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This work reported on the effects of mechanical milling and sintering temperature 

on the densification, microstructure and mechanical properties of the Fe-28Mn-

3Si (wt%) alloy. Elemental Fe, Mn and Si powders were used as the starting 

materials, and two batches of powder mixture were prepared: one was blended 

elemental (BE) powder mixture; the other was mechanically milled (MM) powder 

mixture milled for 5 h using planetary ball milling. Both powder mixtures were 

pressed under a uniaxial pressure of 400 MPa, and subsequently sintered in a high 

vacuum furnace for 3 h at 1000, 1100, 1200 and 1300 C. It was found that Mn 

depletion region (MDR) was formed on the surface of all the sintered samples. 

The sintered BE compacts had a low density (< 68.2%) at all temperatures, while 

the density of the sintered MM compacts increased drastically from ~65% at 1000 

C to ~91% at 1300 C. All the sintered MM compacts were composed of a 

predominant γ-austenite and minor ε-martensite. In comparison, additional (Fe, 

Mn)3Si phase was observed in the BE alloys sintered at 1000 C, and a single α-

Fe phase was identified in the BE compact sintered at 1300 C. The tensile 

properties of the sintered MM compacts increased significantly with the 

temperature and were significantly higher than those of their BE counterparts.  
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1 Introduction 

Fe-Mn-Si alloys with a high Mn content (≥ 20 wt%) are renowned for their unique shape 

memory effect (SME) due to a reversible phase transition between the face-centred cubic 

austenite and hexagonal close-packed martensite 
[1-5]

. The excellent SME of the Fe-Mn-Si 

alloys are beneficial to produce materials for civil applications such as pipe joint and dampers 

[6-8]
. More recently, Fe-Mn-Si alloys were reported to be a promising candidate for 

degradable biomaterials due to its high cell viability, good mechanical properties and 

reasonable degradation rate 
[9, 10]

. The mainstream manufacturing method for Fe-Mn-Si alloys 

is via traditional casting and wrought. An alternative manufacturing technique, powder 

metallurgy (P/M), has its own unique advantages. As a net-shaping or near net-shaping 

technique, PM significantly reduces the secondary machining operations and decreases the 

amount of the waste materials generated 
[11, 12]

. 

Over the past decades, P/M Mn ferrous alloys and steels have been extensively 

investigated, particularly in the context of the revisited interest in high-strength steels. In this 

regard, P/M technologies offer some advantages over ingot metallurgy. One issue associated 

with P/M high-Mn alloys is the sublimation of Mn element 
[13, 14]

. The majority of 

investigations focused on compositions with low Mn concentration (＜5 wt%)
[15]

. 

Mechanical milling (MM) is a well-established powder production technique. The key 

MM parameters for obtaining tailored powder mixtures includes grinding medium, rotation 

speed, milling time, weight ratio of ball-to-powder, milling atmosphere, and process control 

agent
[16-19]

. Many investigations have demonstrated that MM can effectively reduce the 

particle size of the powder mixtures due to the repeated welding and fracturing of the powder 

particles in a ball mill
[17, 20-22]

. In some cases, MM can be used to synthesise non-equilibrium 

alloys 
[23-25]

. The much refined microstructure and non-equilibrium phases are beneficial to 

promote the powder densification of Fe-Mn-Si powder compacts and prevent the formation 

of the unwanted phases in the sintered microstructure, which deteriorates mechanical 

properties. As a result, sintering can be performed at a lower temperature and with a shorter 

sintering time 
[26]

. For the same reasons, the issue of Mn sublimation would be minimised by 
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mechanical milling. It is noted that transient liquid phases may form during sintering 

depending on factors, such as temperature, distribution of Fe, Mn and Si particles in the Fe-

Mn-Si powder mixtures and the characteristics of the Fe-Mn-Si powder mixtures. For 

example, inhomogeneous distribution of Fe, Mn and Si particles, or/and coarse Mn and Si 

particles are more likely to form harmful large localised transient liquid phases through the 

binary eutectic reactions such as Mn3Si + Mn9Si2→L and γMn + δMn →L
[27]

. On the other 

hand, mechanical milling can obtain Fe-Mn-Si powder mixtures with homogeneous 

distribution and refined particle size. This minimizes the formation of the large localized 

transient liquid phases, which is beneficial to avoid the unwanted large pores, and thereby 

promotes densification and mechanical properties. It is therefore important to investigate how 

sintering temperature and mechanical milling affect the resulting microstructure and 

mechanical properties of the sintered Fe-Mn-Si alloys that contain high Mn contents. 

