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The paper describes results that were achieved by joining the ferritic stainless steel AISI 430 and the austenitic stainless steel AISI

314 by two-component metal injection molding. Sinterdilatometry was used to compare the sintering response of the materials. To

compensate discrepancies in shrinkage during co-sintering, several gas-atomized powder fractions were combined. Using this

approach, feedstock combinations which did not exceed a shrinkage mismatch of 5% were processed into micro tensile test specimens

by sequential or simultaneous co-injection molding. The ferritic/austenitic interfaces were characterized with a focus on interdiffusion

of alloying elements and mechanical properties. Defect-free and well-connected bi-material specimens with magnetic/non-magnetic

properties were obtained. Results showed that the interdiffusion between the utilized steels resulted in a local strengthening effect that

increased the hardness and mechanical properties of the interface. The tensile strength was comparable to the strength of the base

material and all specimens failed outside the interface. It demonstrates that the investigated material combination is suitable to

produce magnetic/non-magnetic parts by two-component metal injection molding.
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1. Introduction

Metal Injection Molding (MIM) is an established manufacturing

technology for net-shape components with tight tolerances. In general,

it is applied to produce complex-shaped metal parts of high-precision

and is especially efficient in high volume production.1 The majority of

MIM components are made of iron-based materials such as low-alloy

steels, stainless steels or tool steels but also non-ferrous metals as

titanium, copper and tungsten alloys or cemented carbides are

processed with increasing demand.2,3 After manufacturing, MIM

components are usually mounted to other components to fulfil multiple

functions as part of an assembly. Nevertheless, most MIM parts are still

restricted to monolithic materials.

About two decades ago, investigations were initiated to establish the

two-component metal injection molding (2C-MIM) that was adapted

from plastic injection molding.4-6 The technology allows manufacturing

bi-material MIM components with tailored properties.7 Additional

joining or coating steps that are usually involved in conventional MIM

can be eliminated so that functionally graded components can be

manufactured at attractive costs. It provides new design opportunities

and advanced functionality options for engineers and designers of

technical products. Thus, unique properties can be combined in a single

component such as high toughness and wear resistance,8-10 magnetic

and non-magnetic properties,11 local hollow structures in dense

components12 or flexible, non-detachable connections.13 In general, a

twin-barrel injection molding machine is used for molding 2C-MIM

parts. The feedstocks are injected through two independent injection

units either sequentially by using a core that blocks a certain part of the

cavity or by simultaneous co-injection. In both cases the feedstocks are

joined during shaping whereas the final bonding is obtained during co-

sintering.

Two powder materials are suitable for 2C-MIM and co-sintering if

they form a metallurgical bond at the interface and the sintering

response is compatible. The technical challenge is to develop powders

and feedstocks that experience similar sintering shrinkage. It has

already been demonstrated, that major discrepancies in shrinkage

induce differential stresses and provoke defects such as cracks,

delamination and distortion at the interface.14,15 That means that no
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standard “ready-to-mold” feedstocks can be utilized. Instead customized

feedstocks need to be developed that are compatible along the whole

process chain including co-injection, co-debinding and co-sintering.

Since the materials are processed in a single co-sintering cycle, a

compromise concerning heating rate, sintering temperature, holding

time and atmosphere is required.

Several investigations have shown that sinterdilatometry is a

valuable tool to analyze and compare the sintering response.16,17 To

compensate the shrinkage of powders with different sintering

characteristics several options can be applied. For instance the solids

loading of feedstocks,11 the utilized particle size,10,18 additional alloying

elements to stimulate the sintering behavior,9,19 or modifications of the

sintering cycle to minimize damage during heating,9,18 can be utilized

to balance the sintering response. So far, several material and property

combinations have been studied for potential 2C-MIM applications

including metals, ceramics and composites.3,7,20 Investigations and case

studies showed that 2C-MIM is a suitable process to combine two

powder materials. However, only little data was published yet

containing interface characterization and mechanical properties of the

developed combinations.

In this study, the ferritic stainless steel AISI 430 (X6Cr17) and the

austenitic steel AISI 314 (X16CrNi25-20) were investigated to produce

magnetic/non-magnetic stainless steel parts by two-component MIM.

