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Abstract: Knowledge of the mechanical properties of two-component parts is critical for engineering functionally graded components. In 
this study, mono- and two-component tensile test specimens were metal injection moulded. Three different weld line positions were generat-
ed in the two-component specimens. Linear shrinkage of the two-component specimens was greater than that of the mono-component spe-
cimens because the incompatibility of sintering shrinkage of both materials causes biaxial stresses and enhances sintering. The mechanical 
properties of 316L stainless steel were affected by the addition of a coloured pigment used to identify the weld line position after injection 
moulding. For the two-component specimens, the yield stress and ultimate tensile stress were similar to those of 316L stainless steel. Because 
316L and 630 (also known as 17-4PH) stainless steels were well-sintered at the interface, the mechanical properties of the weaker material 
(316L stainless steel) were dominant. However, the elongations of the two-component specimens were lower than those of the 
mono-component specimens. An interfacial zone with a microstructure that differed from those of the mono-material specimens was ob-
served; its different microstructure was attributed to the gradual diffusion of nickel and copper. 
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1. Introduction 

Two-component metal structures as functionally graded 
components offer performance advantages over individual 
materials. An example is wear-resistant tool steel (T15, M2, 
or D2) inserted with high-toughness-resistant metals (bo-
ron-doped 316L stainless steel, Fe−2Ni, 4340, or Fe−10Cr) [1]. 
A suitable pair of metals should have good metallurgical 
bonding and similar sintering shrinkage throughout the sin-
tering process to avoid the occurrence of defects such as 
cracks and delamination. Heaney et al. [1] have suggested 
that the M2 and 316L−0.5B combination is the most suita-
ble. Another example is a component surface of 316L stain-
less steel surrounding a core of carbonyl iron for high corro-
sion resistance on the surface [2]. Other case studies include 
non-magnetic and magnetic materials, e.g. a magnetic posi-
tioning encoder consisting of a 316L stainless steel 

non-magnetic bar with two 630 (also known as 17-4PH) 
stainless steel ferromagnetic ends, and a tachometer with a 
non-magnetic 316L stainless steel body and one ferromag-
netic 630 stainless steel wing [3]. Two-component metal 
parts can also be used as heat sinks with controlled porosity 
and high thermal conductivity. One example is a solid cop-
per body with cooling fins, surrounding a porous wick, 
which serves as a heat pipe [4]. 

Two-component parts have traditionally been fabricated 
by several techniques, e.g. welding, brazing, or soldering. 
However, these traditional fabrication methods introduce a 
third material as a filler or adhesive, which can substantially 
change the properties of two-component parts, especially the 
electrical properties, and also become a weak point. 
Two-component metal injection moulding (2C-MIM) or 
metal co-injection moulding has been used as an alternative 
fabrication method to produce two-component parts with 
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highly complex geometries. The injection moulding step in 
2C-MIM is similar to plastic two-component injection 
moulding. However, the co-debinding and co-sintering steps 
are the main challenge in 2C-MIM. Therefore, previous 
works involving 2C-MIM were focused on achieving a 
good co-sintering interface between the two materials with-
out any interfacial cracks by minimising the differences in 
shrinkage [5]. Furthermore, not only the difference in shrin-
kage at the end of sintering but also the difference in shrin-
kage throughout the sintering cycle must be carefully con-
trolled and minimised. The authors of previous studies have 
reported good interfacial bonding between 316L/630 stain-
less steels [6]. Microstructural observations using optical 
microscopy (OM) and scanning electron microscopy (SEM) 
were used to identify the interface [7]. The diffusion of 
nickel from 316L stainless steel into 630 stainless steel was 
also observed using energy-dispersive X-ray spectroscopy 
(EDS) analysis [7]. The width of the diffusion zone was rel-
atively narrow—on the order of 50 µm; however, this diffu-
sion zone was not observed in any micrographs [3].  

