brazed joint 
interface at 660°C, 10 min. 

 

Figure 3: XRD analysis of phase present at 680 °C, 15min 

4. CONCLUSION 
For all parameters, a successfully brazed joint was 
attained. The filler metal melted and filled the joint gap 
by capillary action. By increasing the temperature and 
time, better diffusion of filler metal elements was noticed 
in overall bonded region. It can be concluded that sample 
with 680°C and 15 min is the most suitable parameter for 
brazing porous copper to copper. 

5. REFERENCES 
[1] Liping Zhang, David Mullen, Kevin Lynn and 

Yuyuan Zhao, “Heat Transfer Performance of Porous 
Copper Fabricated by the Lost Carbonate Sintering 
Process”, Materials Research Society Vol. 1188, 
2009. 

[2] Zhu Xiao, Yuyuan Zhao, “Heat transfer coefficient of 
porous copper with homogeneous and hybrid 
structures in active cooling”, J. Mater. Res., Vol. 28, 
No. 17, 2013. 

[3] P.S. Liu, K.M. Liang, “Functional materials of porous 
metals made by P/M, electroplating and some other 
techniques”, J. Mater. Sci. 36 5059–5072, 2001. 

[4] L. Tuchinskiy, “Novel fabrication technology for 
metal foam”, J. Adv. Mater. 37, pp.  60–65, 2005. 

[5] Zhang, H., Chen, L., Liu, Y., Li, Y., “Experimental 
study on heat transfer performance of lotus-type 
porous copper heat sink”, International Journal of 
Heat and Mass Transfer 56, pp 172–180, 2013. 

[6] Tetsuro Ogushi, Hiroshi Chiba and Hideo Nakajima, 
“Development of Lotus-Type Porous Copper Heat 
Sink”, Materials Transactions, Vol. 47, 2240-2247. 
2006 

[7] Brazing Handbook, 4th Edition, American Welding 
Society, Miami (1991) 

Dark 
color of 

filler  



Advanced Processes and Systems in Manufacturing An International Conference 2016 
28 ~ 30August 2016- Kuala Lumpur, pp. 45-46  

45 
 

The Effect of Composition on 316L Stainless Steel Foams Fabricated via 
Powder Metallurgy Technique 

Zulaikha Abdullah1,a, Sufizar Ahmad2,b 
1,2)Faculty of Mechanical &Manufacturing Engineering, UniversitiTun Hussein Onn Malaysia (UTHM) 

86400 Parit Raja, BatuPahat, Johor, Malaysia 
 

aikauthm88@gmail.com, bsufizar@uthm.edu.my 
Keywords: Porous metal, Powder Metallurgy, Compaction Method 

 
ABSTRACT –Metal foams are an artificial porous 
medium that has the solid matrix structure of metal 
consist of empty or fluid-filled voids which have great 
properties such as low density, high strength-to-weight 
ratio, excellent mechanical properties, biocompatibility 
and corrosion resistance. This study is to produce 316L 
Stainless Steel (SS316L) foams fabricated by using 
Powder Metallurgy techniques.Stainless Steel (SS316L) 
powder, Carbamide, and Polyethylene Glycol (PEG) are 
used as a metallic material, space holder and binder 
respectively. The materials will be mixed by using a ball 
machine with the speed of 60 RPM for 10 minutes 
before the mixtures go to compaction process. The 
samples were uniaxially pressed at 42Mpa and sintered 
in two stages which the first stages at 280˚C for 30 
minutes to remove the space holder material completely 
and the second stage at 970˚C. Density and porosity test 
were performed to characterize the physical properties 
of Stainless Steel (SS316L) foams and Scanning 
Electron Microscopy (SEM) to analyze morphological 
properties 
 
1. INTRODUCTION 

Metal foams are man-made cellular structure made 
from metallic materials which contain pores in their 
structure which can be categorized into two types of 
which are open-cell and closed-cell. Open-cell metal 
foams can be described when the voids are connected 
via open pores, while the voids are not connected via 
open pores and separated by solid wall are called as 
closed-cell metal foams[1]. Metal foams has widely 
used in industry such as energy absorber, heat 
exchangers, mechanical damping and in filter system. 
Nowadays, metal foams are used in implant application 
due to its extremely low density and good combination 
of properties which reduced stiffness mismatches[2].  