2 Materials and Experimental Procedure 

2.1 Materials 

Commercially available pure elemental Fe, Mn and Si powders were used as the starting 

materials. The morphologies of these starting powders are shown in Fig. 1. Fe powder is 

irregular in shape, while both Mn and Si powders are of angular shape. Table 1 summarises 

the impurity level and particle size distribution. Two batches of powder mixture with a 

nominal composition of 69% Fe, 28% Mn and 3% Si (all in wt%) were prepared. The first 

batch was a blended elemental (BE) powder mixture without mechanical milling, where the 

elemental Fe, Mn and Si powders were simply blended for 10 h in a tubular mixer (T2F, Glen 

Mills). The second batch was prepared by mixing and subsequent mechanical milling (MM). 

The MM process was carried out in a planetary ball mill (Pulverisette 6, Fritsch) under Ar 

protection to avoid the oxidation of the powders. A stainless steel vial with capacity of 225 

ml and stainless steel balls with a diameter of 6 mm were used. The ball-to-powder ratio was 

5:1. The powder mixture was mechanically milled for 5 h with the vial being rotated at 275 

rpm. No lubrication or process control agents were employed during the MM process. 

2.2 Press and sinter 

Both BE and MM powder mixtures were then pressed into rectangular samples with 

dimensions of 40 mm×16 mm×4.2 mm, under a pressure of 400 MPa at room temperature. 

Subsequently, all these green compacts were sintered in a high vacuum furnace at 5×10
-3 

Pa. 
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The temperature profile during sintering is shown in Fig. 2. It is noted that the different 

heating rate set-ups below and above 800 C were required as per the furnace specifications. 

Both BE and MM compacts were sintered for 3 h at 1000, 1100, 1200 and 1300 C, 

respectively, followed by furnace cooling.  

2.3 Characterization 

Density and porosity of all the sintered compacts were measured by Archimedes’ 

principle as specified in the ASTM B962-13 standard. Theoretical density of a fully dense 

Fe-28wt%Mn- 3wt%Si sample is 7.50 g/cm
3[10]

. The sintered density of the sintered PM 

alloys is then calculated by and expressed in %TD (percentage of theoretical 

density), where ρ0 is the theoretical density (g/cm
3
) of the pore-free Fe-28wt%Mn-3wt%Si 

alloy as specified above, ρ1 is the measured density of the sintered Fe-28wt%Mn-3wt%Si 

samples. The microstructure and chemical compositions of both the green and sintered 

compacts were investigated using an environmental electron scanning microscope (FEI, 

Quanta 200F) equipped with an X-ray energy dispersive spectrometer (EDX). Phase 

identification was conducted using X-ray diffraction (Bruker, D2 Phaser). The mechanical 

properties of the sintered samples were measured at room temperature using an Instron 3367 

universal test machine. Flat dog-bone shaped samples with a gauge length of 8 mm and cross-

section of 13 mm × 3 mm were cut from the sintered compacts. The tensile testing was 

performed at a cross-head speed of 0.2 mm/min, equivalent to an initial strain rate of 4.2×10
-3

 

s
-1

. 

3 Results 

3.1 Chemical composition  

Fig. 3 shows the Mn concentration as a function of the distance measured from the 

surface on the cross-section of the sintered compacts. The EDX results in Fig. 3 reveal that a 

Mn depletion region (MDR) exists in all the sintered compacts due to the sublimation of Mn 

during sintering. However, the Mn concentration levels off to ~28 wt%—the designed Mn 

concentration at a distance beyond MDR. Table 2 summarises the data of MDR thickness, 

chemical compositions beyond MDR in both BE and MM compacts sintered at various 

temperatures. It is pointed out that the compositional homogenisation was achieved when the 

sintering temperature was increased above 1100 °C. It is noteworthy that the thickness of 