Because two-component parts can be used as structural 
engineering components, their corresponding mechanical 
properties are highly important. However, the literature 
contains few published works focused on the mechanical 
properties of such components. Imgrund et al. [3] reported 
that the ultimate tensile strengths of microinjection-moulded 
mono-component 316L stainless steel and 630 stainless steel 
and two-component 316L/630 stainless steel are 450, 800, 
and 670 MPa, respectively, but provided no further details. 
Microinjection-moulded mono-component 430 stainless 
steel and 314 stainless steel and two-component 430/314 
stainless steel have also been studied [8]. All tensile samples 
of the 430 stainless steel, which was the weakest material 
among those studied, failed. The tensile strength of the 
two-component 430/314 stainless steel was comparable to 
the strength of the mono-component 630 stainless steel. 
Joining of 316L stainless steel and 430L stainless steel us-
ing insert injection moulding has also been investigated [9]. 
The joining strength of 316L/430L stainless steel was lower 
than that of the same materials, i.e. 316L/316L stainless 
steel or 430L/430L stainless steel, in the studied sintering 
temperature range from 1100 to 1350°C. 

Several techniques for polymer co-injection moulding 
have been developed. Two-component parts can be sequen-
tially moulded or simultaneously moulded. The mechanical 
properties of polymer two-component tensile test specimens 
have been reported to noticeably differ [10]. In addition, for 
simultaneous moulding, the weld line can be altered using 
different injection parameters, which can, in turn, affect the 

mechanical properties of polymer co-injection moulding 
specimens [11]. Therefore, the objective of this work is to 
systematically and experimentally investigate the effects of 
weld line position on the mechanical and physical properties of 
two-component 316L/630 stainless steel. Two-component ten-
sile specimens with three different weld line positions were in-
vestigated. In addition, the mono-component 316L stainless 
steel and 630 stainless steel were characterised for comparison.  

2. Experimental 

2.1. Preparation of two-component metal injection 
moulding specimens  

Feedstocks for 2C-MIM consist of either water-atomised 
316L or 630 (17-4PH) stainless steel powders and a polya-
cetal-based binder. Table 1 shows the chemical composi-
tions of 316L and 630 (17-4PH) stainless steel powders and 
the corresponding Metal Powder Industries Federation 
(MPIF) standard 35 [12]. The chemical compositions of 
both stainless steel powders conformed to the MPIF stan-
dard. The stainless steel powders, which were supplied by 
Epson Atmix Corporation, Japan, were rounded, with mi-
nimal satellite particles. The average powder sizes (D50) 
were 10.86 µm for the 316L stainless steel powder and 9.77 
µm for the 630 stainless steel powder. The binder was sup-
plied by Mould Research Co., Ltd., Japan and was designed 
for a single 24-h thermal cycle of debinding and sintering to 
save processing time. Mono-component 316L stainless steel 
and 630 stainless steel feedstocks were mixed using mixing 
ratios of 62:38 and 60:40 by volume of metal powder and 
binder respectively. To identify the weld line positions and 
help distinguish the two materials during the “green” stage 
(after injection moulding, before debinding and sintering), 
1.96wt% (8.82vol%) of pink-coloured pigment was added 
to the 316L stainless steel feedstock. Hence, the effective 
solid loading in the 316L stainless steel feedstock contain-
ing pink-coloured pigment was 56.53% by volume. The 
pink-coloured pigment was supplied by PolyOne (Thailand) 
Co., Ltd., Thailand (catalog no. 6Y16940). Subsequently, 
mono-component 316L stainless steel and 630 stainless steel 
feedstocks were mono- and co-injection moulded into the 
tensile test specimen shapes using a Nissei DCE60-2E ho-
rizontal co-injection moulding machine. The injection tem-
peratures were 175°C for 316L stainless steel and 180°C for 
630 stainless steel. Injection unit A was used to inject the 
316L stainless steel feedstock, whereas injection unit B was 
used for the 630 stainless steel feedstock. Most parameters 
were kept constant for both injection units. The shot size 
was 20 mm. The injection pressure was 150 MPa. The ve-
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locity−pressure (v−P) position was 7 mm. The limited ve-
locity was 20 mm·s−1, and the holding pressure was 50 MPa. 
To obtain samples with different weld-line positions, the in-
jection velocity was varied as shown in Table 2. For the 
weld lines to meet at the centre, the injection velocity of 
both injection units were set to 20 mm·s−1. Notably, the weld 

