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Austenitic Stability and Strain-Induced Martensitic Transformation Behavior  
of Nanocrystalline FeNiCrMoC HSLA Steels

The austenitic stability and strain-induced martensitic transformation behavior of a nanocrystalline FeNiCrMoC alloy were 
investigated. The alloy was fabricated by high-energy ball milling and spark plasma sintering. The phase fraction and grain size 
were measured using X-ray diffraction. The grain sizes of the milled powder and the sintered alloy were confirmed to be on the 
order of several nanometers. The variation in the austenite fraction according to compressive deformation was measured, and 
the austenite stability and strain-induced martensitic transformation behavior were calculated. The hardness was measured to evalu-
ate the mechanical properties according to compression deformation, which confirmed that the hardness increased to 64.03 HRC 
when compressed up to 30%.
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1. Introduction

Recently, many studies have been conducted to improve the 
fuel efficiency of various means of transportation in response 
to carbon emission regulations. Medium-carbon low-alloy steel 
containing Ni, Cr, and Mo is a representative high-strength 
low-alloy (HSLA) steel widely used in mechanical parts such 
as aircraft landing gears, automobile structural parts, gears, and 
shafts [1-5]. Therefore, in order to improve fuel efficiency, it is 
essential to reduce the weight of these parts. However, good me-
chanical properties are also required because these components 
are repeatedly subjected to high stress. Therefore, research on 
HSLA steel with good mechanical properties relative to their 
weight is essential.

Powder metallurgy is a well-known method for obtaining 
good mechanical properties without increasing the amount of al-
loying elements added [6]. It has been reported that nanocrystal-
line alloy powder can be manufactured by repeated cold welding 
and fracture of the powder through high-energy ball milling [7,8]. 
The spark plasma sintering (SPS) method can sinter the powder 
within a short sintering time, so it is suitable for suppressing the 
growth of crystallites [9,10]. Nanosized crystallites improve 

the mechanical properties of materials by the Hall-Petch effect 
[11,12]. Many studies have been reported on sintered alloys with 
nanosized crystallites and good mechanical properties through 
high-energy ball milling and SPS [13-16].

The increased fraction of retained austenite is another 
advantage of ultrafine-grain steel manufactured by powder 
metallurgy. Recently, several studies have reported that a much 
higher fraction of retained austenite is observed owing to the 
ultrafine particle effect [17-19]. This is because the nanosized 
crystallites of the sintered alloy produced by powder metallurgy 
are much finer than those of a wrought alloy. Retained austenite 
is known to improve the toughness and tensile strength of steels 
by the transformation-induced plasticity (TRIP) effect, in which 
the retained austenite transforms into strain-induced martensite 
during plastic deformation [20-23]. Therefore, to improve the 
mechanical properties of HSLA steel used for structural parts, 
research on austenite stability is required, but it is still insuffi-
cient. To solve this deficiency, in this study, an ultrafine HSLA 
sintered alloy was prepared using powder metallurgy, and the 
austenite stability and martensitic transformation behavior of 
the sintered alloy were investigated.
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2. Experimental 

The initial powder consisted of Fe (99% purity, average 
particle size <75 μm, Höganäs), Ni (99% purity, average particle 
size 3-7 μm, Alfa Aesar), Cr (99% purity, average particle size 
149 μm, Alfa Aesar), Mo (99.95% purity, average particle size 
3-7 μm, Alfa Aesar), Mn (99.6% purity, average particle size 
10 μm or less, Alfa Aesar), Si (99.99% purity, average particle 
size 44 μm or less, Alfa Aesar), and graphite (purity 99%, average 
particle diameter 7-11 μm, Alfa Aesar). The alloy composition 
was Fe-0.41C-1.72Ni-0.76Cr-0.21Mo-0.77Mn-0.29Si (wt.%), 
which is similar to that of AISI 4340 steel classified as a repre-
sentative HSLA steel. As a process control agent, stearic acid 
[CH3(CH2)16CO2H, Alfa Aesar] was added at 1% by weight. 
Mechanical alloying of the powder was performed for 24 h at 
250 rpm in an Ar atmosphere using high-energy ball-milling 
equipment (FRITSCH, Pulverisette-6). The ball milling was 
stopped for 30 min after milling for 1 h. The ball-to-powder 
(BPR) ratio was set to 30:1, and stainless-steel balls were used 
for milling. After the mechanical alloying was completed, the 
powder was placed in a graphite mold with an inner diameter 
of 10 mm and sintered using SPS. For sintering, the graphite 
mold was heated to 1000°C at a rate of 1000°C/min in a vacuum 
atmosphere to which a uniaxial pressure of 70 MPa was applied. 
The sample was then cooled in the chamber. The microstructure 
and phase analysis of the sintered alloy were analyzed using 
X-ray diffraction (XRD, Shimadzu, XRD-6100). To evaluate 
the mechanical properties and TRIP behavior, hardness tests 
(SSAUL BESTECH, BSETROC-300N) and compression tests 
(general purpose tester, Instron 5569) were performed.

