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Abstract Nowadays, the metal injection molding (MIM)

process is a manufacturing method to produce complex

shape components. Feedstock preparation in this process is

vital because produced feedstock defects can be detri-

mental in the following processing steps. In this study,

effect of the percentage of stearic acid (SA) is investigated

on the density, strength, hardness, rheological properties,

and microstructure of a part made by 4605 low-alloy steel

powder using the MIM process. For this reason, feedstock

with different percentages of SA from 1 to 17% has been

produced. Mechanical and physical properties show that

SA, as a surfactant, has two impacts on the results. SA from

1 to 9% improves the powder particle’s distribution in the

binder system and increases the strength and density of the

sintered bodies. The results also indicate that with more

surfactant growth, the density and strength dramati-

cally decrease due to lower carbon in the sintered parts.

The carbon content determines the final sample’s

microstructure, which has a substantial influence on the

properties. Besides, it can be inferred from the results that

the hardness lessens with a gentle slope as the amount of

SA in the binder system increases. From the perspective of

rheological properties, more SA results in higher sensitivity

of feedstocks to the shear rate.

Keywords Metal injection molding � Stearic acid �
Mechanical properties � Surfactant � Density

1 Introduction

Metal injection molding (MIM) is a precise manufacturing

process used to produce small to medium components with

high complexity in the shape [1, 2]. This process utilizes

fine metallic powders (typically less than 20 lm) as raw

material, formulated with a binder system (various ther-

moplastics, waxes, and other materials) into a feedstock.

The binder system’s composition has received much

attention during the recent years [3–12] mainly since the

binder system depends on the size, shape, and material of

the powder used, and an ideal binder system suitable for all

powder systems is still impossible to attain. A successful

binder system consists of backbone polymer, filler (most of

the time waxes), and surfactant (plasticizer, dispersant,

lubricant) [13], although sometimes a binder system com-

ponent can play multiple roles simultaneously.

Dispersants are used to improve the dispersion of the

powder particles and increasing solids loading. Lubricant, a

low-molecular-weight polymer, is added to the backbone

polymer to decrease the friction between the powder par-

ticles and, as a result, decrease the viscosity [14]. The

surfactant is added as an additive in the binder system to

improve some properties such as spreading, binder

strengthening, adsorption, and surface wetting [15].

Generally, the surfactant is a low-molecular-weight

component that can adhere to the powder particle’s surface

& Ali Askari

Ali.Askari@Kiau.ac.ir

1 Department of Mechanical Engineering, Faculty of Materials

and Manufacturing Processes, Malek Ashtar University of

Technology, Tehran, Iran

2 Department of Mechanical Engineering, NazarAbad Center,

Karaj Branch, Islamic Azad University, Karaj, Iran

3 Center for Composite Materials, Faculty of Materials and

Manufacturing Processes, Malek Ashtar University of

Technology, Tehran, Iran

4 Department of Materials Engineering, Faculty of Materials

and Manufacturing Processes, Malek Ashtar University of

Technology, Tehran, Iran

123

Trans Indian Inst Met (2021) 74(9):2161–2170

https://doi.org/10.1007/s12666-021-02282-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s12666-021-02282-x&amp;domain=pdf
https://doi.org/10.1007/s12666-021-02282-x


and improve the connection between the powder particles

and binder system components. Therefore, the surfactant

acts as a bridge between the binder system and the powder

particle due to its particular structure, and it enhances the

powder’s stabilization when mechanical shearing during

the mixing process breaks them away from each other [16].

A surfactant can act as a lubricant, effectively enhancing

the adhesion strength between the binder system and the

powder particles, improving the strength of green parts and

offering a potential way to eliminate structural defects. It

can be concluded that surfactant influences the final pro-

duct’s quality and is crucially important to the MIM pro-

cess [17–24]. Stearic acid (SA) works as a surfactant and

acts as a lubricant that enhances the dispersion of powder

particles in the binder system during mixing and improves

the solids loading and green body strength without sacri-

ficing the mixture’s flow properties [25–27].