line was not exactly in the middle, suggesting that the vis-
cosities of the two feedstocks were not exactly the same. 
Although the same binder was used, a difference in viscosity 
was possible because metal powders and mixing ratios dif-
fered; in addition, pink-colour pigment was added in the 
316L stainless steel feedstock.   

Table 1.  Chemical compositions of 316L stainless steel and 630 stainless steel powders and the corresponding MPIF stan-
dard 35 [12]                                                                                                  wt% 

Powder C Si Mn P S Ni Cr Mo Cu O / ppm Nb + Ta 

316L 0.024 0.81 0.80 0.019 0.009 12.53 16.49 2.10 0.03 3400 ⎯ 

MPIF 316L 0.03 (max) 1.0 (max) 2.0 (max) ⎯ ⎯ 10−14 16−18 2−3 ⎯ ⎯ ⎯ 

630 0.051 0.81 0.78 0.023 0.006 4.24 15.69 0.01 3.23 3500 0.30 

MPIF 630 0.070 (max) 1.0 (max) 1.0 (max) ⎯ 0.03 (max) 3−5 15.5−17.5 ⎯ 3−5 ⎯ 0.15−0.45
 

Table 2.  Injection velocity of preparing mono- and 
two-component tensile test specimens to obtain different weld 
line positions 

Sample 
Injection velocity / (mm·s−1) 

Injection unit A (316L) Injection unit B (630)

316L 27 15 

14.5% 630* 22 20 

56.6% 630* 20 20 

86.4% 630* 20 22 

630 15 27 

Note: * ⎯ These samples are two-component tensile test specimens 

with various weld line positions, i.e., with different average percen-

tages of 630 stainless steel within the gauge length, for example, in 

“14.5% 630” sample, the average percentage of 630 stainless steel 

within the gauge length is 14.5%, whereas that of 316L is 85.5%. 

To have more portion of 316L stainless steel within the 
gauge length, the injection speed of injection unit A (316L) 
was increased slightly to 22 mm·s−1 while the injection 
speed of injection unit B (630) was kept constant. When the 
injection speed of injection unit A (316L) was increased to 
27 mm·s−1 and that of injection unit B (630) was decreased 
to 15 mm·s−1, the entire tensile sample was 316L stainless 
steel. The weld line position was in the runner nearly to in-
jection unit B (630). To achieve a greater portion of 630 
stainless steel, the injection velocity of injection unit B (630) 
was set higher than that of injection unit A (316L). Two sets 
of mono-component specimens and three sets of 
two-component specimens with three different weld line po-
sitions were produced, as shown in Fig. 1 (top row). The 
five green specimens in Fig. 1 are mono-component 316L 
stainless steel (left), mono-component 630 stainless steel 
(right), and three two-component 316L/630 stainless steels 

(middle). A portion of the specimens that contains 630 
stainless steel is grey, and a portion of the 316L stainless 
steel specimens are pinkish grey. The green parts were 
thermally debonded at 450°C for 1 h to remove the binder 
and then sintered at 1350°C for 2 h under an argon atmos-
phere.  

 

Fig. 1.  Green and sintered mono- and two-component tensile 
test specimens showing various weld line positions and differ-
ent average percentages of 630 stainless steel within the gauge 
length (x). 