Both materials are known to provide good corrosion resistance against

corrosive environments such as salt spray and ethanol containing fuel

due to their Cr content above 13%.21

2. Experimental Procedure

Pre-alloyed, gas-atomized powders with the chemical composition

as listed in Table 1 were supplied by Sandvik Osprey Ltd., UK. Both

powders were produced in several particle size distributions of <7 µm,

<16 µm, <32 µm and <45 µm as shown in Table 2 together with the

measured particle size by laser diffractometry. Fig. 1 shows exemplarily

an SEM image of the spherical particles of the powders.

MIM feedstocks were prepared with a multi-component binder

system that consists of a mixture of polyethylene (PE), waxes and

stearic acid. Due to the spherical particle shape and high wax content,

a high powder load of 69 vol.-% still provided sufficient feedstock

flowability. The same binder composition was utilized for all powders

and the powder load was kept constant for all feedstocks. Powders and

binders were pre-mixed in a high speed laboratory mixer (Lödige

TGHK 5, Germany) at 120°C for 30 min. The mixture was

homogenized by applying high shear forces on a shear roll extruder and

then granulated on the same equipment (Bellaform BSW 135-1000,

Germany).

The sintering response of all feedstocks was examined by

sinterdilatometry. For this, cylindrical dilatometry samples of 4 mm in

diameter and 8 mm in height were molded on a vertical piston injection

machine (HEK, Germany). The binders were removed by solvent

extraction and thermal decomposition. The sintering shrinkage was

monitored on a vertical pushrod dilatometer (Bähr TMA 801, Germany)

in hydrogen atmosphere heating with 5 K min-1 to 1350°C and holding

for 60 min. The cooling cycle with 10 K min-1 was monitored till

315°C.

To characterize the interface and to verify mechanical properties,

micro tensile test specimens were molded with an interface area of

1.0×1.0 mm² in the green part. Injection molding was carried out on a

twin-barrel injection molding machine equipped with a horizontal and

a vertical injection unit and a screw diameter of 18 mm (Arburg

Allrounder 320S 500-60, Germany). The process options sequentially

injection molding and simultaneous co-injection were applied to

produce specimens. For sequentially injection molding, half of the

cavity was blocked by a core while the first feedstock was injected.

After solidification, the core was retracted from the cavity and the

second feedstock was injected to complete the specimen. Simultaneous

co-injection was done without the core, so that the feedstocks were

joined in the liquid state. To merge the feedstocks in the center of the

specimen, the injections were adjusted to the velocity of the melt fronts

by defining a delay time. Monolithic one-component specimens of both

alloys were produced on the same equipment by utilizing just one of

the injection units. For all experiments, the nozzle side was heated to

higher temperatures than the ejector side to facilitate ejection of the

specimens after molding. All relevant process parameters are listed in

Table 3.

The tensile test specimens were debinded in a two-step debinding

Table 1 Chemical composition in wt-% of AISI 430 and AISI 314

Cr Ni Si Mn C P S Fe

AISI

430
16.1 - 0.96 0.57 0.015 0.015 0.005 Bal.

AISI

314
22.0 22.0 2.00 1.30 0.150 0.017 0.006 Bal.

Table 2 Particle size of the utilized stainless steel powders

Powder Particle size d90 [µm]

AISI 430

<7 µm 7.0

<16 µm 15.8

<32 µm 28.3

<45 µm 48.2

AISI 314

<7 µm 7.0

<16 µm 16.0

<32 µm 33.0

<45 µm 48.7

Fig. 1 SEM image of the stainless steel powder AISI 430 (<16 µm)
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process. At first, the wax ingredients were extracted in hexane for four

hours at RT. The mass loss was monitored to assure that at least 95%

of the waxes were extracted. The PE backbone was removed by

thermal decomposition in a batch furnace (MIM 3002, Elnik Systems,

US) by applying a heating rate of 2 K min-1 and a holding time of 60

min at 700°C. After that, sintering was conducted with 600 mbar in

hydrogen atmosphere with a heating rate of 5 K min-1 to 1340°C and

a holding time of 120 minutes. The furnace was cooled to RT with 15

K min-1.