1 0

D  
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MDR largely depends on the sintering temperature; a higher sintering temperature results in a 

thicker MDR, indicating a higher sublimation rate at a higher temperature. If the temperature 

is excessively high, e.g. at 1300 C, the Mn loss is observed in the entire BE compacts—a 

significantly lower Mn content < 5.3% throughout the entire thickness of the cross section 

(Fig. 3(b)). In remarkable contrast, the thickness of MDR in the MM compacts was much less 

than that of the BE compacts. Even at 1300 °C, the MM compact has an MDR thinner than 

the BE compacts at 1100 C. In the subsequent analyses and characterisation, the scale of 

MDR layer was removed from the sintered compacts, except for the BE compacts sintered at 

1300 °C.  

3.2 Sintered density  

Macroscopic images of the green compacts and the sintered alloys are shown in Fig. 4, 

which clearly shows swelling occurred in the compacts sintered at 1000 C. Fig. 5 shows the 

relative density of the BE and MM Fe-28Mn-3Si compacts as a function of sintering 

temperature. The densities of the MM compacts sintered at 1000 °C are slightly lower than 

their green compacts, and increase sharply with sintering temperature if the temperature ≥ 

1100 °C. For instance, the MM compacts sintered at 1300 C presented a density of ~ 

91%TD, as compared with 65%TD of the compact sintered at 1000 C. In contrast, the BE 

compacts sintered at all temperatures had a relatively low density ranging from ~63%TD to 

68.2%TD. The green density of both BE and MM green compacts is included in Fig.5 for 

comparison purpose. The green density of the BE compacts was approximately 68.5 wt%, 3 

wt% higher than their MM counterparts. Considering the higher green densities in BE 

compacts, the densification level of the MM compacts was much higher than the BE 

compacts. In other words, mechanical milling has significantly enhanced the subsequent 

sintering densification.  

3.3 Phase identification 

Fig. 6 presents the XRD results of both the BE and 5 h MM green compacts. As shown 

in Fig. 6, both the BE and MM green compacts exhibited the same phase constituents. This 

demonstrates that 5 h milling did not cause mechanical alloying. Figs. 7 and 8 present the 

phase constituents of both BE and MM compacts sintered at different temperatures. In the 

case of the BE compacts, predominant γ-austenite phase and minor ε-martensite phase were 

identified in the compacts sintered at <1200 C. In addition, peaks indexed to (Fe,Mn)3Si 
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phase were observed in the BE compacts sintered at 1000 ℃ only. No peaks corresponding to 

(Fe,Mn)3Si phase were identified in the BE compacts sintered at 1100 and 1200 C. However, 

α-Fe ferrite was the only phase observed in compacts sintered at 1300 C. In the case of the 

MM compacts, γ-austenite is the dominant phase in all the compacts (Fig. 8) regardless of 

sintering temperature. A minor ε-martensite phase was identified in all these MM sintered 

compacts. 

3.4 Microstructural evolution 

Fig. 9 illustrates the SEM micrographs of both BE and MM green compacts. Fig. 9(a) 

and Fig. 9(b) are typical morphologies of the BE green compacts at two different areas, in 

which an inhomogeneous distribution of Fe, Mn and Si powders were observed. A 

comparison of Fig. 9(a, b) reveals that the areas with large Mn and Si particles present higher 

porosities. This is because the relatively hard Mn and Si particles present poorer 

compactibility as compared to the soft Fe particles. It can be also seen that after mechanical 

milling the particle size of both Mn and Si powders had reduced significantly to < 6 μm, 

while Fe powder particles were elongated. This is expected because Mn and Si are brittle 

while Fe is ductile.  

Fig. 10 shows the microstructures of the sintered BE compacts at various sintering 

temperatures. A large number of angular and irregular pores with size ranging from 50 μm to 

100 μm were visible in the compacts sintered at 1000 ℃ and 1100 ℃. Furthermore, most of 

the pores were interconnected, indicating that the sintering was incomplete at ≤ 1100 ℃. 