2.2. Analysis 

The average sintered density was measured using the water 
immersion method according to MPIF standard 42 [13]. In addi-
tion, the microstructures were examined using three-dimensional 
optical microscopy (3D-OM) and scanning electron micro-
scopy (SEM). For SEM analysis, the acceleration voltage 
was 20 kV, the working distance was 10 mm, and the emis-
sion current was 50–70 μA. The two-component specimens 
were etched by the following method: when one material 
was etched, the other material was coated with vaseline. 
Chemical compositions were also analysed using X-ray dif-
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fraction (XRD) and SEM/EDS. The analysis parameters for 
XRD were 50 kV and 300 mA. The tensile tests were car-
ried out at room temperature and at a constant rate of 0.13 
mm·min−1 using a 25-kN universal testing machine. The 
tensile tests were repeated three times for each set of expe-
riments.  

The weld line position was quantified using the average 
percentage of 630 stainless steel within the gauge length (x), 
as shown in Eq. (1): 

630

g

100%
L

x
L

= ×  (1) 

where Lg and L630 are the gauge length distance and the dis-
tance of 630 stainless steel within the gauge length, respec-
tively, as shown in Fig. 2. Therefore, the 316L stainless steel 
specimens had x = 0% and the 630 stainless steel specimens 
had x = 100%. The three two-component 316L/630 stainless 
steel specimens had x = 14.5%, 56.6%, and 86.4% respec-
tively, as shown in Fig. 1. Notably, these values for the av-
erage percentage of 630 stainless steel within the gauge 
length (x) were based on the measurements of sintered spe-
cimens (bottom row in Fig. 1).  

 

Fig. 2.  Sintered two-component tensile test specimen showing 
the gauge length distance and the distance of 630 stainless steel 
within the gauge length. 

3. Results and discussion 

3.1. Density and shrinkage 

Fig. 1 shows a photograph of green and sintered mono- 
and two-component tensile test specimens. In the case of the 
green parts, the weld line and the difference in grade of 
stainless steel are distinguished by the pink-coloured pig-
ment added to the 316L stainless steel feedstock. In the case 
of the sintered parts, both stainless steels exhibit a metallic 
colour with different levels of glossiness; the weld-line posi-
tion is identified as shown in Fig. 2. Fig. 3 shows the average 
green and sintered densities of the mono- and two-component 
tensile test specimens in Fig. 1 as a function of the average 
percentage of 630 stainless steel within the gauge length (x). 
The green density of the 316L stainless steel specimens (x = 
0%) was slightly lower (0.06 g·cm−3) than that of the 630 
stainless steel specimens (x = 100%), mainly because of the 

addition of 1.96wt% pink-coloured pigment, despite the 
higher theoretical density of 316L stainless steel compared 
to that of 630 stainless steel. The green density of the 
two-component specimens was intermediate between the 
densities of the mono-component 316L stainless steel and 
the mono-component 630 stainless steel specimens.  

 

Fig. 3.  Average green and sintered densities of mono- and 
two-component tensile test specimens as a function of the av-
erage percentage of 630 stainless steel within the gauge length 
(SS represents stainless steel). 

After sintering, densities of all of the specimens increased, 
on average, by 2.5 g·cm−3, as shown in Fig. 3. The variation 
in sintered density shows a trend similar to that of the green 
density. The relative density of 630 stainless steel specimens 
(x = 100%) is 97.5%, which is typical for well-sintered met-
al injection moulded parts. However, the relative density of 
the 316L stainless steel is only 92.9%, which is substantially 
lower than that of standard metal injection moulded parts. 
This discrepancy suggests that the introduction of the co-
loured pigment hinders the sintering of 316L stainless steel. 
The sintered density calculated for the measured densities of 
mono-component 316L stainless steel and mono-component 
630 stainless steel specimens on the basis of the rule of 
mixture is also shown as a straight line linking the two den-
sities. Notably, the rule of mixture was only applicable for 
specimens with a constant cross section. However, the ten-
sile specimens in this work, as shown in Fig. 2, had a con-
stant cross section within the gauge length and a larger 
cross-sectional area in the gripping areas. The calculated 
sintered density line intercepts the measured sintered density 
line at x = 50%, where the specimen is symmetrical and 
where the effect of a non-constant cross section is eliminat-
ed. In cases where the length of 630 stainless steel within 
the gauge length is less than 50% (x < 50%), the predicted 
rule-of-mixture density of the two-component specimen 
should be less than the measured density. However, in cases 
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where the 630 stainless steel length within the gauge length 
is greater than 50% (x > 50%), the predicted rule-of-mixture 
density of the two-component specimen should be greater 
than the measured density. These predictions agree well with 
the experimental results, as shown in Fig. 3. In addition, the 
sintered density of two-component specimens linearly in-
creases with increasing percentage of 630 stainless steel 
within the gauge length.    