Yi-min et al. [13] studied the effects of surfactant on the

properties of MIM feedstock prepared by 17-4PH stainless

steel powder and paraffin wax-based binder containing

different contents of the SA as the surfactant. The results

showed that the addition of the SA significantly decreases

the viscosity of the feedstock. It also decreases the binder’s

wetting angle with the powder particle, and the critical

solids loading increases. The lowest amount of surfactant is

calculated to be 0.19%. The experiments indicate that

about 5% of the SA is the optimal value to improve the

feedstock’s mechanical properties. In the powder injection

molding (PIM) process, SA can serve as a plasticizer for

polymers, as a lubricant between powder particles and

machine die walls and as a surfactant between powder

particles and binder system. Paul Lin and German [28]

claimed that a bulk mixture of powder particles and binder

system is challenging to obtain without SA in the binder

system. Adhesion of the SA to the powder surface signif-

icantly reduces the binder/powder interfacial energy and

contact angle but is important when the particle surface

area increases.

Suetsugu and White [29] studied the behavior of dis-

persion of calcium carbonate particles in the palm stearin

(PS) matrix. Their results showed that coating the particles

with SA dramatically reduces the viscosity and aggregation

of particles. Therefore, coating the particles with SA

reduces interactions between the particles.

Istikamah Subuki et al. [30] showed that SA’s addition

significantly reduces the mixing torque value during the

mixing and viscosity of feedstock, which corresponds to a

decrease in inter-particular friction. As a result, injection

molding could be carried out at a lower temperature, and

the removal rate of the binder system increases during the

solvent extraction process.

According to the aforementioned points and researches

about the role and importance of the Stearic Acid and it’s

role in the MIM feedstocks, in this study, the influences of

SA as a part of 4605 low-alloy steel feedstock on the

mechanical, rheological, and microstructural properties of

the final part have been investigated. Feedstock samples

containing different SA percentages are produced and

examined for mechanical, rheological, and microstructural

properties.

2 Experimental Procedure

Metallic powder and a binder system have been used as the

primary materials for manufacturing samples. The powder

used in this study includes 4605 low-alloy steel with a

powder particle size between 4 and 20 lm, which is the

suggested particle size range for MIM powder [31–33].

The powder is from Unifine Company, China, which is

manufactured by gas atomization technique. Fig. 1 shows

the SEM micrograph of the powder taken by TESCAN,

VEGA3. As can be observed, the powders are in a spher-

ical shape, which effectively increases the density,

microstructure, and moldability.

The density of the powder is measured by AccuPycTM

1330 Pycnometer, which is 7.95 g/cm3. The average par-

ticle size of the powder used is an important factor during

the sintering process [4], and in this study, it has been

measured by Malvern (Mastersizer 2000 model). The par-

ticle size distribution of the powder has a high range, as can

be observed in Fig. 2. It leads to a less amount of binder

system during the process and a higher density of the final

part.

To determine the width of the particle size distribution

(Sw) for this powder with the values of 33.65 lm and 2.55

lm for D90 and D10, respectively, equation (1) is used [17]

Fig. 1. SEM of 4605 low-alloy steel gas atomized powder
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Sw ¼ 2:56

log D90=D10ð Þ ð1Þ

For MIM purposes, Sw should be between 2 and 7. A

higher value of Sw results in the low size distribution of

particles and difficulty during the injection process. A

lower value of Sw reduces the density of the final part. The

Sw for powder used with the amount of 2.28 make this

powder a suitable choice for MIM.

Paraffin Wax (PW) as the primary component,

PolyPropylene (PP) as the backbone, Carnauba Wax (CW)

as lubricant and controller of viscosity, and Stearic Acid

(SA) as surfactant and lubricant are constituents of the

binder system used in this study.

In order to have the optimum percentages of SA from a

mechanical and rheological point of view, a suitable binder

system consisting of 69% Paraffin Wax, 20% PolyPropy-

lene, 10% Carnauba Wax, and 1% SA is chosen. Because

this binder system has shown the ideal and standard char-

acteristics for metallic powders, and the interaction

between constituents does not produce improper results

[25, 34, 35]. With the variation in the SA percentage, new

binder systems have been formulated in the next step, all

shown in Table 1.