Many large round grey particles (e.g., square box A in Fig. 10) were observed. The EDX 

results indicate that these grey particles were Si-rich, suggesting that the large Si particles in 

green compacts did not diffuse into γ-austenite phase during sintering at 1000 ℃. According 

to the isothermal section of the ternary Fe-Mn-Si phase diagram at 1000 ℃ 
[28]

, EDX results 

and XRD results, these grey particles in the BE compacts sintered at 1000 C are (Fe,Mn)3Si 

phase. If the compact was sintered at 1100 °C or 1200 °C, the major phase was γ-austenite in 

the absence of (Fe,Mn)3Si, as shown in Fig. 10(b, c). Interestingly, it is noted that no 

(Fe,Mn)3Si phase was found in SEM micrographs of BE compact sintered at 1100 °C. 

However, large particles (rectangle B in Fig. 10) with shape similar to (Fe,Mn)3Si phase were 

found in BE alloys sintered at 1100 C . Again, combined EDX results, the isothermal section 

of the ternary Fe-Mn-Si phase diagram
[28]

 , and XRD results reveal that they were γ-austenite 
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phase with high Si content (~8.5 wt%). It is noted that the BE compacts sintered at 1300 C 

reveals much larger-sized pores, accompanied with the significantly different compositions 

(determined by EDX measurements, see Table 2 for details).   

Fig. 11 shows the SEM micrographs of the MM compacts sintered at different 

temperatures. As seen in Fig. 11(a), the sintering of the MM compacts at 1000 C was 

incomplete, evidenced by a large number of interconnected and irregular pores. This is 

similar to the morphology of the BE compacts sintered at the same temperature. However, it 

is noted that no secondary phase or Si-rich phase were observed in Fig. 11(a), suggesting that 

both Si and Mn particles have completely diffused in γ-austenite matrix when the compact 

was sintered at 1000 ℃. When the sintering temperature was increased to 1100 ℃, the pore 

size reduced, although the pores were still angular and elongated. A further increase in 

sintering temperature to 1200 ℃ and 1300 ℃ led to a significant reduction in pore size and 

pore population. The residual pores were isolated and smooth (arrow C in Fig. 11(c)), a 

typical indication of the final sintering stage. The EDX result confirms that the black particles 

are Mn- and Si-rich oxides.   

3.5 Static tensile testing  

Engineering stress-strain curves of the best quality Fe-28Mn-3Si compacts sintered 

from BE or MM powder mixtures are shown in Fig. 12. Both curves illustrate characteristic 

strain hardening. The ultimate tensile strength (UTS), fracture strain () and Young’s 

modulus (E) of all the sintered compacts are summarised in Table 3. In general, the UTS,  

and E increased with increasing sintering temperature for both BE and MM compacts. A 

comparison of the BE compacts with MM compacts indicate that the mechanical properties 

of the compacts sintered from BE compacts were relatively low and the elevated sintering 

temperature only resulted in a limited improvement in mechanical properties. The highest 

values for UTS (155 MPa),  (3.3%) and E (30.3 GPa) among all the BE compacts were 

observed in the compact sintered at 1300 ℃. In contrast, the mechanical properties of the 

MM sintered compacts are significantly higher, largely due to the higher densification 

attained in the MM compacts. Sintering temperature seems to have prominent effect on the 

mechanical properties of these MM sintered compacts. The UTS and E values of the MM 

compacts sintered at 1300 ℃ were 454.5 MPa and 102 GPa, 190% and 240% higher than the 

BE compacts sintered under the same conditions.  
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4 Discussion 

4.1 Phase evolution  

As shown in Fig. 7(a) and Fig. 10, (Fe,Mn)3Si phase was formed in the BE compacts 

sintered at 1000 ℃, but not in the MM compacts sintered at the same temperature. This is 

because MM has significantly reduced the particle size. MM has also refined the 

microstructure of the milled powder. In a typical mechanically milled microstructure of a 

powder mixture of A and B where A is a ductile metal while B is a brittle metal, the particle 

size of brittle B is reduced and powder B fine particles are often embedded in much deformed 

powder A, forming a lamellar microstructure 
[17]