Fig. 4 shows the average linear shrinkage of mono- and 
two-component tensile test specimens in Fig. 1 as a function 
of the average percentage of 630 stainless steel within the 
gauge length (x). To eliminate the effect of the non-constant 
cross section, the linear shrinkage should be the shrinkage of 
the gauge length (Lg), as shown in Fig. 2. A comparison of 
the linear shrinkage of the mono-component specimens re-
vealed that 316L stainless steel exhibited a slightly lower li-
near shrinkage than 630 stainless steel. This result is consis-
tent with the lower relative density of 316L stainless steel 
and with the slightly higher solid loading of the feedstock. 
The linear shrinkage of the two-component specimens in-
creased with increasing percentage of 630 stainless steel 
within the gauge length. Notably, however, the shrinkages of 
both of the mono-component specimens were lower than 
those of the two-component specimens, as evident in Fig. 1. 
This result suggests that the two materials interacted at the 
interface and caused greater shrinkage than that exhibited by 
either of the mono-component materials. Densification of 
the composite layer of 316L/630 stainless steel has been re-
ported to be enhanced during co-sintering [7]. Enhanced 
densification has also been observed in the co-sintering of 
M2/316L [14] and at the interface of M2/630 [15]. Firouz-
dor et al. [14−15] suggested that this enhanced densification 
is caused by sintering-shrinkage incompatibility between  

 

Fig. 4.  Average linear shrinkage of mono- and two-component 
tensile test specimens as a function of the average percentage of 
630 stainless steel within the gauge length (SS represents stain-
less steel).  

two materials and the interlayer diffusion of alloying ele-
ments and by the formation of a dual δ-ferrite/austenite 
phase at high temperatures. Sintering incompatibility be-
tween two materials develops biaxial stresses in the interfa-
cial areas and enhances the sintering kinetics [16]. 

3.2. Mechanical properties  

Fig. 5 shows the representative tensile responses of sin-
tered mono- and two-component specimens. In addition, Fig. 6 
shows the corresponding average yield strength, ultimate ten-
sile strength, and elongation at break. The mono-component 
630 stainless steel samples (x = 100%) exhibited typical 
ductile behaviour, with large elongation after the ultimate 
tensile stress was reached. The corresponding average yield 
strength, ultimate tensile strength, and elongation at break 
were 445 MPa, 896 MPa, and 9.9%, respectively. The 
measured ultimate tensile strength (896 MPa) and elonga-
tion at break (9.9%) are well above the minimum values 
stated in MPIF standard 35 (790 MPa and 4%), and the ul-
timate tensile strength (896 MPa) agrees well with the typi-
cal value (900 MPa) stated in MPIF standard 35 [12]. The 
typical value for the elongation at break of MPIF 630 stain-
less steel is 6.0%; the sintered elongation measured in the 
present work (9.9%) is well above this value. The large 
elongation after the ultimate tensile strength was also evi-
denced as necking in fracture samples, as shown in Fig. 7 (x = 
100%). 