For the feedstock preparation, 66 vol.% of 4605 low-

alloy steel powder was mixed with the binder system

shown in Table 1. Haake rheocord 90 torque rheometer was

used to mix the binder system constituents. Mixing was

done at temperature of 170 �C and blade RPM of 65 for 30

min for all of the samples. At the beginning of mixing, the

mixing blades show high resistance to the rotation, the

same as in the study of Pogodina et al. [36], and then it

starts to decrease and becomes stable. This minimum

stable torque shows the feedstock’s uniformity which is 5,

4, 3.5, 2, and 0.5 Nm for FS1 to FS5, respectively.

After the mixing process, the feedstock was removed as

the bulk from the mixer and granulated to be used as a raw

material in the injection molding machine. The injection

was conducted by the Battenfeld BA230E injection mold-

ing machine with an injection pressure of 130 bar and

injection temperature of 165 �C. The mold cavity is a

tensile testing specimen of MPIF standard 50. Figure 3

shows the three injected green parts of FS1 feedstock.

In this study, debinding was done in two steps. In the

first step, some portion of PW and SA was removed using

solvent debinding. It was performed by placing the samples

in the n-heptane solution at the temperature of 70 �C for 5

hours [25]. The second step of debinding (thermal

debinding) was followed by using the study of Momeni

et al. [25]. The differential scanning calorimetry (DSC) of

the powder was done using NETZSCH, STA 449 F3

Jupiter apparatus to achieve the suitable sintering cycle

(Fig. 4). The sintering was done under the argon atmo-

sphere with a heating rate of 10 �C/min upto 1200 �C.

The DSC-TGA apparatus (NETZSCH, STA 449 F3

Jupiter DSC/TGA) was used to determine the melting

temperature of binder system components and binder sys-

tem decomposition, which helped in designing a suit-

able cycle for debinding step. The testing condition was

heating from room temperature to 600 8C with a heating

rate of 5 8C/min, in the argon atmosphere. For measuring

the density of the sintered samples, the Sartorius CP224S

Analytical Balance apparatus was used with the

Fig. 2. The particle size

distribution of 4605 low-alloy

steel powder

Table 1 Binder system constituents and their percentages

Feedstock PW (Vol.%) PP (Vol.%) CW (Vol.%) SA (Vol.%)

FS1 69 20 10 1

FS2 66.20 19.2 9.6 5

FS3 63.4 18.4 9.2 9

FS4 60.6 17.6 8.8 13

FS5 57.8 16.8 8.4 17
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Archimedes method and MPIF 42 standard. Tensile testing

was performed to determine the strength and elongation of

the manufactured samples. For that, Zwick Z50 testing

machine (German-made) was used under displacement

control of 0.1 mm/min at room temperature and strain rate

of 0.0025 min-1, according to the MPIF 50 standard. The

Vickers hardness test was also performed with a load of 30

kg (HV30) for 30 seconds.

In the MIM process, it is desired to incorporate a

maximum amount of powder with maintaining a sufficient

amount of binder system to retain suitable flow behavior.

For that, the rheological behavior of the feedstock needs to

be investigated. It is being used to quantify the stability of

the feedstock during the molding process [10]. The feed-

stock’s rheological behavior was observed using Instron

3211 capillary rheometer under the condition, which was

similar to the injection (165 �C and L/D of 30).

3 Results and Discussion

3.1 Rheological Behavior

With an increase in shear rate in the metal injection

molding process, the viscosity should decrease such that

this trend represents pseudo-plastic behavior. This phe-

nomenon can help the injection molding stage to reduce

jetting and desired temperature; meanwhile, it assists

injected parts to retain the shape. During the injection

molding, the shear rate ranging between 100 and 10000 s-1

can usually be exerted on the parts. In this scope, feed-

stock’s viscosity should not exceed 1000 Pa�s at the

molding temperature [17]. As shown in Fig. 5, an increase

in shear rate leads to decreasing the feedstock’s viscosity,

displaying pseudo-plastic behavior. For pseudo-plastic

behavior at a particular temperature, the relation between

viscosity and shear rate is defined using Equation (2):

g ¼ K � cn�1 ð2Þ

where g represents the viscosity, n shows the flow behavior

index, K is constant, and c defines the shear rate [37]. The

value of n can interpret the sensitivity of the material to the

shear rate. A low value of n indicates the intense variation

in viscosity to the shear rate. In order to produce delicate

and complex green parts, this feature is detrimental. In

addition, a feedstock with an n-value close to 1 represents

Newtonian flow behavior, which is not applicable for the

metal injection molding process.

