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RINGKASAN: Ujikaji telah dijalankan untuk menye/idik kesan penambahan asid stearik 
ke atas sifat-sifat bahan teracu daripada keluli tahan karat 316L dengan menggunakan 
sistem bahan pengikat yang terdiri daripada PEGIPMMA. Hasil kajian menunjukkan 
bahawa penambahan asid stearik dalam kuantiti yang sedikit telah dapat meningkatkan 
bebanan serbuk logam untuk disuntik. Apabila kuantitinya dipertingkatkan lagi, ia dapat 
merendahkan suhu suntikan bagi bahan suapan tetapi juga menurunkan kekuatan 
bahan teracu selepas disuntik dan dikuras. Asid stearik di dalam bahan pengikat didapati 
menjerap dipermukaan serbuk logam dan ini akan menyebabkan ruang-ruang kosong 
di mana bahan PMMA untuk mengikat serbuk /ogam menjadi berkurangan dan hasilnya 
menurunkan rintangan aliran bahan suapan, juga kekuatan bahan teracu dan terkuras. 
Walaubagaimanapun tiada perubahan ketara pada ketumpatan bahan tersinter. 

ABSTRACT: Experiments have been conducted to investigate the influence of stearic 
acid addition on the properties of injection moulded 316L stainless steel powder using 
a PEG/PMMA binder system. It is shown in the present study that the addition of small 
amounts of stearic acid in the formulation allows higher metal powder loading to be 
successfully moulded. As its concentration is increased, it reduces the moulding 
temperature of the feedstock, while having unfavourable consequence of reducing the 
as-moulded and as-leached strengths of the moulding. Stearic acid in the binder is 
preferentially adsorbed onto the surface of the powder particles and reduces the available 
sites to which the PMMA can bond to link the particles together, and as a result, reduces 
the resistance to flow of the feedstock as well as the as-moulded and as-leached 
strengths. However, no significant trend in relative sintered density was observed. 
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INTRODUCTION 

Powder Injection Moulding (PIM) is a manufacturing process capable of producing high 
performance and complex shaped metals and ceramics at low cost. (German, 1990). This 

industry has established a commercial credibility in the production of many components and 
it is clear that major growth occurred for several types of product ranges from automotive 

components to consumer products. Recent interest had been directed in particular at PIM 

· components with high added values, including sporty goods, eyeglasses, wristwatches and 
jewellery (German and Bose, 1997) 

The method comprises of the following major steps : mixing of metal powders and binder 

system, moulding into the desired shape, debinding process to remove the binder and 
sintering in order to achieve near theoretical density A key issue in injection moulding is the 

· selection of binder. The binder system used for PIM usually comprises the components of 
polymers, waxes, plastiziser and lubricants such as stearic acid (German, 1990). The use 

of binder ensures uniform powder packing within the compacts, therefore density gradients 
are minimised. The PIM process has been greatly improved compared to the early stage 

of development. However, further development is still required, especially concerning the 
binder system, particularly a lubricant. 

A proper lubricant can enhance the dispersion of powder in the binder during mixing, which 
in turn results in enhanced powder loading and green strength (Zhang et al, 1988) without 

scarificing the flow properties of the mixtures. On the other hand, a lubricant covalenly 
bonded onto the powder surface can hinder the binder burnout as it blocks the pathway of 

the decomposed binder (Edirisinghe, 1990). Therefore, the selection of the lubricant has a 
major influence on the success of the PIM process. 

The main objective of the present study was to develop an understanding of the role of 
lubricant, particularly, stearic acid in the binder formulation using a composite binder system 

whose main constituents are polyethylene glycol (PEGs) and polymethyl metacrylate (PMMA). 
In recent research, stearic acid has been introduced into this binder system to increase 
powder loading for injection moulding of the 316L stainless steel powder with 24 µm median 

particle size. Furthermore, the stearic acid content have been systematically changed to _ 
ascertain how this affects the moulding behaviour and the properties of the mouldings. 