 Over the year, a variety of metal foams fabrication 
processes have been developed because it can be 
produced by many techniques in a variety shapes. 
Different fabrication method varies in complexity of 
preparation and also in the resulting cellular metal. 
Basically, the fabrication of metal foams can be 
classified into three categories according to the state the 
metal is processes in which are solid state in powder or 
fibre form, liquid metal, and metal vapour or gaseous 
metallic compound[3]. It has been recorded that powder 
metallurgy techniques which is solid state route is 
currently used as a production method[1].  

The objective of this research is to fabricate the 
Stainless Steel (SS316L) foams with Carbamide as the 
space holder material prepared by Powder metallurgy 
techniques and to study and characterize the properties 
of resulting SS316L foams after sintering process. The 
physical properties of the SS316L foams were examined 

by carrying out the density and porosity test, while the 
morphological test has been done to analyze the 
formation of pore structures. 

 
 

Figure 1: Research Flow Chart 
 

2. RESULTS AND DISCUSSION 
The physical properties of the SS316L foams were 

studied by carrying out the density and porosity test by 
applying Archimedes principle. Fig. 2 shows the graph 
bulk density and percent of porosity versus SS316L 
composition of SS316L foams at the sintering 
temperature of 970°C.  From the graph, it can be seen 
that the density of SS316L foams increases with the 
increasing of SS316L composition of the mixture. The 
densification process occurred to the SS316L foams 
influences the increasing number of density values [4]. 
It can be supported from the previous researcher justify 
that the density is proportional to the amount of the 
316L particles in the powder formulation [5]. However, 
the porosity of SS316L foams shows the contrary result. 
The porosity of SS316L foams decreases with the 
increasing of SS316L composition. As more Carbamide 
particles was added, there was more pores form after the 
removal of Carbamide particles.  
 The SS316L foams microstructures was 
characterized by carrying out Scanning Electron 
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Microscopy (SEM). Figure 3 shows the comparative set 
of morphology for the SS316L foams after sintering 
process. From the sample with the composition 95 of 
weight percent show the densification occurred. This is 
because; at this composition the Carbamide material 
was less which allows for the grain growth and densifies 
the sample. The sample with the composition 90 of 
weight percent (wt. %) show the micro pores was 
formed with the distribution of pores was clustered.  For 
the sample with the composition 85, 80 and 75 of 
weight percent (wt. %) show the less formation of pores 
which the distribution of pores can be categorized as 
isolates pores. 
 

 
Figure 2: Density and Porosity Test Graph of SS316L 
foam fabricated via Powder Metallurgy Techniques 
 

 
Figure 3: The micrograph with the magnification of 
500X of the samples with the composition of a) 95, b) 
90, c) 85, d) 80, and e) 75 of weight percent (wt. %) at 
sintering temperature of 970°C 

 
 

3. CONCLUSION 
The SS316L foams had been successfully 
fabricated by powder metallurgy route. From the 
result obtained, the metal foams with the 75 wt% 
of SS316L has better performance compared to the 
other composition with the lower value of density 
and higher value of percentage of porosity make it 
suitable for the biomedical application. 
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ABSTRACT – Friction stir welding is a gateway for 
joining the two dissimilar lightweight materials, and the 
implementation is applicable for various industries. In 
the present work, a non-heat treatable and heat treatable 
aluminium alloys were welded as butt joints using 
friction stir welding technique. The welding parameters 
used were 1000rpm for rotational speed and 
100mm/min for transverse speed. Three different 
aluminium alloy grades i.e. AA1100, AA5083 and 
AA6061 were dissimilar joined into an AA6061-
AA1100 and AA6061-AA5083. All welded joints were 
successfully produced without defect at outside and 
inside the welded region. The different mixing patterns 
were observed in the stirred zone due to the different 
materials flow eventhough using the same parameter. 
The dissimilar joints exhibited very high joint efficiency 
with tensile strength close to the strength of AA6061 
base metal. In particular, the ultimate tensile strength of 
AA6061-AA5083 and AA6061-AA1100 welded joints 
were 97% and 80%, respectively. Therefore, the 
dissimilar friction stir welding of aluminium alloys 
successfully possess strength of more than 80% of the 
base metal.   
 
