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Abstract

Injection moulding is one of the essential processes in Metal injection moulding (MIM). The injection pressure and flow rate are the key
factors that influence the quality of the MIM parts. In the present study, experimental work has been performed to identify the influence
of injection pressure and flow rate to the surface defects, density and the strength of the green parts. Feedstocks used were water atom-
ised stainless steel powder with a solid loading of 62 %vol and the multicomponent binder consisting PEG, PMMA and strearic acid.
Tensile specimens were injection moulded by varying injection pressure from 550 bar to 750 bar and flow rate from 10 cm?/s to 20 cm?¥/s.
All feedstocks prepared exhibits a shear thinning behaviour. The results show that the green density and green strength decreases as in-
jection pressure increased. The flow rate is directly proportional to the green strength while the green density is unable to correlate with
the flow rate. Excess flashing and severe binder separations were observed when the specimens were injection moulded at injection pres-
sure 750 bar and flow rate 20 cm¥/s.
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1. Introduction

Metal injection moulding (MIM) is a manufacturing technology which can produce very small and complexes parts [1, 9, 19]. It is com-
petitive against other conventional techniques such as machining due to its capability to produce the parts in large quantity at low cost.
Generally, MIM composes of four main steps namely a mixing, injection moulding, debinding and sintering. A small portion of polymer
binder is initially mixed with the metal powder to form homogenous feedstocks. The feedstocks are feed into the injection machine to
shape the part before undergoing the debinding process. The part is then sintered in a furnace to obtain the higher mechanical properties.
In MIM, injection moulding is one of the vital steps affecting the success of the MIM. A good manage of moulding process can reduce
the manufacturing lead time. Pressure and flow rate control are two crucial parameters for the success of the moulding process. Flashing,
short shot and jetting are some of the common defects that associate with injection pressure and flow rate. The typical values of injection
pressure are between 15 and 30 MPa [9, 11,14]. Low injection pressure may cause short shot [12] whereas high injection pressure will
cause the feedstocks to flash out from the parting line [4, 13]. The binder becomes less viscous when the injection temperature and pres-
sure are high, and it causes binder separate out from feedstocks. The best moulding condition has adjusted the viscosity of binder 10 Pa.s
and feedstocks viscosity between 10 Pa.s and 1000Pa.s [3, 9, 11, 16, 17]. Furthermore, high injection pressure may also cause distortion
to happen in the gate region. The moderate flow rate is normally required in MIM because high flow rate can cause jetting and low flow
rate result in the uneven mould filling [9, 15].

The moulding parts are called green parts. The mechanical properties of MIM parts purely depend on sintering density and microstruc-
ture. However, the significances of green density and green strength must not be neglected. The green parts are brittle; therefore they
must have enough strength to attain the shape during debinding. Low green density indicates a high portion of a void in the parts and
may cause others defects to occur during debinding. In some previous research, the injection pressure is found to be proportional and has
a small effect, less significant to the green density [8, 11]. However, some recent studies show the opposite observation [19-20]. In gen-
eral, high injection pressure and flow rate will increase the number of the particles involved during the moulding process. Khairur Rijal
Jamaludin et al. [18] have conducted ANOVA analysis to study the influences of injection pressure and injection temperature to green
strength. The experiment concluded that high temperature increases the green strength. Accordingly, higher moulding pressure is ex-
pected to increase the green strength since more particles will involve the infilling process. lbrahim et al. [20] Mustafa et al. [19] also
found that injection pressure is the best effect of the variable in determines the highest green strength. In the parameter optimisation work
done by Wahi et al. [12], they noticed that the flow rate is a significant factor affecting the green strength.
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From the previous work done [8, 11, 12, 18-20], it can be concluded that there is no definite best value of injection pressure and flow rate
in the MIM process. These parameters are varied according to the selection of feedstocks and their characteristic. Thus, it is essential to
determine the optimal moulding condition

of each of the feedstock used in the moulding process. The study aims to identify the influences of injection pressure and flow rate to the
green parts. The green parts were examined from their surface appearances, densities and strength.

2. Experimental procedures

In this study, water atomised 316L stainless steel powder with particle size Dso = 10um and spherical in shape were used. The binder
used is multiple binder systems consisted of Polyethylene glycol (PEG) (73% wt), Polymethyl methacrylate (PMMA) (25% wt) and stea-
ric acid (2% wt). The details of the solid loading of feedstock are shown in Table 1. The mixing was carried out in a Z blade mixer for 1
hour at 70°C. The mixture is then granulated into feedstock in a milling machine. Since the study was intended to investigate the influ-
ence of injection pressure and injection speed, the remaining parameter must keep constant. Feedstock's rheological behaviour and the
preliminary experiment determined the moulding conditions. Once other moulding parameters were decided, the standardised tensile-test
specimen was injection moulded with different level of injection pressure and injection speed using a Battenfeld BA 250 CDC injection
moulding machine. The density of compacts was determined by Archimedes immersion method according to MPIF standard 42 while the
green strength was determined by three-point bend test using INSTRON 5567 according to the MPIF standard 15.