For mono-component 316L stainless steel specimens (x = 
0%), the ductile tensile response showed small elongation 
after reaching the ultimate tensile strength and the average 
elongation was 10.2%. Minimal necking is observed in Fig. 
7 (x = 0%); this behavior is extremely unusual for 316L 
stainless steel, which should exhibit a minimum elongation 
of 40% and a typical elongation of 50% according to MPIF  

 

Fig. 5.  Representative tensile results for sintered mono- and 
two-component tensile test specimens (SS represents stainless 
steel). 
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Fig. 7.  Fractured mono- and two-component tensile test 
specimens. 

standard 35 [12]. In addition, the ultimate tensile strength 
was 324 MPa, which is also well below the minimum MPIF 
ultimate tensile strength of 450 MPa. The significant reduc-
tion in elongation and ultimate tensile strength is likely due 
to the addition of the coloured pigment, which reduced the 
sintered relative density to less than 93%. Notably, the 316L 
stainless steel was also metal injection moulded without the 
pigment. In this case, an as-sintered relative density of 
97.5% was achieved and the tensile properties well satisfied 
MPIF standard 35 [12], with 49% elongation. The addition 
of the coloured pigment substantially reduced the powder 
loading from 62% to 56.53%, which adversely reduced the 

tensile properties of 316L stainless steel. 
For two-component specimens, the tensile responses 

showed small elongation after reaching the ultimate tensile 
strength, similar to the mono-component 316L stainless 
steel specimens (x = 0%). Minimal necking is also evident 
in Fig. 7 (x = 14.5%, 56.6%, and 86.4%), similar to the be-
haviour of the mono-component 316L stainless steel speci-
mens. Fracture occurred near the interface of the two mate-
rials but always on the 316L stainless steel portion. This be-
haviour indicates that the in-situ strength of 316L stainless steel 
was lower than that of 630 stainless steel and lower than the in-
terfacial strength [17]. In addition, the 316L and 630 stainless 
steels were compatible, resulting in good bonding. This good 
bonding is evident from the mono-component tensile results, 
which show that the 630 stainless steel exhibited substantially 
greater strength than the 316L stainless steel and that fracture 
did not occur at the interface. As the percentage of 630 stainless 
steel within the gauge length was increased, the average elon-
gation at break decreased for the two-component specimens. 
This result is also in good agreement with the photograph of 
fracture tensile specimens shown in Fig. 7. 

As shown in Fig. 6, the average yield and ultimate tensile 
strengths of the two-component specimens (x = 14.5%, 
56.6%, and 86.4%) were similar to those of the 
mono-component 316L stainless steel specimens (x = 0%). 

Fig. 6.  Average mechanical properties of mono- and
two-component tensile test specimens as a function of the
average percentage of 630 stainless steel within the gauge
length (SS represents stainless steel): (a) yield strength;
(b) ultimate tensile strength; (c) elongation at break.  
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This similarity suggests that the weaker material in the 
two-component specimen dictates the strength of the 
two-component material specimen if the two materials are 
compatible and that the strength is independent of the per-
centage of 630 stainless steel within the gauge length. 

3.3. Microstructure and chemical analysis 

Fig. 8 shows the as-polished micrographs of the sintered 
interface between 316L and 630 stainless steels using two 
different magnifications. The dashed line indicates the weld 
line between the two materials, where the upper portion is 
630 stainless steel and the lower portion is 316L stainless 
steel. The black frame in Fig. 8(a) indicates the location of 

Fig. 8(b). The weld line was not perfectly straight because a 
simultaneous co-injection moulding process was used. Two 
materials were injected from two nozzles into the opposite 
ends of a tensile test specimen and then flowed to join each 
other. No cracking or warpage was observed at the interface. 
This result is in good agreement with the mechanical prop-
erty results that indicated the two materials were compatible 
and that both materials were bonded soundly. Some small 
rounded residual pores were observed because the sample 
was subjected to pressureless sintering. In the case of the 
630 stainless steel, the trace of grain structure was observed 
at the as-polished stage; no such structure was observed for 
the 316L stainless steel.  