3. Results and discussion

Fig. 1 shows the XRD patterns of the milled FeNiCrMoC 
powders. Only the ferrite alpha peak was detected in the pattern 
of the milled powder, indicating that mechanical alloying was 
complete. The crystallite size of the milled powder was calculated 
using the Williams-Hall equation for the XRD patterns [24].

 cos sinr D
    

   	 (1)

where β is the full width at half maximum (FWHM) of the XRD 
peaks, θ is the Bragg angle, k is a constant, λ is the wavelength 
of the Cu Kα target (=1.5406 Å), D is the crystallite size, and 
η is the strain. The crystallite size of the milled powder was 
calculated to be approximately 7.4 nm. During high-energy ball 
milling, cold welding and fracturing occur repeatedly to produce 
nanosized crystallite powders [7,8].

Fig. 1. XRD patterns of the FeNiCrMoC milled powder

Fig. 2. XRD patterns of (a) as-sintered and (b) 10% deformed, (c) 20% deformed, and (d) 30% deformed specimens
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Fig. 2 shows the XRD patterns of the as-sintered specimen 
and the specimen subjected to a compressive deformation of 
10-30%. Ferrite alpha and austenite beta peaks are observed in 
the as-sintered and deformed specimens, and it can be seen that 
the austenite peak strength changes as the amount of deformation 
increases. The crystallite size of the sintered alloy was calculated 
to be approximately 7.7 nm because the growth of crystallites is 
inhibited by rapid sintering through SPS [9,10].

Fig. 3 and Table 1 show the decrease in the volume fraction 
of austenite and the change in hardness according to each condi-
tion calculated using the XRD pattern in Fig. 1. The austenite 
volume fraction was calculated using the Averbach-Cohen model 
based on the XRD pattern results [25]. 
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where Vγ is the austenite volume fraction, and Iγ and Iα are the 
intensities of the austenite and ferrite peaks, respectively. The 
austenite fraction of the as-sintered specimen was measured to 
be 50.61 vol.%, which is significantly higher than that of conven-
tional HSLA steel [26,27]. This is because the austenite stability 
was increased by the fine nanosized crystallites, as calculated 
above [16-18]. As the compressive strain increased from 10% 
to 30%, the austenite volume fraction decreased. The hardness 
of the as-sintered specimen was 60.47 HRC, which is 2.4 times 
higher than that of commercial HSLA steel with a similar com-
position (approximately 25-48 HRC) [28-33]. This is because 
the crystallite size was much finer than that of conventional 
commercial HSLA steel, and the hardness was improved by the 
Hall-Petch effect. The hardness increased to 64.03 HRC at 30% 
strain. Thus, it was confirmed that TRIP occurs when plastic 
deformation is applied, transforming the soft retained austenite 
into hard martensite.

Fig. 3. Relationship between the volume fraction of austenite and the 
change in hardness according to the compressive strain

We adopted the Burke-Matsumura-Tsuchida (BMT) model 
to quantitatively express the strain-induced martensitic trans-

formation rate as a function of plastic deformation [34-36]. The 
equation of the BMT model is
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where Vα' is the volume fraction of strain-induced martensite, 
Vγ

0 is the initial volume fraction of austenite, k is a constant 
related to austenite stability, ε is the plastic strain, and p is the 
autocatalytic strain exponent. It has been reported that although 
the p value is 1 when the autocatalytic effect is 0, the martensitic 
transformation kinetics can be accelerated by reducing the aus-
tenite grain size [18,37,38]. The crystallite size of the sintered 
alloy produced in this study was several nanometers, so the 
p value was set to 2. The higher the austenite stability, the lower 
the k value. The average k value, according to the amount of de-
formation in this study was 14.03. Fig. 4 shows a comparison of 
the strain-induced martensite transformation behavior predicted 
using Eq. (3) and the volume fraction measured according to the 
compressive strain. 

Fig. 4. Comparison of strain-induced martensite behavior calculated by 
BMT model and actual measured fraction

The change in the fraction of strain-induced martensite 
calculated using the equation was found to have a coefficient 
of determination (R2) of 0.985. In addition, it can be seen that 
the proposed formula and the strain-induced martensite trans-
formation behavior analysis using it are very reliable because 
the proposed formula and the actual value are almost identical 
when compared with the measured fraction.

TABLE 1

Change in austenite volume fraction and hardness

Compressive strain Austenite vol. frac. (%) Hardness (HRC)
as-sintered 50.61 ± 2.15 60.47 ± 0.29

10% 49.33 ± 2.33 61.02 ± 0.29 
20% 44.31 ± 1.98 62.93 ± 0.21
30% 38.05 ± 2.77 64.03 ± 0.45
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4. Conclusions

In this study, the austenite stability and strain-induced 
martensitic transformation behavior of FeNiCrMoC HSLA steel 
prepared by high-energy ball milling and SPS were investigated. 
The crystallite sizes of the milled powder and the sintered alloy 
were calculated to be approximately 7.4 and 7.7 nm, respectively. 
The sintered body showed a high retained austenite volume frac-
tion of up to 50.61%, and it was confirmed through XRD that 
austenite was transformed into strain-induced martensite when 
compressively deformed from 10% to 30%. The hardness was 
60.47 HRC at 0% strain, and it increased to 64.03 HRC at 30% 
strain. The austenite stability was calculated using the BMT 
model. In addition, the strain-induced martensite transformation 
rate for the amount of plastic deformation was calculated using 
the BMT model, and the transformation behavior was evaluated 
by comparing it with the actual measured fraction.
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