Fig. 3. Injected green parts of the FS1 sample

Fig. 4. DSC analysis of the

powder used
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The n-values for all feedstocks are lower than one and

are in the order from FS1 to FS5, ie. 0.92, 0.74, 0.61, 0.47,

and 0.29. With the growth in SA percentages, all feed-

stock’s viscosity decreases approximately at the same rate

from FS1 to FS3. With more increases in SA from 9 to

17%, the viscosity decreases at higher rates. SA, as a low

molecular weight surface active agent, is very efficacious

in decreasing the viscosity of feedstock due to its lower

intrinsic viscosity and higher polarity [38]. In a lower

amount of SA, the powder particles are covered by thin

layers of binder constituents, which could reduce the vis-

cosity gradually by increasing SA values from 1 to 9%.

However, by accumulating more layers around particles

and between them by varying SA from 9 to 17%, the vis-

cosity can be declined at a higher rate because of a dra-

matic decrease in friction between powder particles.

It can be inferred from the results that the FS5 is more

susceptible to the shear rate. Considering the rheological

properties resulting in this study, an increase in the sur-

factant amount leads to lower viscosity and higher sensi-

tivity to shear rate.

3.2 Physical and Mechanical Properties

The relative density of sintered bodies as a function of the

SA percentages in the feedstocks is presented in Fig. 6. It

can be observed that there is an optimum point for the

proper amount of SA for this powder with the powder

loading of 66 vol.%. The density of the parts increases with

the increase in SA from 1 to 9%. More growth in the

amount of SA leads to a decrease in density remarkably. A

higher amount of SA can improve the physical and

mechanical properties by preventing aggregation of pow-

der particles and stabilizing them during high shearing.

This is because using SA as a surfactant can provide uni-

form and sufficient pores after solvent debinding resulting

in fewer porosities after sintering. It is possible that for the

sample with very high SA values, the pores which are

formed in the debinding process are too large that can lead

to wide separation between particles during densification

by sintering. The result can be non-uniform shrinkage,

large porosities, low density, and strength [38].

Spreading of binder constituents on the surface of

powder particles is challenging to develop a suitable binder

system. For this reason, the surfactant is required to

improve the wetting ability for the powder with a decrease

in the wetting angle. In this study, an increase in SA has a

dual impact. On the one hand, a higher amount of surfac-

tant leads to lessening of diffused carbon from the degra-

dation of PP during the thermal debinding and sintering

process. Because from the FS1 to FS5, the amount of PP is

reduced, which has the most significant effect on residual

carbon [33].

On the other hand, using the proper values of the SA can

provide a high-quality dispersion of powder particles in a

binder system that can effectively increase density and

strength and reduce pores.

Also, the possibility of powder-binder segregation is

decreased in this situation. As shown in Fig. 6, a sudden

decrease in density from FS3 to FS4 means that the max-

imum capacity of wettability can be achieved using the 9%

SA for this binder system and powder loading of 66 vol.%

Fig. 5. Viscosity vs. the shear

rate for the developed

feedstocks
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used in this study. The effects of lower residual carbon on

decreasing density and strength represent itself with more

growth in SA to 17%. The average values of the mechan-

ical properties of sintered parts are presented in Table 2.

The density and strength of the FS5 sample are confronted

with a dramatic decrease due to use of 17% surfactant

(Fig. 6 and Table 2). The highest relative density and

tensile strength measured in the FS3 sample are 97.9% and

546 MPa.

Pores significantly influence the mechanical and physi-

cal properties because they can provide stress concentra-

tion for samples, leading to failure in the parts. Minimizing

the pores should be considered one of the high-priority

tasks in determining the final properties during the metal

injection molding process. As for density, it almost follows

the same trend as strength. The tensile strength grows with

SA’s increase from 1 to 9%, although the residual carbon

decreases in this range. This is explainable by using two

reasons. First, improving the wettability from FS1 to FS3

can help the desired arrangement between powder particles

before the start of sintering. It can lead to a decrease in size

and pores’ amount because of lowering distances and

places between particles (Fig. 7). Figure 7 shows the dis-

persion of powder particles in the binder system, assuming

that the SA percentages are not enough for FS1 and FS2.