 
Fig. 8.  As-polished micrographs of the sintered interface between two materials at different magnifications (the black frame in (a) 
shows the location of (b)). 

Fig. 9 shows the etched micrographs of the sintered inter-
face between the 630 and the 316L stainless steels at three 
different magnifications. Instead of only two different mi-
crostructural zones previously reported for co-sintered 
316L/630 stainless steel [7], three different zones of micro-
structures were observed in this work. Away from the inter-
facial zone, the 630 stainless steel exhibited martensitic 
elongated laminar grains with islands of ferrite at the grain 
boundaries, whereas the 316L stainless steel exhibited 
equiaxed austenitic grains, as typically observed in sintered 
samples of both materials [18]. However, an interfacial zone 
was observed, where the microstructure was neither 316L 
stainless steel nor 630 stainless steel. This zone was easily 
etched, similar to 630 stainless steel; however, the micro-
structure was not elongated. The microstructure in this in-
terfacial zone contained a band of slightly greater porosity 
near the 316L interface. This greater porosity was due to the 
Kirkendall effect, which has also been observed in the in-
terface of M2/316L samples [14] and in the interface of 
M2/630 samples [15] co-sintered at a relatively high sinter-
ing temperature of 1290°C for 90 min under a mixed Ar/H2 

atmosphere. Notably, a porosity band was not observed at 
lower sintering temperatures [14−15]. In the present work, 
the samples were sintered at 1350°C for 2 h under argon and 
a porosity band was observed. Notably, the interfacial zone 
was not observed in the as-polished samples (Fig. 8).  

The contents of nickel and copper are the main difference 
between 316L and 630 stainless steels. In the present work, 
the 316L stainless steel powder contained 12.53wt% nickel 
and 0.03wt% copper, whereas the 630 stainless steel powder 
contained 4.24wt% nickel and 3.23wt% copper, as shown in 
Table 1. These differences in alloying element contents re-
sulted in different microstructures. Fig. 10 shows theSEM 
micrographs and EDS line analysis results for the interfacial 
zone. The left portion is 316L stainless steel, and the right 
portion is 630 stainless steel. The SEM micrograph shows 
more porosities at the interfacial zone. The 316L stainless 
steel contains more nickel but less copper than the 630 
stainless steel, as expected. In the interfacial zone, nickel 
gradually diffused from the 316L stainless steel toward the 
630 stainless steel and copper gradually diffused from the 
630 stainless steel toward the 316L stainless steel. The  
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Fig. 10.  SEM/EDS analysis of the sintered interface between 
316L and 630 stainless steels. 

interfacial zone was approximately 180 µm, which is three 
times larger than the narrow “diffusion” zone reported 
elsewhere [3] for a sample sintered at 1300°C for 1 h under 

hydrogen. Notably, in the present work, the samples were 
sintered at 1350°C for 2 h under argon. Therefore, these re-
sults suggest that the width of the interfacial zone increased 
with both increasing sintering temperature and increasing 
sintering time. In a previous study of 2C-MIM of 430 and 
314 stainless steels, this interfacial zone was identified as a 
dual-phase ferritic–austenitic diffusion layer [14]. 

Fig. 11 shows the typical micrographs of the fracture 
surfaces for mono-component 316L stainless steel (x = 0%), 
two-component (x = 56.6%), and mono-component 630 
stainless steel (x = 100%) tensile test specimens. The frac-
ture surfaces of all three sets of two-component specimens 
are similar; hence, only x = 56.6% is shown. All of the frac-
ture surfaces show dimples associated with ductile failure, 
in good agreement with the elongation shown in Figs. 5 and 
6 and with necking observed in Fig. 7. The fracture surfaces 
of the 316L stainless steel and the two-component speci-
mens were similar, as indicated by the fracture of the 
two-component specimens occurring in the 316L stainless 
steel portion near the interface on the 316L stainless steel 
side, as shown in Fig. 7. The sizes of dimples varied; 
however, in general, the dimple sizes of 316L stainless 
steel and the two-component samples were larger than 
those of 630 stainless steel. In the case of the fracture sur-
face of the 630 stainless steel shown in Fig. 11(c), islands 