The density was measured by fluid displacement (Archimedes’

principle) in ethanol on a precision balance (Delta Range XS603S,

Mettler Toledo, Switzerland). The microstructure was investigated

using an optical light-microscope (Leica DMRX, Leica Microsystems,

Germany). The surface of the sintered specimens was prepared by

grinding on a gradual sequence of SiC emery papers and polishing with

diamond paste. The specimens were etched at 50°C for less than 60 s

in standard V2A etching solution. Scanning electron microscopy

(SEM) in conjunction with energy-dispersive X-ray (EDX) analysis

was performed across the interface of etched specimens. EDX point

measurements of the elements Cr, Ni, Si and Mn were performed

perpendicular to the interface every 5 µm along 600 µm.

Micro hardness was determined across the interface every 50 µm

along 700 µm using Vickers hardness HV0.1 (LM 248 AT, Leco, US).

The mechanical strength at room temperature was determined on an

electromechanical tensile testing machine (Tensor, Innowep, Germany).

At least five specimens of each type of two-component and one-

component specimens were measured using a constant traverse speed

of 2 mm min-1. The elongation was determined by measuring the

plastic deformation on tested specimens.

3. Results and Discussion

3.1 Sinterdilatometry

Fig. 2 shows the linear shrinkage against temperature of selected

powder fractions. Table 4 summarizes characteristic values derived

from the graphs including the temperature at 0.1% shrinkage T(0.1%), the

maximum shrinkage rate  and the temperature at maximum

shrinkage rate .

Indicated by T(0.1%), it can be noticed that the AISI 430 requires

lower temperatures to start sintering compared to AISI 314. Besides,

the densification in AISI 430 is faster than in AISI 314 as can be

recognized by . The results demonstrate also that the sintering

response of both steels depends on the utilized particle size. The

powders of finer particles start sintering at lower temperatures and

reveal a much faster densification with a higher maximum shrinkage

rate compared to the utilized coarser particles. It is well known, that

fine powders have a higher sinter activity due to their higher free

surface energy than coarser particles.22

Other studies showed that a considerable mismatch in sintering

response can induce undesirable strain during co-sintering. The strain

induces biaxial stresses at the interface that causes distortion and

cracks. Especially, a mismatch in the initial stage of sintering causes

defects at the interface. Once the binder is removed and only powder

particles remain, the strength of the MIM part reaches its minimum

right before initial sintering begins.9,15 Thus, besides a similar final

shrinkage it is important that the shrinkage starts in the same

temperature range.

By means of the sinterdilatometry values, feedstock combinations

with similar shrinkage characteristics were selected. Combination C1

was defined as AISI 430 of the coarse powder fraction (<45 µm)

combined with AISI 314 (<16 µm) and combination C2 was composed

of AISI 430 (<16 µm) and the finest powder fraction of AISI 314 (<7

µm). The shrinkage mismatch during the heating cycle was determined

graphically from Fig. 2. C1 reveals a maximum shrinkage mismatch of

0.91% at 1019°C and C2 a maximum shrinkage mismatch of 4.81% at

1016°C during heating.

3.2 Shrinkage and density

In Table 5 the final shrinkage and density values measured on one-

component specimens are listed. As expected from dilatometry, the

specimens of finer particle size in combination C2 show a higher

shrinkage than the coarser powders of combination C1. Thus, in

combination C2 the densification of both steels was higher than in

combination C1. The densification of AISI 430 is only slightly higher

than AISI 314 in both selected combinations.

3.3 Micrographs

Fig. 3 shows exemplarily a micrograph of the interface area of a

sequentially injected micro tensile specimen of combination C2 after

etching. The materials are well-connected and a crack-free interface

was achieved. The uniform thickness of the specimen demonstrates that

the shrinkage in thickness was balanced sufficiently. It confirms the

predictions derived from dilatometry and shrinkage measurements.