As shown in Fig. 7, the FS1 with 1% SA has large spaces

between particles in some areas, and in other regions, the

accumulated binder can be seen, which has deleterious

effects in the formation of defects in the following steps.

Although more SA in FS2 presents a better dispersion of

particles than FS1, there is still a lack of uniformity in the

feedstock. The FS3 with 9% SA represents the most uni-

form dispersion for this powder.

It can be concluded that the effect of increasing density

outweighs the decreasing carbon on tensile strength from

FS1 to FS3. Secondly, some specific impacts of the

residual carbon left from the degradation of PP during the

debinding and sintering phase could be a factor that creates

these changes. More investigation will be done from the

microstructure point of view in the following sections. The

hardness values have a completely different trend from

density and strength. With an increase in the amount of SA,

the hardness of sintered parts is reduced by decreasing

carbon content. On the contrary, the final parts’ elongation

decreases in which the FS5 specimen shows the highest

elongation and the lowest hardness.

3.3 Microstructural Properties

The values of the total porosity for FS3 and FS5 estimated

by MIP software can be observed in Fig. 8. The amount of

approximated porosity in FS3 is 0.36%, lower than 3.05%

for FS5. The difference between pores percentage in Fig. 6

and estimated results by the software is logical because the

estimated values are local and are obtained from images

taken. It can be seen that variation in the SA content leads

to a significant microstructure change for the samples.

Fig. 6. Influence of stearic acid

on the relative density of final

parts

Table 2 Tensile and hardness test results of sintered parts

Feedstock FS1 FS2 FS3 FS4 FS5

Tensile Strength (MPa) 479 518 546 513 461

Hardness (Hv) 231 226 218 214 209

Elongation (%) 4.1 4.4 4.8 5.1 5.4
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While the total porosity of FS3 is low, the FS5 shows a

high total porosity, which can be the demonstrator of the

lowest density of the sample.

Several steps occur in liquid phase sintering, including

powder particles’ rearrangement, leveling of particles’

melted surface, and filling large pores with grains’ growth.

Regarding the amount of melted phase, the formation of

pores is done in the second step [33]. When the pores have

the same size as the particles of powder, pores enter the

inside of grains instead of grain boundaries. As a result, the

pore-filling process is implemented at a subsided speed

because the diffusion rate in the grains is much lower than

the diffusion speed in the grain boundaries. The SEM

image of the microstructure for FS3 can be seen in Fig. 9. It

can be observed that FS3 consists mostly of pearlite, a

lower amount of proeutectoid ferrite, and in some cases,

the upper bainite phase, which has grown in the form of

the Widmanstatten structure. As it has been mentioned that

the increase in the amount of SA means lower PP, which is

the main reason for residual carbon. For this reason, the

possibility of the liquid phase sintering is decreased for

FS4 and FS5.

Figure 10 presents the SEM images of the microstruc-

ture of FS3 and FS5, which have the highest and lowest

density, respectively. The BELEC apparatus for the spec-

trometry test was employed to measure residual carbon

content in all samples. The results show that the FS1 to FS5

have 1%, 0.88%, 0.69%, 0.56%, and 0.51% carbon,

respectively. The phase fraction of proeutectoid ferrite

compared to pearlite in Fig. 10 verifies the spectrometry

test’ results that the carbon amount of the FS5 sample is

lower than that of the eutectoid point. It can be concluded

from the results that the liquid phase sintering may be

formed slightly in the FS4 and FS5. In this case, conden-

sation cannot be done significantly, and the results are large

pores in the sintered parts. This point can also imply that

the pearlite grain size of FS5 is larger than FS3 because the

diffusion energy is consumed for surface diffusion instead

of condensation. An increase in carbon content results in

liquid phase sintering, improving the density of sintered

parts.