1. INTRODUCTION 

Friction stir welding (FSW) which is known as a 
solid state welding was invented by The Welding 
Institute (TWI) in 1991. This welding process was 
introduced particularly to overcome the difficulties to 
produce the sound welding of aluminium alloys by 
conventional fusion welding.  In essence, FSW is 
working when a tool pin was plugged in between two 
metals. Relatively, the motion of pin tool in transverse 
and rotational between the two metals will generate 
frictional heat that softened the materials under the pin 
shoulder. In fact, the joints formed when the metal is in 
plastic deformation and it subsequently mixes the 
metals below the melting temperature[1]. Metal parallel 
to welding direction is known as advancing side (AS), 
while the opposite metal is called as retreating side 
(RS). In common, welding zone consists of different 
regions namely therma-mechanically affected zone 
(TMAZ), heat affected zone (HAZ) and nugget zone 
(NZ). Those regions experienced variance of plastic 
deformation such as NZ was fully recrystallized due to 
large volumes of materials processes from pin rotation.  
The TMAZ which is near to NZ has mechanically 
deformed and heat exerted was influenced to the zone. 
Hence, the HAZ has undergone the thermal cycles 

without any deformation of microstructures and 
mechanical properties. Therefore, the FSW gives an 
advantage in terms of efficiency to weld dissimilar 
materials. Joining the two different materials especially 
the lightweight materials is a gateway in industries for 
reducing mass in industrial applications. There are many 
factors that should be included to form a sound welding 
joint for dissimilar materials. Types of materials and 
their position either at AS or RS will determine the 
efficiency and the strength of the joints [2]. Friction stir 
welding of AA5xxx and AA6xxx gain numerous interest 
among researchers due to their high applications in 
industries [3]–[5]. In contrary, only a few researchers 
were concerned about welding of AA1xxx and 
AA6xxxx. In this research work, an attempt was made 
to joint dissimilar aluminium alloys AA6061-AA5083 
and AA6061-AA1100. Microstructures and the 
mechanical properties of the butt welded joints were 
then investigated and the results were compared. 
 
2. METHODOLOGY 

Different type of aluminium alloys i.e. AA1100, 
AA5083 and AA6061 were used in this study. Materials 
were cut into plates with a dimension of 150mm × 
100mm × 5mm. The two dissimilar butts welding were 
made to form AA6061-AA5083 (hereinafter referred to 
as AW65)  and AA6061-AA1100 (hereinafter referred to 
as AW61). Table 1 shows the annealed mechanical 
properties of BM used. AA5083 possess the highest 
strength followed by AA1100 and AA6061. Further, the  
AA5083 and AA6061 were chosen as AS for AA6061-
AA5083 and AA6061-AA1100, respectively. The 
welding parameters for transverse speed was 
100mm/min and rotational speed was 1000rpm. The pin 
geometry is simple and threaded with 20mm of 
shoulder, length 4.7mm, and diameter 5mm; else, the 
inclined angle was set 3° for both samples. Specimens 

 
Table 1 Mechanical properties of BM (as annealed) 

Sample σy  
 (MPa) 

σuts  
(MPa) 

Elongation 
      (%) 

Hardness 
(Hv) 

AA1100 71 121 24 45 
AA5083 191 328 22 90 
AA6061 68 116 29 46 
 
Were cut perpendicular to the FSW direction. Specimen 
length was 40mm and the cross-sectional dimension 
was 40x6mm2. The tensile test was then conducted 
using Zwick universal testing machine with 100kN load 
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capacity. 
 
3. RESULTS AND DISCUSSION 

Visual inspection on the welding surface indicated 
that welding flash built up at both sides of AW61 
compared to that of AW65 as shown in Figure 1. The 
exit hole formed after FSW stop as designated of the 
negative of pin tool. Smoother surface indicated the 
efficient heat flow and consistent deep of pin 
penetration [6]. 

Figure 2(a) and (c) indicate the macrostructures of 
the weld cross-sections for AW61 and AW65. Both 
AW61 and AW65 welded regions are free from internal 
defects. As revealed, the AA6061 in AWA61 and 
AA5083 in AW65 looked darker than the other side due 
to chemical ecth. 

The cracks in welded region claimed to occur 
when the welding flash is obviously observed on the 
welding surface [7] but that was not attained in AW61. 
Indeed, in the NZ of AW61 in Figure 2(b) shows the 
lobes structure, whereas Figure 2(d) depicts the 
distorted and wavy pattern in NZ of AW65 as represent 
the two types of materials have been mixed. 