Even the shrinkage mismatch during heating did not harm the integrity

of the interface. In the AISI 430 a diffusion layer with a lamellar

s·
max

T
s
·

max
( )

s·
max

Table 3 Injection molding parameters for sequentially injected,

simultaneously co-injected and one-component specimens

Sequentially injected

and co-injected

One-component

specimens

Feedstock temperature 100°C 92°C

Mold temperature

(ejector / nozzle side)
37°C / 47°C 30°C / 40°C

Injection speed 60 mm s-1 60 mm s-1

Packing pressure 500 bar 650 bar

Fig. 2 Linear shrinkage against temperature
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structure can be identified that can be clearly distinguished from the

microstructure of the base materials. The thickness of the diffusion

layer is about 250 µm.

Also the simultaneously co-injected specimens of the same feedstock

combination C2 revealed a sound interface without defects or major

distortion (Fig. 4). In contrast to the straight and narrow interface of the

sequentially injected specimen, it revealed a curved interface profile.

The diffusion layer was much thicker. The AISI 314 penetrated the

AISI 430 while both feedstocks were in the liquid state. It was already

shown in other publications that the interface during co-injection is

sensitive to the applied injection molding conditions.6,23,24

3.4 Interdiffusion

Fig. 5 shows the Cr, Ni, Si and Mn concentration across the interface

of a sequentially injected specimen of combination C2. Due to the fact

that the austenitic steel AISI 314 is higher alloyed especially in Cr and

Ni, the interdiffusion of the main alloying elements took place from

AISI 314 to AISI 430. That is why, the AISI 314 was only influenced

near the interface, whereas the interdiffusion into the AISI 430 shows

a thickness of about 250 µm. In the diffusion layer the Cr and Ni

concentration is not uniform. It is locally enriched with Cr up to 24 wt-

% and Ni up to 7 wt-%. Where the Cr content is high, the Ni content

is low and vice versa.

An approach to estimate the phase composition of interfaces between

stainless steels is the Schaeffler diagram. Originally, it was established

to estimate the weldability of steels with welding consumable after fast

cooling directly after joining.25-27 In this case, it can only provide a

rough estimation of the phase composition for the bi-materials due to

much slower cooling conditions after co-sintering.16,28 In general, a Ni

equivalent representing the austenite forming elements including Ni, C

and Mn and a Cr equivalent representing the major ferrite formers

including Cr, Mo, Si, Nb and Ti is calculated from chemical composition.

In Fig. 6 the base materials AISI 430 and AISI 314 as well as the

results of the EDX analysis were plotted in the Schaeffler diagram. The

carbon content was assumed as in the base materials (see Table 1). The

diagram reveals that the diffusion layer of the originally ferritic steel

AISI 430 still consists of regions of ferrite. However, for the regions of

high Ni and low Cr content a multi-phase austenitic, martensitic and

ferritic microstructure is predicted. Obviously, the diffusion of Ni from

AISI 314 into AISI 430 resulted in an increase of austenitic phase in

the interface, whereas the diffusion of Cr into AISI 430 stabilized the

ferrite phase. Due to the low carbon content and the low cooling rate of

about 15 K min-1 it can be assumed that no martensite was formed and

a dual-phase austenitic-ferritic microstructure was generated.27 Due to

Table 4 Characteristic sintering parameters of the investigated powder

fractions

Powder T(0.1%) [°C] max [% min-1] T(max) [°C]

AISI

430

<7 µm 867 -0.63 984

<16 µm 878 -0.42 973

<32 µm 870 -0.25 976

<45 µm 955 -0.22 1152

AISI

314

<7 µm 968 -0.38 1078

<16 µm 1034 -0.29 1122

<32 µm 1003 -0.14 1039

<45 µm 1032 -0.14 1057

Table 5 Final shrinkage and density of one-component specimens after

sintering at 1340°C for 120 min

Specimens Shrinkage [%] Density [%]