EXPERIMENTAL PROCEDURES 

The gas atomised 316L stainless steel powder used in the present study was obtained from 
Osprey Metal Ltd., Neath, UK. The chemical composition of the powder given by the 

manufacturer is tabulated in Table 1 . 
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Table 1. The chemical composition of the stainless steel powder 

elements,% 

c Si Mn p s Cr Ni Mo 

0.09 0.32 0.80 0.041 0.016 16.40 12.40 2.31 

The particle size distribution was determined using a Coulter LS 130 Laser Particle Size Analyser 

and is given in Table 2. It shows that the powder had a median particle size of approximately 

24 µm. It can be seen that the powder had a relatively wide particle size distribution which is 

desirable for efficient particle packing. All the particles were approximately spherical. 

Table 2. The cumulative particle size distribution of stainless steel powder 

fraction,% %< 10 25 50 75 90 

size, µm 9.74 13.86 24.12 32.75 40.02 

The two component binders consist of a major fraction (75 - 90%) of PEGs, in this case with 

different molecular weights of 600 (10 wt%), 1000 (10 wt%) and 1500 (80 wt%}: These were 

-. kindly supplied by Honeywill and Stein Ltd. Surrey UK. The PMMA emulsion contained 40 wt % 

PMMA particles and was specially prepared by Scott Bader Co Ltd, Wellingborough, UK. 

Feedstock were initially produced with binder free of stearic acid to contain 63.5 vol. % of 

metal powder. The powder fraction was then increased to the maximum that could be 

moulded without the addition of stearic acid, i.e. 65.5 vol.%. To increase the powder loading, 

the binder for feedstock containing 67.5 vol. % powder loading with 15 wt. % of PMMA were 

modified by introduction of stearic acid, following the preliminary studies by Bakan et. al 
(1998) . Trials were conducted by replacing PEGs in the binder with 0.5, 1.0 and 2.0 wt % 

of stearic acid in binder formulation. 

In order to investigate further the role of stearic acid in the binder, 4 mixtures with different 

concentrations of stearic acid were prepared, i.e. 2, 3, 4 and 6 wt. % while the powder 

• loading was kept constant at 67.5 vol. %. (Table 3). The binder contained 15 wt.% of PMMA. 

The mixtures were prepared with a sigma blade mixer at 100°C. The mixing time was 1 hour 

at a rotation frequency of 50 rpm. Initially, the metal powder was mixed with the PMMA 

emulsion to form a homogenous paste. The PEGs were melted and poured onto the paste, 

and mixed during drying to avoid sedimentation of the metal powder and segregation of the 

PEGs to the surface from which evaporation was occurring . The mixture was first dried, in 

air at ambient temperature, and then in an oven at a temperature of 50°C for 1 hour. 
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Table 3. Binder compositions for case study 

Binder type Compositions, wt. % 

PEG 600 PEG1000 PEG1500 PMMA Stearic acid 

a 8.3 8.3 66.4 15.0 2 

b 8.2 8.2 65.6 15.0 3 

c 8.1 8.1 64.8 15.0 4 

d 7.9 7.9 63.2 15.0 6 

Injection moulding was performed using a simple, vertically aligned and pneumatically 
operated plunger-type machine. The mould was clamped mechanically. The barrel was 

heated electrically. A simple bar, having a square cross section, was moulded at 45 MPa. 
This had dimensions of 5 x 5 x 55 mm. The green strengths of the mouldings were 

determined using a 3-point bend test. The diameter of the support rollers was 3.15 mm and 

the span length was 25.4 mm. The loads at fracture were recorded. 