. Such a refined microstructure can 

significantly accelerate densification process via sintering because the diffusion distance has 

been much shortened. In the BE compacts, Fig. 9(a), Si particles were surrounded by Mn 

particles. At 1000 C, they react to form (Fe,Mn)3Si. In the MM compacts, Fig. 9(b, c) 

reveals that the particle size of Mn and Si was much smaller and the mixing of Fe, Mn and Si 

was more homogeneous. The homogeneous mixing leads to a single γ-austenite phase. The 

existence of high Si-containing γ-austenite in the BE compacts sintered at 1100 ℃ is again a 

consequence of inhomogeneous mixing. Such an inhomogeneous mixing can be remedied by 

a higher sintering temperature. However, an excessively high temperature would cause 

serious sublimation (or evaporation) of Mn. The EDX analysis shows that the bulk Mn 

concentration in the 1300 C sintered compact was ~5 wt% Mn (Table 2). According to the 

Fe-Mn-Si ternary phase diagram 
[28]

, this composition corresponds to a single α-Fe phase. 

It is noted that a small amount of ε-martensite phase was generated in the BE compacts 

sintered at ≤1200 C and in the MM compacts at all sintering temperatures. The formation of 

this minor ε-martensite phase in these alloys may occur during furnace cooling after sintering. 

Fig. 13 illustrates the effects of Mn and Si contents as well as Neel temperature (TN) on the 

martensite start temperature (Ms) 
[29]

. As shown in Fig. 13, in our case, the Ms temperature of 

all the sintered alloys is higher than room temperature and TN, indicating that phase 

transformation from parent γ-austenite phase to ε-martensite phase could be induced in all the 

as-sintered alloys during furnace cooling. Therefore, it is suggested that the formation of 

minor ε-martensite phase in the as-sintered alloys is caused by furnace cooling.  
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4.2 Densification  

It is noted that no densification happened in the MM alloys sintered at 1000 °C and all 

sintered BE alloys. For example, the porosity in the sintered BE alloys at 1000 C was ~5% 

higher than that of their green compacts. 

The low density for the MM and BE alloys sintered at 1000 °C may be caused by pores 

formed due to the alloying between the three components (Fe, Mn and Si). Based on 

Arrhenius equation 
[26]

 and the available literature data 
[30-32]

, diffusion coefficients of Fe, Mn 

and Si in the γ-austenite phase calculated as a function of temperature are shown in Fig. 14. 

As shown in Fig. 14, the diffusion coefficient of Si atoms is more than one order of 

magnitude higher than those of Fe and Mn atoms. In addition, the binary Fe-Si and Mn-Si 

phase diagrams 
[27]

 reveal that the solubility of both Fe and Mn in Si is close to 0 at 

temperatures≤1200 C. Conversely, the solid solubility of Si in both Fe and Mn is extensive, 

up to approximately 10 wt% at > 1000 C. As a consequence, large pores may be left behind 

at the sites previously occupied by the Si particles after Si atoms completely diffuse into Fe 

or Mn particles. Similarly, according to the binary Fe-Mn phase diagram 
[33]

, the solubility of 

Mn atoms in Fe is more than 70 wt% at 1000 C, which is again much higher than that of Fe 

in Mn (less than 30 wt%) at the same temperature. Pores may be generated when Mn atoms 

diffuse into Fe matrix. These pores in the BE alloys are difficult to shrink at low temperatures, 

e.g. 1000 C. Consequently, the porosity of the MM and BE compacts sintered at 1000 C 

was higher than that of their green compact counterparts. This also resulted in the swelling of 

both the MM and BE compacts sintered at 1000 C. In addition, the low density of the BE 

alloys sintered at high temperatures ≥1100 C may be attributed to formation of the transient 

liquid phases during heating. The inhomogeneous distribution of the Fe, Mn and Si particles 

led to the formation of unstable secondary phases in the sintered BE compacts, e.g. (Fe, 

Mn)3Si at 1000 C. In this case, the unstable (Fe,Mn)3Si phase could be transferred to 

transient liquid phase due to a further phase transformation at higher temperatures ＞1000 C 

[28]
. Moreover, the binary Fe-Si and Mn-Si phase diagrams 

[27]
 reveal that liquid phase could 

form when temperature is ≥1040 ℃. Taking the binary Mn-Si phase diagram for example, 

three Mn-Si eutectic reactions could occur at 1040, 114 and 1235 C. In our case, the heating 

temperature ranges from 1000 to 1300 C. Such high heating temperatures may result in the 

formation of transient liquid phases due to Mn-Si eutectic reactions caused by the localised 

inhomogeneous distribution of large Mn and Si particles (see Fig. 9(a)). The transient liquids 
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mentioned above could spread into the nearby solid phases and leave behind large pores at 

sites occupied by the transient liquid. Consequently, low density occurred in the BE alloys 

sintered at high temperatures ≥1000 °C due to the larges pores caused by the formation of the 

transient liquid phases. 

