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EFFECT OF COMPOSITION ON STRAIN-INDUCED MARTENSITE TRANSFORMATION 
OF FeMnNiC ALLOYS FABRICATED BY POWDER METALLURGY

We investigated the austenite stability and mechanical properties in FeMnNiC alloy fabricated by spark plasma sintering. The 
addition of Mn, Ni, and C, which are known austenite stabilizing elements, increases its stability to a stable phase existing above 
910°C in pure iron; as a result, austenitic microstructure can be observed at room temperature, depending on the amounts of Mn, 
Ni, and C added. Depending on austenite stability and the volume fraction of austenite at a given temperature, strain-induced mar-
tensite transformation during plastic deformation may occur. Both stability and the volume fraction of austenite can be controlled 
by several factors, including chemical composition, grain size, dislocation density, and so on. The present study investigated the 
effect of carbon addition on austenite stability in FeMnNi alloys containing different Mn and Ni contents. Microstructural features 
and mechanical properties were analyzed with regard to austenite stability.
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1. Introduction

Third-generation advanced high strength steel (AHSS) and 
its processes has recently been the subject of close attention due 
to the possibilities it offers both for improving mechanical prop-
erties and reducing product costs. Quenching and partitioning 
(Q&P) steel and medium Mn transformation induced plasticity 
(TRIP) steel are well-known examples of these third-generation 
AHSS steels. A common mechanism for improving both strength 
and ductility in third-generation steels uses strain-induced mar-
tensite, transformed from austenite retained at room temperature 
during deformation [1,2]. The stability of austenite determines 
the kinetics of the strain-induced martensite transformation 
and contributes to mechanical properties. Austenite stability is 
controlled by several factors. The addition of a stabilizing ele-
ment such as Mn, Ni, or C is widely used to control austenite 
stability [3,4]. Similarly, a change in grain size change can affect 
austenite stability. Lee et al. [5] have reported that the fraction of 
retained austenite was increased by reducing grain size to under 
300 nm in ultra-fine grained TRIP steel containing 6 wt.% Mn. 
Takaki et al. [6] have reported that grain refinement of austen-
ite to 1 μm or less is highly effective in restraining martensitic 

transformation from fcc structure. Austenite stability can thus be 
increased when its grain size is decreased, without the addition 
of other austenite stabilizing elements. However, conventional 
metal-making processes involving casting, hot forging, or hot 
rolling show limitations in producing steels with ultra-fine grains 
under 100 nm.

Powder metallurgy can rise above the limitations of grain 
refinement by conventional processes. The mechanical alloy-
ing (MA) process effectively reduces powder size and obtains 
nanosized crystallites [7,8]. Since grain growth occurs during 
sintering, spark plasma sintering (SPS) is an adequate method 
to complete sintering within a short heating time and to obtain 
very small grain and crystallite sizes [9-11]. In the present study, 
we fabricated FeMnNiC alloy powders by high-energy ball mill 
and obtained nanocrystalline FeMnNiC alloy samples using 
SPS. The volume fraction of austenite resulting from the stabi-
lizing elements of Mn, Ni, and C was quantitatively analyzed. 
In addition, the variation in austenite volume fraction during 
deformation due to strain-induced martensite transformation 
was also examined in relation to austenite stability. Finally, 
we propose an equation for predicting the hardness of sintered 
FeMnNiC alloys.
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2. Experimental

Four Fe-Mn-Ni alloy powders were prepared using a high 
energy ball mill: Fe-2%Mn-6%Ni, Fe-2%Mn-6%Ni-0.5%C, 
Fe-4%Mn-11%Ni, and Fe-4%Mn-11%Ni-0.5%C (in wt.%). Fe 
powder (Alfa Aesar, Korea) of 99% purity and an average particle 
size of <74 μm, Mn powder (Alfa Aesar, Korea) of 99.6% purity 
and an average particle size of <10 μm, Ni powder (Alfa Aesar, 
Korea) of 99.9% purity and an average particle size of <7 μm, 
and graphite powder of 99% purity and a typical particle size of 
7-11 μm were used. Stearic acid (CH3(CH2)16CO2H, Alfa Aesar, 
Korea) was used as process control agent. Mechanical alloying 
was carried out at 250 rpm for 24 h in an Ar atmosphere using 
a high-energy ball mill (Fritsch, Pulverisette-5, oil milling) and 
the ball-to-powder ratio was set at 30:1. A stainless container and 
a tungsten carbide ball of diameter 10 mm were used. The balance 
between cold welding and fracturing was controlled by adding 
1 wt.% of Stearic acid. The milled alloy powder was poured into 
a cylindrical graphite mold with an inner diameter of 10 mm, 
an outer diameter of 35 mm, and a height of 40 mm, sintered by 
using SPS. The powder sample was heated to 1,000℃ in one 
minute under a high vacuum of under 150 mTorr and uniaxial 
pressure of 80 MPa, immediately followed by cooling to room 
temperature. Ten specimens were prepared for each alloy com-
ponent and analyzed as follows. XRD (X-ray diffraction, Rigaku 
Co., Max-2500) analysis for phase analysis was carried out with 
a Cu Kα target at a range of 2θ = 30-100º with a rate of 2º/min. 
Compressive test specimens of diameter 4mm and height 4mm 
were prepared from the sintered alloys. The compressive test 
were performed at a speed of 1×10–3 s–1 by a universal testing 
machine (Instron 5569). The Vickers hardness test was performed 
using a Digital Micro Hardness Tester (TIME Co., TH715). 