On the other hand, if the amount of liquid phase is lower

than a specific limit, it can be a detrimental factor because

the liquid phase is formed only in a limited time. As has

been mentioned above, the pores have entered inside the

grains because of this phenomenon. The rate of diffusion is

low inside the grains and makes the filling of pores a

prolonged process. Regarding the spectrometry test, the

amount of carbon in the samples of FS1, FS2, and FS3 is

higher than this critical limit. In this situation, the high

residual carbon has led to less porosity and higher density

due to the local melting effect reported in many studies

[39, 40]. In these studies, it has been reported that an

increase in carbon content increases regions with local

melting.

Fig. 7. Distribution of powder particles through the binder system for

FS1, FS2, and FS3

123

Trans Indian Inst Met (2021) 74(9):2161–2170 2167



In this study, it can be concluded that the surface

melting of the powder particles is determined by the

residual carbon from the burning of binder constituents,

especially PP, in the FS1, FS2, and FS3. Also, the iron

melting point is reduced by increasing carbon at the

periphery of the powder particles, and under this condition,

the grain size is increased dramatically with the growth in

carbon content. Although the FS1 sample has higher car-

bon compared to FS3 and as a result, the melted phase in

FS1 (1% C) is higher than FS3 (0.69% C), the density of

the FS3 is more than FS1. The reason is that, there are large

pores in the FS1 sample because of the low amount of

surfactant concerning the high powder loading. This reason

results in a poor particle distribution and finally leads to

large pores, which this melted phase cannot even fill.

The residual carbon content in the FS5 sample, deter-

mined using the spectrometry test, shows a value of 0.51%.

In this sample, the microstructure is similar to FS3 (0.69%

C). The main difference between the FS3 (0.69% C)

microstructure compared to FS5 (0.51% C) is the phases’

size. In the FS5 sample, compared with FS3, the lower the

amount of pearlite, more proeutectoid ferrite phases have

been formed. Also, there is not any trace of a formed upper

bainite phase in the FS5. It is clear from Fig. 10 that the

carbon content of FS3 is higher than FS5 since the pro-

portion of pearlite to proeutectoid ferrite is increased for

the FS3 sample. Because the powder is similar for all

Fig. 8. Estimation of pore percentage for FS3 and FS5 sintered parts, using MIP software

Fig. 9. The phase constituents of the FS3 sample
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sintered parts, it can be inferred that an increase in SA

leads to a decrease in PP, resulting in the more residual

carbon content of the parts and a significant change in their

microstructure. Residual carbon in FS1 measured using the

spectrometry test has been found to be 1%. The

microstructure of FS1 (1% C) is similar to FS2 (0.88% C).

They consist of proeutectoid cementite and pearlite; with

this difference, the amount of cementite in the FS2 is lower

than FS1. Due to the low cooling rate, a remarkable amount

of Widmanstatten cementite phase is formed in the FS1

sample.

4 Conclusion

This study shows that the mechanical, physical, rheologi-

cal, and microstructural properties of MIM compacts can

be affected by using different stearic acid (SA) percent-

ages. From the rheological properties point of view,

feedstock resulting with more SA have shown higher

sensitivity to shear rate. Regarding the lower viscosity of

the SA comparative to other binder constituents, the overall

viscosity of the feedstock has been found to lessen with the

increase in SA content. It is confirmed that the density and

strength improve to a certain extent with the increase in SA

content. The surfactant’s proper value is 9%, which has led

to the optimum distribution of particles for this powder,

binder, and powder loading. After 9% SA as the surfactant,

sintered parts’ strength and density decrease significantly

because of the low carbon amount. However, the hardness

decreases slowly with more SA in the feedstock. The

elongation is opposite to the hardness trend with a similar

slope. It can be concluded that the microstructure of sin-

tered parts plays an essential role in determining of final

parts’ properties. The variation in type and size of phases in

the microstructure is achieved by changing the SA per-

centage in feedstocks. It is observed that the FS3 sample

has similar phases to FS5, but the amount of pearlite to

ferrite is higher for FS3, which can be the reason for better

properties. As can be inferred from this study’s result, the

residual carbon left from the binder’s burning with differ-

ent percentages of SA has a remarkable impact on

microstructure. The quick and partial formation of liquid

phase sintering causes grain growth and produces large

voids in the sintered parts. The difference in the diffusion

rate inside grains and grain boundaries explains the

microstructure change for the sintered parts.
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