C1
AISI 430 (<45 µm) 11.0 95.3

AISI 314 (<16 µm) 11.0 96.0

C2
AISI 430 (<16 µm) 11.6 98.3

AISI 314 (<7 µm) 11.9 97.9

Fig. 3 Interface of a sequentially injected specimen

Fig. 4 Interface of a simultaneously co-injected specimen

Fig. 5 Concentration of alloying elements across the interface

measured by EDX on a sequentially injected specimen
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continuous cooling with 15 K min-1 from sintering temperature to RT,

it can also be assumed that no brittle sigma-phase was formed which

is well known to be formed during welding processes between ferritic

and austenitic steels and can deteriorate the mechanical properties of

the joint. 26

3.5 Mechanical properties

Fig. 7 shows the micro hardness profiles measured perpendicular to

the interface of the sequentially injected specimens. C1 and C2 show

a similar profile and indicate the effect of interdiffusion of alloying

elements. The AISI 314 shows a constant hardness of about 140 HV0.1

that was not influenced by interdiffusion even close to the interface. It

confirms the results of the EDX analysis that revealed only minor

influence of interdiffusion on the AISI 314. However, the diffusion

layer in AISI 430 reveals a significant increase in hardness from about

200 HV0.1 to more than 300 HV0.1. It is well known, that small

additions of alloying elements influence the hardness of ferritic steels

and especially Si, Mn and Ni increase the hardness of alpha iron

significantly.27 It can also be assumed, that the dual-phase austenitic-

ferritic microstructure at the interface provides a strain hardening effect

which results in an increase in hardness.

In Table 6 the mechanical properties of sequentially injected

specimens are listed. The ultimate tensile strength (Rm) and the

elongation at failure (A) of both combinations are shown in comparison

to the properties of monolithic one-component specimens. It is

important to mention that all tested specimens failed outside of the

interface. In other words, all specimens failed in the ferritic stainless

steel without any exception. Fig. 8 shows a typical two-component

tensile specimen after injection molding, after co-sintering and after

tensile testing. It visualizes that the interface was still intact after testing.

Apparently, the interdiffusion of alloying elements and its influence on

the microstructure caused not only an increase in hardness it also

strengthened the interface. The results also confirm the assumption that

no brittle sigma-phase was formed at the interface otherwise the

interface had failed.

Both combinations show a tensile strength that is comparable to the

strength of the one-component specimens of AISI 430 considering the

standard deviation. Strength and elongation are in the same range as

those in specifications but slightly lower than achieved by other

authors.29,30 It can be assumed that the properties can be improved by

optimizing the sintering parameters and controlling the grain size of the

AISI 430 since it is well known that long holding times result in grain

growth and degrade the mechanical properties.1

4. Conclusions

The feasibility of two-component MIM for magnetic/non-magnetic

bi-material parts was shown with a new stainless steel combination of

Fig. 6 Schaeffler diagram including the results of EDX analysis in the

diffusion layer between AISI 314 and AISI 430

Fig. 7 Hardness profiles across the interface of sequentially injected

specimens

Table 6 Mechanical properties of sequentially injected specimens and

one-component specimens (including standard deviation)

Specimens Rm [N mm
-2] A [%]

C1
AISI 430 (<45 µm) +

AISI 314 (<16 µm)
338 (7) 27.1 (1.7)

AISI 430 (<45 µm) 342 (9) 20.2 (2.1)

AISI 314 (<16 µm) 462 (3) 58.6 (1.2)

C2
AISI 430 (<16 µm) +

AISI 314 (<7 µm)
342 (10) 26.0 (2.1)

AISI 430 (<16 µm) 327 (14) 19.7 (2.6)

AISI 314 (<7 µm) 522 (8) 61.8 (1.0)

Fig. 8 Micro tensile specimens after injection molding, after co-

sintering and after tensile testing
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AISI 430 and AISI 314. From the results achieved the following

conclusions can be drawn:

• Matching the particle size by using sinterdilatometry is an

effective method to compensate the sintering response without

modifying the chemical composition. This procedure allowed defining

feedstock combinations of AISI 430 and AISI 314 with a shrinkage

mismatch at less than 5% during heating.

• It was possible to produce well-connected and defect-free two-

component specimens with a sound interface by sequentially injection

and simultaneous co-injection molding.

• Due to interdiffusion of Ni and Cr a dual-phase lamellar

microstructure was generated between the materials that had a

strengthening effect on the interface. The microstructure of the

diffusion layer increased the local hardness and mechanical strength so

that the failure during tensile testing was always outside the interface.
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