However, the densification of the MM alloys increases significantly with the increase 

of the sintering temperature if the temperature is ＞ 1000 C. This benefits from the 

homogenous distribution of the Fe, Mn and Si particles, the decrease in Mn and Si particle 

size of the MM green compacts, as well as the increase of heating temperature. Firstly, the 

homogeneous distribution of the Fe, Mn and Si particles prevents the formation of large 

secondary phases, which is supported by both the XRD results and the morphologies of the 

sintered MM alloys at all temperatures. This avoids the formation of the transient liquids and 

consequen8tly of the large pores, which is beneficial to the densification of the sintered alloys. 

Moreover, MM promotes the densification of the MM powder samples. This is because MM 

causes particle size refinement. It is known that a small particle size corresponds to a large 

driving force for densification due to the increased surface energy 
[26]

. The particle size 

refinement has been evidenced and shown in Fig. 9 and Table 1. In addition to refining 

powder particles, MM is able to generate a composite microstructure containing small Mn or 

Si within Fe. This refined composite microstructure reduces the diffusion path between the 

particles during sintering, thereby accelerating densification. In addition, the increase of 

sintering temperatures contribute to the high densification of the MM alloys sintered at ＞

1000 ℃. It is clear that the diffusion coefficients of both Mn and Si in γ-Fe increase 

significantly with sintering temperature, as shown in Fig. 14. For example, the diffusion 

coefficient of Mn and Si at 1200 C increases by approximately 22 and 33 times, respectively, 

as compared to that at 1000 C. Thus, the porosity and pore size of MM alloys decrease 

significantly when the sintering temperature increases, concomitant with a remarkable 

increase in densification.  

4.3 Tensile properties and fracture  

The relationship between mechanical properties and porosity was proposed by Gibson 

and Ashby 
[34]

: 
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                                                                                                   (1) 

                                                                                                              (2) 

where σ and E are the tensile strength and modulus of elasticity of the sintered alloy,  is the 

sintered density. 0 is the theoretical density of the Fe-28Mn-3Si alloy, σ0 and E0 are the 

tensile strength and modulus of elasticity of the fully dense Fe-28Mn-3Si alloy. (1-ρ/ρ0) is the 

porosity, C1, C2, n1 and n2 are material constants depending on the pore structure. As show in 

the Gibson-Ashby model, the strength and modulus of elasticity increase with the decrease of 

porosities. This is because a lower porosity gives rise to a higher effective load-bearing cross-

sectional area, and therefore leads to higher mechanical strength. Porosity decreases with 

increasing sinter temperature (Fig. 5) and therefore tensile strength increases. For the same 

reason, the MM alloys have a higher strength than the BE alloys when they were sintered at 

the same temperature.  

Figs. 15 and 16 show the microscopic fractography of both BE and MM alloys sintered 

at different temperatures. As illustrated in Fig. 15, all sintered BE compacts exhibit a typical 

brittle failure. Powder detachment is the main rupture mechanism as a result of the weak 

particle bonding due to the incomplete sintering. However, some cleavage facets and river 

patterns are visible on the fracture surface of BE compacts when sintering at between 1200 

C and 1300C. For all MM alloys, a mix of brittle and ductile failure features can be found 

on the fractured surface. Shallow dimples indicate that ductile fracture occurred in some 

regions of the MM alloys. Moreover, the dimple feature becomes more prominent in the 

samples sintered at high temperatures. 