Fig. 9.  Etched micrographs of the sintered
interface between two materials at different
magnifications (the black frame in (a) shows
the location of (b), and the black frame in (b)
shows the location of (c)) 
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of ferrite surrounded by dimples were also observed. A 
similar fracture surface for 630 stainless steel has been re-
ported elsewhere [19]. 

Fig. 12 shows the XRD analysis results for the sintered 
316L stainless steel with the added pigment and for 630 and 
316L stainless steels without the pigment. The results for the 
316L stainless steel without the pigment are included for 
reference to demonstrate the effect of pigment addition. The 
XRD pattern of the 630 stainless steel shows the (110)α, 
(200)α, (211)α, and (220)α peaks of martensite. The patterns 

for the 316L stainless steel with and without pigment both 
show the (111)γ, (200) γ, (220) γ, (311) γ, and (222) γ peaks of 
austenite. The intensities of the (111)γ, (200)γ, and (220)γ no-
ticeably differ. These XRD analysis results cannot explain 
the difference in tensile properties of the specimens. In addi-
tion, no significant microstructural difference is evident in 
the 316L stainless steel with or without the addition of pig-
ment. The main reason for the lower elongation of 316L 
stainless steel is its low sintered density of less than 93% 
resulting from the addition of pigment.  

 
 

 

Fig. 12.  XRD results for sintered 316L stainless steel, 630 stainless steel, and 316L stainless steel with coloured pigment. 

4. Conclusions 

Tensile test specimens of mono-component 316L stain-
less steel, 630 stainless steel, and two-component 316L/630 
stainless steel with three different weld line positions were 
fabricated using a metal-injection moulding process. Pink 
pigment was added to the 316L stainless steel feedstock at a 
content of 1.96wt% to enable identification of the weld line 

and the material. After sintering, both stainless steels exhi-
bited a silver metallic colour with different levels of glossi-
ness. The sintered densities increased with increasing per-
centage of 630 stainless steel within the gauge length. The 
linear shrinkages of the two mono-component specimens 
were lower than those of the two-component specimens be-
cause the incompatibility of sintering shrinkage of both ma-
terials caused biaxial stresses and enhanced sintering. The 

Fig. 11.  Fracture surfaces of different 
tensile test specimens: (a) 316L stainless 
steel; (b) two-component 316L/630; (c) 
630 stainless steel. 
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addition of coloured pigment reduced the relative density of 
316L to less than 93%. As a result, the mechanical proper-
ties of the 316L stainless steel in both the mono-component 
specimens and the two-component specimens were substan-
tially reduced compared with the typical mechanical proper-
ties of 316L. The yield stress and ultimate tensile strength of 
the two-component specimens were similar to those of the 
weaker material (316L stainless steel). The fracture always 
occurred near the interface of the two materials but always on 
the 316L stainless steel portion. The elongation to failure of 
the two-component specimens was lower than that of both 
of the mono-component specimens. For the two-component 
specimens, the elongation decreased with increasing per-
centage of 630 stainless steel within the gauge length. On 
the basis of SEM observation, the microstructures were di-
vided into three zones: one zone for each of the individual 
materials and an interfacial zone. The width of the interfa-
cial zone was 180 µm. Over this interfacial zone, nickel 
gradually diffused from the 316L stainless steel toward the 
630 stainless steel and copper diffused from the 630 stain-
less steel toward the 316L stainless steel. The fracture sur-
faces of the two-material specimens were similar to that of 
316L stainless steel. 
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