3. Results and discussion

Fig. 1 shows the XRD results of the FeMnNiC alloy powder 
prepared using with a high energy ball mill. Only bcc α-Fe peaks 
were observed in the alloy powders. No peak related to Mn and 
Ni appeared. The maximum solubility of Mn in Fe is reported to 
be 30 wt.% [12]. The maximum solubility of Ni in Fe is only 4.7 
at.%, but it can be increased to 36 at.% by mechanical milling [13]. 
The lattice strain and crystallite size of the powder was calculated 
by the Williamson and Hall equation using Bragg angles and full 
width at half maximum (FWHM) at the XRD peak as follows [14]: 

 r
kB
D

 (1)

where Br is the FWHM of the powder’s XRD peak, θ is the Bragg 
angle, k is the constant, λ is the wavelength of Cu Kα target, D 
is the crystallite size and η is the lattice strain. The lattice strain 
and crystallite size of the alloy powder were 0.2-0.4% and 
8-12 nm respectively. 

Fig. 2 shows the XRD peak of the as-sintered and 20% de-
formed FeMnNiC alloy samples. The peak intensities of γ (111), 

γ (200), γ (220) austenite increased when increasing the content 
of Mn, Ni, and C additions. The volume fraction of each phase 
was calculated from the XRD intensities based on the Averbach 
and Cohen method [15]. Changes in the volume fraction of aus-
tenite by compressive strain are summarized in Table 1. It was 
confirmed that the volume fraction of austenite decreased after 
deformation according to the strain-induced martensite transfor-
mation [16]. The increase in the volume fraction of strain-induced 
martensite during the deformation was influenced by austenite 

Fig. 2. XRD patterns of the FeMnNiC sintered alloys: (a) as-sintered 
(b) after 20% compressive deformation

Fig. 1. XRD patterns of the milled FeMnNiC powders
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stability. A volume fraction of 33.94 vol.% of austenite was 
transformed in the Fe2Mn6Ni alloy, whereas a volume fraction of 
only 2.55 vol.% was transformed in the Fe4Mn11Ni0.5C alloy. 
The higher the concentration of austenite stabilizing elements 
such as Mn, Ni, and C, the greater was austenite stability, which 
plays a role in restricting transformation behavior from austenite 
to strain-induced martensite during deformation [17]. 

TABLE 1

Change in the volume fraction of austenite

Alloy
Measured volume fraction of austenite (vol.%)
As-sintered 20% deformed Δγ

Fe2Mn6Ni 72.53 ± 2.18 38.59 ± 1.48 –33.94 ± 5.21
Fe2Mn6Ni0.5C 86.85 ± 2.02 57.20 ± 2.59 –29.65 ± 3.68

Fe4Mn11Ni 94.48 ± 0.45 87.67 ± 0.33 –6.81 ± 0.43
Fe4Mn11Ni0.5C 95.88 ± 0.46 93.33 ± 0.51 –2.55 ± 0.41

The effect of the alloying elements addition on austenite 
stability was evaluated quantitatively by applying a model for 
the strain-induced martensite transformation. We adopted the 
kinetics model proposed by Burke et al. [18], Matsumura et 
al. [19], and Tsuchida [20]. This BMT model has been used to 
investigate the strain-induced martensite kinetics in sintered 
Fe-based alloys in previous studies [17,21,22]. The BMT model 
used in this study is as follows: 

 
p

V
V

p k V
 (2)