5. Conclusions 

The effects of mechanical milling and sintering temperature on the microstructure 

evolution, densification mechanism as well as mechanical properties of the sintered Fe-

28Mn-3Si powder compacts were studied. The key findings of this study are summarized 

below. 
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(1) Both the sintered blended elemental (BE) and mechanically milled (MM) samples 

exhibited a Mn depletion region (MDR) layer on the surface. The thickness of the MDR layer 

increased with the increase of sintering temperature. The MDR thickness of the sintered BE 

compacts was significantly greater than that of their MM counterparts at the same sintering 

temperature. 

(2) The BE alloys present low sintered densities (< 68.2%) at all sintering temperatures, 

and no densification occurred in the BE alloys. Predominant γ-austenite phase and minor ε-

martensite phase are identified if the sintering temperature is <1200 C. In addition, a large 

number of (Fe,Mn)3Si phases formed in the BE alloy sintered at 1000 C. However, only a 

single α-Fe phase was found in the BE compacts sintered at 1300 C. When sintering 

temperature was ≥ 1200 C, a large number of pores with size ~150 µm were formed. 

(3) The density of the MM alloys increases drastically with the increase of sintering 

temperature (from ~65% at 1000 C to ~91% at 1300 C). The density of the MM alloys is 

considerably higher than that of their BE counterparts. The MM alloys are comprised of 

predominant γ-austenite phase and minor ε-martensite phase at all sintering temperatures. The 

pore size of MM alloys decreases significantly with the increase of sintering temperature.  

(4) The mechanical properties are determined as a combined consequence of starting 

particle size and sintering temperature. In general, the mechanical properties of both BE and 

MM alloys increase with increasing sintering temperature. The strength and ductility of MM 

alloys, are remarkably higher than those of their BE counterparts.  
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Figure and Table Captions 

Fig. 1. Morphologies of the starting elemental powders: (a) Fe powder; (b) Mn powder; (c) Si 

powder. 

Fig. 2. Heating profile of Fe-28Mn-3Si powder mixture sintered for 3 h at different sintering 

temperatures. 

Fig. 3. Mn concentration at the cross section of the sintered Fe-Mn-Si alloys at different 

temperatures for 3 h: (a) BE compacts sintered at 1200 C; (b) BE compacts sintered at 1300 

C; (c) MM compacts sintered at 1300 C. 

Fig. 4. Macroscopic images of Fe-Mn-Si alloys after being sintered for 3 h at different 

temperatures: (a) BE compacts and (b) MM compacts. 

Fig. 5. Sintered density of BE and MM compacts sintered for 3 h as a function of sintering 

temperature, and the relative density of BE and MM green compacts at room temperature 

(Note: the relative density of the BE alloys sintered at 1300 C is not given, due to significant 

sublimation of Mn during sintering at this temperature, as shown in Table 2.).  

Fig. 6. XRD patterns of the BE green compacts (a) and 5 h MM green compacts (b). 

Fig. 7. XRD patterns of the BE compacts sintered for 3 h at: (a) 1000 C; (b) 1100 C; (c) 

1200 C; (d) 1300 C. 

Fig. 8. XRD patterns of the MM compacts sintered for 3 h at: (a) 1000 C; (b) 1100 C; (c) 

1200 C; (d) 1300 C. 

Fig. 9. Microstructure of Fe-Mn-Si green compacts: (a) and (b) BE green compacts; (c) MM 

compacts; (d) enlarged rectangular area in (c). 

 Fig. 10. SEM micrographs of BE compacts sintered at (a) 1000 C, (b) 1100 C, (c) 1200 C, 

(d) 1300 C; (e) EDX spectrum from the square box ‘A’ in (a), and (f) EDX spectrum from 

the square box ‘B’ in (b). 

Fig. 11. Microstructure of the MM compacts sintered at: (a) 1000 C; (b) 1100 C; (c) 1200 

C; (d) 1300 C. 
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Fig. 12. Tensile stress-strain curves of Fe-28Mn-3Si compacts sintered at various 

temperatures: (a) BE compact at 1100 ℃; (b) BE compact at 1300 ℃; (c) MM compact at 

1100 ℃; (d) MM compact at 1300 ℃. 

Fig. 13. Ms temperature in the Fe–Mn–Si system 
[29]

. 

Fig. 14. Diffusion coefficients of Fe, Mn and Si in γ-austenite phase as a function of 

temperature. 