 

 
Figure 1 A top view of FSW welds (a) AA6061-

AA1100 (b) AA6061-AA5083 
 

 

Figure 2: Macrostructure and stir zone of dissimilar 
joint a) AA6061-AA1100 b) NZ of AA6061-AA1100 

c)AA 6061-AA5083 d) NZ of AA6061-AA5083 
        

Figure 3 shows the stress-strain curves of BM and 
welded joint samples. AA5083 shows the highest tensile 
strength compared to the others. The tensile strength of 
dissimilar joints was found similar and slightly lower 
compared to that of AA6061, but AW65 exhibited 
higher elongation than AA6061. 

 
The tensile strength and elongation of AW65 was 

113MPa and 15%, while, AW61 achieved to 93MPa 
and 13%, respectively. In comparison to AA6061, 
tensile strength of AW65 and AW61 joints were 97% 

and 80%, respectively. 
 

 
Figure 3: Stress-strain diagram of welded joints and 
base metals 

4. CONCLUSIONS 
The dissimilar AW65 joints possess smoother welding 
surface without any welding flash whereas welding 
flash appeared at the both side of AW61 joints. Further, 
the stress-strain curves indicated the strength of 
dissimilar welded joints almost similar to the AA6061, 
in which the joint efficiency of AW65 and AW61 were 
97% and 80%, respectively.  
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ABSTRACT –Direct aluminium recycling employing 
hot press forging process promises interesting material 
properties on the strength and plasticity. In this study, 
the effect of artificial aging time on the strength and 
hardness of recycled Al-alloy AA6061-T6were 
investigated. The experimental work of different aging 
times at 175°C revealed peak-aged conditions were 
reached after 120 minutes. The variances of ultimate 
tensile strength and hardness with aging time were 
measured and discussed in relation to the 
microstructural changes induced by heat treatment. 
 
1. INTRODUCTION 

The primary aluminium production (mining of ore) 
required tremendous energy, which also wounded the 
environment in many aspects. Previously, many papers 
had discussed on reducing the energy needed to produce 
the aluminium by introducing secondary process namely 
as, aluminium recycling [1], [2]. Aluminium recycling 
started in the early 1900s where it aims to reduce the 
energy consumption and to preserve the environment.  

Solid-state recycling, which involves direct 
recycling of metal scrap into bulk material by using 
severe plastic deformation (SPD), has emerged as a 
potential alternative to the conventional remelting and 
recycling techniques [3]. Study on determining ideal 
temperature to execute forging of recycled aluminium 
by Yusuf [4] found out that, by increasing the 
temperature above the recrystallization temperature of 
an alloy contribute to the increment of strengthening 
due to a finer particle dispersion. Recycled aluminium 
chip size also plays a vital role in the control of the 
contamination level of oxides. Lajis [5] stated that oxide 
in the recycled specimen contributes to higher tensile 
strength and ductility, whereas excessive oxide can 
adversely affect it. Some publications had discussed on 
the employment of optimization in the study of 
recycling aluminium, and most of them agreed that chip 
size is the most contributed factor in achieving great 
strength [6]–[8]. To that extent, the desired mechanical 
properties of forgings can be obtained only by means of 
a final heat treatment. In general, the best properties in 
both cold and hot forged parts in heat-treatable 
aluminium alloys are obtained by including in the 
forging cycle, a heat treatment that provides 
strengthening by precipitation hardening mechanisms 
[9], [10]. 

In this paper, the heat treatment after forging 

process will be implemented in order to obtain the 
desired mechanical properties. Very important issue 
connected with heat treatment of aluminium is the 
selection of temperature and duration of aging 
treatments. In order to obtain optimum mechanical 
properties, a suitable production procedure should be 
selected by considering the history of the material. This 
paper aims to investigate the effect of aging time on 
strength and hardness of the recycled AA6061-T6 
aluminum alloy by utilizing hot press forging process.  
 
2. METHODOLOGY 

Commercial aluminium bulk series AA6061-T6 
was milled to produce a medium size aluminium chip. 
This is to reenact the waste production by machining 
process. The milling took place in the Sodick-MC430L 
high-speed machining, with the cutting speed, v of 110 
m/min, feed rate, f of 0.05 mm/tooth and the depth of 
cut of 1.0 mm. 

Cleaning process in acetone (C3H6O) begin as 
soon the chip leaves the milling machine. The drying 
process then undergoes for 30 minutes in a thermal 
drying oven at 60ºC. 12.0 grams of cleaning aluminium 
chip were poured into the mould and the plunge is fixed 
accordingly. 