The binder was removed by two stages debinding. In the first stage, water leaching was 

employed to remove the PEGs component, which is the major fraction of the binder. Distilled 

water was used as the solvent to reduce the possibility of rusting the alloys powder. The 
leaching process was carried out in the water bath held at a temperature of 60°C for 240 
minutes. The leached specimens were dried in an oven at 50°C for 1 hour to remove the 

remaining water completely. The residual binder, the PMMA and stearic acid were removed 
by thermal pyrolysis under an argon atmosphere in a tube furnace. The cycle consisted of 

heating at a rate of 3°C/min to 400°C and soaking for 30 minutes. The sintering process 
were performed in the same furnace as that used for residual binder removal.· The sintering 

cycle was 10°C/min up to 1360°C holding at 1360°C for 2 hours and furnace cooled . 

RESULTS AND DISCUSSION 

Powder Loading and Moulding Behaviour 

Without the addition of stearic acid, the maximum powder loading which could be injection -
moulded was 65.5 vol. % for this 316L stainless steel powder. Using 0.5 and 1.0 wt. % of 

stearic acid in the binder formulation, the feedstocks with 67.5 vol. % could not be moulded 

even by increasing both the temperature and pressure. However, the present study has 
shown that the presence of 2 wt. % stearic acid in the binder formulation allows feedstock 

with increased powder loadings to be moulded. With an addition of 2 wt. % of stearic acid, 
the feedstock made with the same powder loading was successfully injection moulded at 

a temperature of 124°C and with an injection pressure of 46 MPa. The average as-moulded 

strengths for the moulding was 5.5 MPa. 
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It was found that the as-moulded parts tended to be soft and flexible and that the distortion 
occurred during removal from the mould unless a long setting time, typically 4-5 minutes 
(without stearic acid, the setting time was 15-30 seconds), was allowed for the parts to 
become sufficiently stiff. The reason for the increased setting time when stearic acid was 
introduced in the binder is not understood at the moment. However, in a current study by 
another worker in the group (Wong, 1999), it was found that the setting time could be reduced 
if the lower molecular weight PEGs, i.e. PEG600 and PEG1000 were removed from the binder 
and replaced by PEG1500• 

Increasing the powder loading to 69.5 vol. % with the addition of 2 wt. % of stearic acid 
clearly stiffened the mouldings and reduced the setting time to about 2 minutes. However, 
the moulding temperature had then to be increased to about 155-160°C, which led to 
oxidation and degradation of the binder. In addition the problem of incomplete mould filling 
also occurred. 

Although addition of small amount of stearic acid (2 wt. %) improved mouldability, it was 
found that the as-moulded strength was reduced. The strength of the mouldings made with 
and without stearic acid in the binder formulation can be compared for the feedstocks using 
a powder loading of 65.5 vol. %. It was found that the as-moulded strength was lowered 
by 50% for the mouldings made with the addition of 2 wt. % of stearic acid, i.e., from 
8.5 MPa to 4.2 MPa. 

To investigate further the roles and the effects of stearic acid on the feedstock and on the 
properties of the moulding, the powder loading was fixed at 67.5 vol.% and the concentration 
of stearic acid varied from 2 to 6 wt. %. Table 4 shows the relationships between the moulding 
temperature and the stearic acid content of the binder formulation. The results show that 
increasing the concentration of stearic acid increases the ability of the mixtures to flow, as 
indicated by the reduction in the moulding temperature. With 6 wt % of stearic acid, the 
injection temperature could be lowered to 110°C. However, it was found that the moulding 
cycle time became excessively long. 

Table 4. Moulding temperature as a function of stearic acid concentration 

Stearic acid concentration, wt. % Injection temperature °C 

2 127 

3 120 

4 117 

6 110 
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The as-moulded (green) strength was measured on the specimens made from the feedstock 

which had been successfully moulded. Ten sample bars from each feedstock with different 

concentrations of stearic acid were fractured using a three-point bend test and their mean, 

maximuAl and minimum values are given in Figure 2. 