Fig. 15. Fracture surfaces of the Fe-28Mn-3Si alloys sintered from BE powder at different 

temperatures: (a) 1200 C; (b) enlarged square area in (a); (c) 1300 C; (d) enlarged square 

area in (c). 

Fig. 16. Fracture surfaces of the as-sintered Fe-28Mn-3Si alloys sintered from MM powder 

at different temperatures: (a) 1100 C; (b) 1200C; (c) enlarged square area in (b); (d) 1300 

C.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table List 
 

Table 1 Particle size of the starting powder 

Powder Particle Size (μm) Impurities (wt%) 

 d10 d50 d90 O C N 
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Fe 19.96 38.62 68.13 0.18 0.07 0.02 

Mn 14.91 38.7 78.2 0.11 0.07 0.07 

Si 18.17 43.41 90.25 0.09 0.03 0.05 

 

Table 2 Thickness of MDR and the average chemical compositions of the sintered Fe-28Mn-

3Si compacts 

Powder 

mixture 

Sintering 

temperature 

(℃) 

Thickness of 

MDR (μm) 

Chemical composition (wt%)
△
 

Mn Si O Fe 

BE 1000 —#
 28.1 ± 1.25 3.08 ± 0.58 0.39 ± 0.05 Bal. 

1100 650 ± 35 27.8 ± 1.42 3.22 ± 0.5 0.37 ±0.06 Bal. 

1200 1250 ± 56  28.2 ± 1.2 3.25 ± 0.2 0.41 ± 0.05 Bal. 

1300 —
☆

 5.1 ± 0.8 3.51 ± 0.3 0.42 ± 0.08 Bal. 

MM 1000 —#
 27.6 ± 0.87 2.9 ± 0.39 0.49 ± 0.09 Bal. 

1100 255 ±23 28.1 ± 1.35 3.15 ± 0.23 0.45 ± 0.07 Bal. 

1200 460 ± 31 27.89 ± 0.61 3.36 ± 0.15 0.42 ± 0.05 Bal. 

1300 550 ±45 27.6 ± 1.1 3.16 ± 0.25 0.45 ± 0.09 Bal. 

△ 
The chemical compositions of all the sintered compacts in this paper refer to the chemical compositions at the 

distance from the surface ≥ MDR if there is no special specification.   

 
# 
The thickness of MDR was not measured due to an extremely low value of MDR at 1000 C. 

 
☆

Severe Mn depletion occurred in the entire BE compacts sintered at 1300 C.   

 

Table 3 Static tensile properties of Fe-Mn-Si alloys sintered for 3 h at different sintering 

temperatures 

Type of sintered 

powder mixture 

Sintering 

temperature 

(C) 

Relative 

density (%) 

Ultimate tensile 

strength (MPa) 

Fracture strain 

(%) 
Young’s 

modulus (GPa) 
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Fig. 1.  

 

Fig. 2.  

Blended 

elemental (BE) 

1000 63.5 ± 0.7 47.6 ± 4.5 — — 

1100 64.9 ± 0.8 84.1 ± 4.2 1.75 ± 0.45 19.8 ± 0.63 

1200 68.2 ± 1.1 114.2 ± 9.8 2.66 ± 0.52 30.43 ± 1.74 

 

1300 — 154.9 ± 12.6  3.26 ± 0.63 30.28 ± 0.97 

Mechanical 

Milled (MM) 

1000 64.8 ± 0.5 89.5 ± 5.2 1.08 ± 0.23  45 ± 2.61 

1100 77.3 ± 0.9 214.5 ± 12.1  5.1 ± 0.81 62.14 ± 1.82 

1200 85.3 ± 1.3 328.2 ± 27.3  8.45 ± 1.33 79.45 ± 2.69 

1300 90.6 ± 1.1 454.5 ± 30.2 11.86 ± 1.12 102.62 ± 4.31 
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Fig. 3.  

 

Fig. 4.  

 

Fig. 5.  
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Fig. 6.  

 

Fig. 7.  

 

Fig. 8.  
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Fig. 9.  
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Fig. 10.  
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Fig. 11.  

 

Fig. 12.  

 

Fig. 13.  

Page 22 of 24



23 
 

 

Fig. 14. 

 

Fig. 15.  
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Fig. 16.  
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