Table 1: Solid loading of feedstocks

Component (%V)  (Ywt) (Yowt)
Powder Water atomised 62 91.64 100
SS316L
PEG 6.1 73
Binder PMMA 38 2.09 25
Stearic Acid 0.17 2

3. Results and discussion

3.1. Rheological behaviours and preliminary run

Viscous material is characterised by flow behaviour index, n. In MIM, a feedstock with shear thinning behaviour and small flow activa-
tion energy, E is desirable [3, 16, 17]. The E value of the feedstock can be calculated from the In (viscosity) versus 1/temperature plot at
shear rate 1000 s. The E value of the feedstock prepared is 1.244 kJ/mol, and it is comparable with the result obtained by previous
works [3, 21]. Table 2 shows the flow behaviour index, n of the feedstocks at the different temperature. All the feedstock exhibits shear
thinning or pseudo-plastic behaviour. The lower the value “n” value, the more viscosity dependence to the shear rate or showing the
greater pseudo-plasticity behaviours of the feedstocks [3, 16, 17]. However, low “n” value associated with some undesirable moulding
defects such as jetting [16]. Preliminary run showed injection moulding at 130°C caused some specimens experienced defect of the short
shot. Therefore, 140°C is the suitable injection temperature since the “n” value at this temperature is higher than 150°C. The moulding
condition for injection moulded specimen as illustrated in Table 3.

Table 2: Flow behaviour index at different temperature

Temperature (°C) flow behaviour index, n

130 0.3235

140 0.2641

150 0.1988

Table 3: Moulding Condition

Parameter Condition
Injection Temperature 140°C
Mould Temperature 60°C
Holding pressure 1000 bar
Holding Time 15s
Cooling Time 10s

3.2. Green defects at varying injection pressures and flow rate

The injection was carried out with the pressure in the range between 550 bar to 750 bar and flow rate between 10 cm3/s to 20 cm?/s. All
inject moulded specimens were found without the short shot. Table 4 summarises the results. From Table 4, it is shown that low flow rate
cause cracks in the sample. The cracks are mainly due to the feedstock flow unevenly at a low flow rate. In the moulding process, flow
rate controls the time and amount of feedstocks to fill up uniformly into the die cavity [13]. The cracks were found lesser with increasing
of the flow rate. Although a high flow rate can eliminate cracks, it results in another defect, binder separations as shown in Figure 1.
Table 4 shows binder separation occurred when parts were injection moulded at high injection pressure. This defect was observed in Run
7, Run 8 and Run 9. Injection at 750 bar causes the shear rate increases and lower the viscosity of the binder. Thus, the binders were less
viscous and separated out from the feedstock. As can be seen in Figure 1, binder separation is found occurring at near the gate region.
The result is consistent with the study conducted by Murtadhahadi [14] and Norhamidi et al. [15]. The binder separation occurs be-cause
both metal powders and binders have different flow behaviour when passing a narrow point in the mould. The powder with a higher vis-
cosity will collect near gates while the binders were pushed to far corners of the part [7]. Also, high injection pressures and high flow
rates also resulted in flashing as shown in Figure 2. The excessive material is squeezing out of the mould when the part is injection
moulded with high pressure or high flow rate [6, 12]. Run 6 with the minimal defect is the best condition to be injected moulded.
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Binder separation
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Fig. 1: Binder separation

Flashing

Fig. 2: Flashing
Table 4: Surface defects at varying pressure and speed
Run Injection pressure Flow Rate Observation
(bar) (cm?®/s)
1 550 10 cracks
2 550 15 a bit cracks, a bit binder separation
3 550 20 a bit cracks, binder separation
4 650 10 a bit cracks
5 650 15 a bit cracks, a bit flashing
6 650 20 a bit flashing
7 750 10 binder separation, a bit flashing
8 750 15 binder separation, flashing
9 750 20 binder separation, excess flashing

3.3. Green density and green strength

The mean green density of the specimen is fall in the range between 4.96 g/cm? to 5.23 g/cm?, agree with the theoretical green density.
Figure 3 shows that the flow rate was uncorrelated to the green density. Wahi et al. [12] and Amin et al. [13] have demonstrated the flow
rate is less significant to the green density. The fluctuant in the mean green density shows flow rate has an interaction with injection pres-
sure. However, the injection pressure is found proportional to the green density. Increased of the injection pressure resulted in a slight
reduction in the green density. As can be seen in Figure 3, injection at the pressure of 750 bar show the part obtained the lowest green
density. This is mainly due to the green defect, binder separation. The observation obtained in good agreement with studies done by Mu-
hammad Hussain [11] and Murtadhahadi [14]. The powder-binder separation will cause void formation in the part which lowering the
density. Therefore, the 550 bar is the best condition to get higher density.

For the effect of green strength, it is generally observed that the green strength is proportional to both flow rate and injection pressure.
Wahi et al. [12] concluded the flow rate gives the highest impact on the part strength. Figure 4 shows the green strength of the specimens
which injection moulded at 650 bar and 750 bar increases with the increased of the flow rate. Flow rate increased causing the feedstocks
flows evenly and increases the number of powder particles filling the die. Therefore, the green strength increases. However, the flow rate
behaves differently to the green strength when the part was injection moulded at 550 bar and 20 cm?/s. The difference is due to the binder
separation and cracks occurring. The influence of injection pressure on green strength is found similar to the green density. As injection
pressure increased, the green strength decreased. This result is supported by the studies conducted by Mustafa [1]. Indeed, low part densi-
ty due to the binder separation indicates voids and air trapped in the parts which will decrease the green strength. The best moulding
condition to obtain a high green strength are 650 bar and 20 cm¥/s.
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Fig. 3: The mean green density as a function of flow rate
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Fig. 4: The mean green strength as a function of flow rate

4. Conclusion

The study concludes the following:

a)
b)

©)
d)

Binder separation, flashing and cracks are the defects associated with injection pressure and flow rate.

Injection pressure is inversely proportional to green density and green strength. The inverse relation is due to the severe green de-
fects occurring at the pressure above 550 bar.

Flow rate was found uncorrelated to the density, but it was directly proportional to green strength. Increased injection flow rate will
increase the green strength.

Moulding condition of 650 bar and 20 cm?/s with the minimal surface defects; high density and highest green strength are deemed
to be the best condition for the feedstock to be injection moulded.
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