where Vα' is the fraction of the strain-induced martensite, Vγ0 is 
the fraction of initial austenite, p is a constant of autocatalytic 
effect. When autocatalytic effect is zero, p value is 1. It has 
been reported that the martensite transformation kinetics can be 
accelerated by decreasing austenite grain size [17,21,22]. The 
actual grain size of the sintered Fe-based alloy sample produced 
by high energy ball milling and SPS could be smaller than 30 nm 
[17,21,22]; the p value was thus decided as 2 for the purposes 
of this study. ε is the plastic strain, k the constant related to aus-
tenite stability. The lower the value of k, the higher the austenite 
stability. Fig. 3 shows the calculated k value of the sintered 
FeMnNiC alloy samples using the BMT model. As expected, k 
value decreases as the amount of Mn, Ni, and C increases, since 
these are known austenite stabilizers. Note that not only the ad-
dition of the austenite stabilizing element but also the volume 
fraction of austenite prior to transformation is influenced the 
transformation kinetics of strain-induced martensite. According 
to Eq. (2) the k value should be lowered, since the Vγ0 value is 
increased when an identical volume fraction of strain-induced 
martensite is assumed.

Microstructural change directly influences mechanical 
properties. The hardness of the sintered FeMnNiC alloys was 
varied after the deformation and is compared in Table 2. The 
increment in hardness in the Fe2Mn6Ni alloy sample was 
+202 Hv, while in the Fe4Mn11Ni0.5C alloy sample it was only 
+18 Hv. This can be explained by the absolute volume fraction of 

strain-induced martensite formed during compressive deforma-
tion. Fig. 4 shows hardness change compared with the decreased 
volume fraction of austenite. The increment in hardness shows 
a tendency similar to the decrease in the austenite volume frac-
tion. It is believed that of hardness change is also a good measure 
of austenite stability, so austenite stability indicated as the k value 
in Eq. (2) can be quantitatively evaluated not by calculating the 
model but by measuring hardness values.

TABLE 2

Vickers hardness change of the FeMnNiC alloy samples 
with deformation

Alloy
Vickers hardness (HV)

As-sintered 20% deformed ΔHv
Fe2Mn6Ni 598 ± 7 800 ± 16 202 ± 8

Fe2Mn6Ni0.5C 324 ± 14 400 ± 21 76 ± 8
Fe4Mn11Ni 258 ± 8 279 ± 18 21 ± 16

Fe4Mn11Ni0.5C 296 ± 5 314 ± 7 18 ± 17

Fig. 4. Variation in hardness compared with decreased volume fraction 
of austenite after compressive deformation

It is well known that hardness increases with the addition 
of alloying elements, due to the solid solution strengthening 
effect [23]. It has also been reported that hardness increases 
with decreasing grain size and increasing martensite fraction 
[24]. We accordingly propose an empirical model for predict-
ing the hardness of the sintered FeMnNiC alloy, that considers 
alloy composition effect, grain size effect, and microstructure 

Fig. 3. Calculated k value of sintered FeMnNiC alloys
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effect as follows:

 HV = α + (Ha + Hgb) × f (1 – γ) (3)

where HV is the Vickers hardness, α is the constant (= 99). f (1 – γ) 
is the volume fraction of strain-induced martensite. The alloying 
element effect (Ha) is given by

 Ha = 360 + 0.1CC + 772CMn + 0.1CNi (4)

where Ci is the concentration of alloying element i in wt.% 
(i = C, Mn, Ni). The strength effect related to grain size (Hgb) is 
expressed based on the Hall-Petch relationship [25], as follows:

 Hgb = k0d –1/2 (5)

where k0 is the material constant (= 0.1) and d means the actual 
grain size equal to the crystalline size, which is calculated by 
Eq. (1). Fig. 5 shows hardness values as a function of the aus-
tenite stability parameter k in Eq. (2). The predicted hardness 
using Eq. (3) closely matches the measured values. The hardness 
prediction equation newly proposed in this study can be applied 
to other alloys, including the strain-induced martensite formation 
during deformation, and can be used to design alloys effectively.

Fig. 5. Relationship between the austenite stability parameter k and 
hardness values

4. Conclusions

In the present study, we investigated the effect of the addi-
tion of Mn, Ni, and C on the strain-induced martensite transfor-
mation with regard to the austenite stability of nanocrystalline 
FeMnNiC alloys fabricated using high energy ball milling and 
spark plasma sintering. The calculated crystallite size, which acts 
like the actual grain size of milled alloy powders, was around 
10±2 nm, and an austenite volume fraction higher than 72 vol.% 
was obtained at room temperature. Increasing the content of the 
austenite stabilizing elements Mn, Ni, and C, led to a correspond-
ing increase in austenite stability, as well as suppressing the trans-
formation kinetics of strain-induced martensite. The variation 
in austenite stability varied with deformation was quantitatively 
evaluated using the BMT model. A new empirical equation for 
predicting hardness was proposed that takes into account the 

effects of composition, grain size, and microstructure. Finally, 
the relationship between the austenite stability parameter k and 
hardness measurement was analyzed. 
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