Interestingly, there is a significant change in the average values of as-moulded strength with 

increasing amounts of stearic acid, as clearly seen in Figure 2 with an average value for 

mouldings made with 6 wt. % of stearic acid of 3.1 MPa, compared with 7.1 MPa for 

mouldings made with 2 wt. %. It is possible that this result can be explained by assuming 

that when the high molecular weight polymer in the binder, in this case PMMA, is prevented 

from bonding to the surfaces of the metal particles, the strength of the bars is reduced. On 

increasing the stearic acid from 2 wt. % to 6 wt. %, with the PMMA content remaining 

constant, it is possible that the additional stearic acid reduced the sites available for PMMA 

to bond to the 316L stainless steel particles and so the strength was reduced. 
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Figure 1. Effect of stearic acid concentration on the as-moulded (green) 
strength of the moulding made with 316L stainless steel powder 
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Figure 2. Effect of stearic acid concentration on the as-leached 
strength of the moulding made with 316L stainless steel powder 
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This result appears to conflict with those obtained by Misayo (1999) using the same binder 

constituents for the average green strengths of moulded bars composed of alumina. She 

observed no marked trends in the strengths for those containing 5 wt. % to 15 wt. % of stearic 

acid. The specific surface area of alumina powder was far greater than that for stainless 

steel and, consequently, would require more stearic acid to be covered. Perhaps, for alumina, 

even 15 wt. % of stearic acid might not have been enough to form a monolayer on the powder 

surface. Meanwhile, for stainless steel, therefore, stearic acid prevented PMMA sticking to 

the powder surface and the as-moulded strength was reduced by increasing the concentrations 

of stearic acid. 

Water Leaching Behaviour 

The moulded specimens were leached using distilled water at 60°C for 240 minutes in order 

to remove PEGs completely. The test specimens did not show any noticeable change in their 

shape after being leached. All the specimens had an adequate strength for handling. 

The strengths of the moulding after the water leaching process, denoted as-leached strength, 

were also measured using three-point bend test. Figure 2 demonstrates the effect of stearic 

acid content in the binder formulation on the as-leached strength at a powder loading of 67.5 

. vol.%. The strength was reduced from 1.4 MPa to 0.6 MPa when the stearic acid concentration 

increased from 2 wt. % to 6 wt. %. Increasing the concentration of stearic acid lowers the 

as-leached strength, presumably because the stearic acid is adsorbed onto the metal 

- particles and this would reduce the sites available to the PMMA to bond and hold the metal 

particles together. 

a) 2 wt. % of stearic acid b) 6 wt.% of stearic acid 

Figure 3. Scanning electron micrograph showing the crystal of stearic acid adsorbed 
on the surface of metal particles with 2 and 6 wt % concentration of stearic acid after 
leaching at 6(}'C for 240 minutes 
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Figure 3a and b are scanning electron micrographs which show the evidence of the crystal 

of stearic acid adsorbed on the surfaces of metal particles leached at 60QC for 240 minutes 

(below the melting point of stearic acid) at different concentrations of stearic acid. 

Sintering Process 

Figure 4 shows the relationship between the sintered density and the concentration of stearic 

acid in the binder formulation at a powder loading of 67.5 vol. %. More than 97% of relative 

density was achieved with all the specimens with different concentration of stearic acid. 

There are no strong trends with respect to the change in concentration of stearic acid, 

although the maximum densities appear to occur with 3 wt. % of stearic acid. 
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Figure 4. Effect of stearic acid concentration on the sintered 
densities for mouldings made with stainless steel powder 
after sintering for 2 hours at 136CfC in argon atmosphere 

CONCLUSIONS 

Introduction of stearic acid in the binder allows higher metal powder contents to be successfully · 

moulded. Stearic acid is added to the binder as a lubricant and as its concentration is 

increased, it reduces the moulding temperature of the feedstock. Stearic acid in the binder 

is preferentially adsorbed onto the surfaces of the powder particles and reduces the available 

sites to which the PMMA can bond to link the particles together, and as a· result, reduces 

the resistance to flow of the feedstock as well as the as-moulded and as-leached strength. 
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