Hot press forging process executed for 120 
minutes at 530ºC with 4 times pre-compacting cycle. 
The forced were set to constant at 350 kN 
(approximately 35 tons). The recycled specimen was 
then quenched in cold water to ensure fast cooling. A 
number of different artificial aging time was performed 
as shown schematically in Figure 1. 

The shaping process previously resulted in the 
preparation of a standard specimen for tensile testing 
(ASTM E8-M). Tensile test at room temperature was 
conducted on Universal Testing Machine (GOTECH) at 
the test speed of 0.50 mm/min. Vickers microhardness 
measurements, made with a 1kN load, were used to 
monitor hardness changes during all ageing treatments. 
The hardness data reported here represent an average of 
at least 10 measurements. 
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Figure 1 Aging process diagram 

 
3. RESULTS AND DISCUSSION 

Heat treatment is one of the most important 
controlling factors used to enhance the mechanical 
properties of Al-Si alloys through optimization of both 
solution and ageing heat treatment given to such alloys. 
Strength and hardness are important mechanical 
properties to control the alloy recyclability. 

Figure 2 shows the tensile results (ultimate tensile 
strength and elongation to failure) as a function of 
artificial aging time for the recycled specimen. The UTS 
of the recycled AA6061 Al-alloy immediately after 
recycling, utilizing forging process (NoHT) sample is as 
low as 265.636 MPa but a continuous and a pronounced 
increase in strength with the increase in aging time at 
175°C is observed as seen in Figure 2. It is interesting to 
observe that the strain hardening behaviour of the 
sample aged up to 60 minutes is slightly lower to that of 
the NoHT specimen. However, the behaviour changes 
dramatically at peak-aged (120 minutes) by reaching the 
strength of 340.475 MPa with 22.398% of elongation to 
failure. This value is identical and even greater as 
compared to as-received Al-alloy AA6061-T6. Further  
aging times from 180-480 minutes lead to decrease both 
strength and strain behaviour. 

 
Figure 2 Ultimate tensile strength and elongation to 

failure for various aging conditions 
 
4. CONCLUSIONS 

In this study, recycled Al-alloy AA6061-T6 chip 
was aged and the effect of aging time on 
mechanical properties was determined. The 
following conclusions are obtained: 
1) Peak aging conditions are reached in 120 

minutes of aging at 175°C. Slightly different 
Mg/Si atomic ratio and material history would 

lead to a different time to peak age. 
2) Further aging times up to 120 minutes (peak-

aged) lead to decrease the stress-strain and 
hardness behaviour.  
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ABSTRACT – Constrained groove pressing (CGP) 

is one of the severe plastic deformation (SPD) methods 

to gain grain refinement of aluminium sheets to 

increase mechanical properties. Among them, friction 

stir welding (FSW) can be used to produce sound joints 
in heat treatable aluminium alloys as a solid state 

joining process. Based on previous research, the 

mechanical properties of SPDed Al6061 sheets after 

FSW process are still not fully understood. In this 

research, friction stir welding was performed on an 

annealed, CGPed, and T6 heat treated aluminium 

sheets with constant heat input to evaluate the 

influence of constrained groove pressing on the 

mechanical strength of friction stir welded Al6061 

alloy. The results showed the yield stress of the CGPed 

base metals was 200% more than that of annealed 
samples and 50% less than T6 conditions. Furthermore, 

the mechanical properties of CGPed-FSWed samples 

demonstrated the welding efficiency of 78% with 

higher ductility and elongation as compared to 

Al6061(T6)-FSWed.  

 

1. INTRODUCTION 

Severe plastic deformation (SPD) is the main 

method for producing ultrafine grained (UFG) 

microstructure in metallic materials [1,2]. Several 

methods have been proposed for imposing severe 

plastic strain [3-5] to the metals. And constrained 
groove pressing (CGP) is a useful method for grain 

refinement of aluminium sheets [6]. It is known that 

joining heat-treatable aluminium alloys such as 

aluminium 6xxx series by using fusion welding is 

difficult. However, a solid state friction stir welding 

(FSW) process can be used to produce sound joints in 

heat-treatable aluminium alloys. Since the material 

subjected to FSW does not melt and recast, the 

resultant weld offers advantages over conventional 

fusion welds such as better retention of baseline 

mechanical properties, less distortion, lower residual 
stresses and fewer weld defects. However, from prior 

research, the understanding of mechanical properties of 

SPDed Al6061 sheets during FSW process is 

insufficient.  

In this study, as-received, annealed, and CGPed 

Al6061 aluminium alloy plates are FSWed at constant 

heat input to evaluate the influence of constrained 

groove pressing on the mechanical strength of friction 

stir welded alloys. 

2. METHODOLOGY 

Commercial aluminium alloy 6061(T6) with 

dimensions of 75x50x3 mm3 was used in this study as 

the base metal. The alloying compositions were 0.8% 

Mg, 0.4% Si and 0.18% Cu. Constrain groove process 
(CGP) was performed 1 pass on the annealed Al6061. 

Figure 1 illustrates the 1 pass CGP. 

 

Figure 1 Sequence of steps used in 1 pass CGP 

process[7] 

During the FSW process, the welding direction is 

made perpendicular to the rolling direction of the plate. 

The tool used was a cylindrical threaded M5 pin made 

of heat treated H13 tool steel with a hardness of 53-55 

HRC. The shoulder size, pin width, and pin length 

were 12mm, 4mm and 2.8mm, respectively. Tool 

rotation and travel speeds were fixed at 1200rpm and 

100 mm/min. The transverse tensile test was performed 

at ambient temperature (25°C) with the speed of 

1mm/min using specimen length and width of 100mm 

and 10mm, respectively. Microhardness test was 

performed in the middle of the thickness by Shimadzu 
micro hardness tester machine with conditions of 

0.98N and dwell time of 15 seconds.  

 

3. RESULTS AND DISCUSSION 

The mechanical properties of the as-received 

(Al6061-T6), annealed (Al6061-O), and Al6061-

CGPed aluminium alloys are shown in Table 1. 

Al6061-T6 showed the highest yield and tensile 

strengths compared to the other two with total 

elongation of 17%. Annealing reduced the yield and 
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ultimate stresses by 80 and 60%, respectively. 

However, annealing increased the ductility by almost 

100% as compared to as-received samples. On the 

other hand, CGP improved the yield and ultimate stress 

by 210% and 50% but lower in elongation as compared 

to the annealed sample, respectively. In overall, CGPed 

sample showed inferior mechanical properties 

compared to Al6061-T6. The increasing of mechanical 

properties of CGPed sample maybe be attributed to 

severe plastic deformation introduced to the sample 

after pressing process and it caused reduction of grain 

size and increasing of mechanical properties[6].  

Figure 2 shows the friction stir welded 

appearance of similar metals of Al6061-O, CGPed, and 

T6. All samples displayed smooth semicircular traces 

without any defects detected. Tensile test results of 

samples after friction stir welding showed a decrease of 

strength in CGPed and T6 samples but an increase of 

tensile strength in annealed sample as shown in Figure 

3. The ultimate stress of Al6061-CGPed and T6 

reduced to 135 and 196MPa, respectively, as shown in 

Table 2. The decreasing of tensile properties is 

believed to be attributed to the grain growth and 

increasing of average grain size due to heat input 

during welding. However, the increased mechanical 

properties in FSWed of annealed samples are assumed 

due to decreasing of average grain size. The friction 

stir welding efficiency of Al6061-CGPed and Al6061-

T6 conditions were 78% and 67%, respectively.  

 

Table 1 Mechanical properties of base metal plates 

Sample y (MPa) uts (MPa) El. (%) 

Al6061-O 49 118 33 

Al6061-CGPed 152 175 13 

Al6061-T6 258 296 17 

 

Table 2 Mechanical properties of FSWed metal plates 

Sample y (MPa) its (MPa) El. (%) 
Welding 

Efficiency (%) 

Al6061-O 56 126 20 - 

Al6061-CGPed 69 135 16 78 

Al6061-T6 113 196 9.5 67 

 

 
Figure 2 Appearance of friction stir welded;  

(a) Al6061-O, (b) Al6061-CGPed, (c) Al6061-T6 

 
Figure 3 Stress-Strain curve of FSWed; (a) Al6061-O, 

(b) Al6061-CGPed, (c) Al6061-T6 

4. CONCLUSION 

The following conclusions can be made based on the 

current study on FSW of similar Al6061 alloys: 

1) Defect free FSW joints with good mechanical 

properties were obtained in constant heat input. 

2) CGP improved yield and tensile strengths of 
annealed Al6061. 

3) The strength of the joints was influenced by FSW 

process. Elongation and joint efficiency of CGPed 

welded sample were higher than T6 welded sample.  
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