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Abstract Phase transitions associated with Fe–20 wt%

Mn–6 wt% Si–9 wt% Cr alloy during mechanical alloying

and after subsequent annealing of that are studied experi-

mentally. The conventional powder metallurgy route was

used in preparing the sample. The milling time ranged from

5 to 20 h. Changes in microstructure as a function of

milling time were investigated by using X-ray diffraction

analysis, differential scanning calorimeter, and scanning

electron microscopy. The grain sizes of powder milled are

determined. The critical temperatures associated with the

transformations are found to change with increasing ball-

milling time.

Keywords Mechanical alloying � Martensitic phase

transformation � Alloys � Annealing

Introduction

Fe–Mn–Si-based alloys have drawn much attention due to

shape memory effect (SME) [1, 2, 3]. Fe–Mn–Si-based

alloys have long been extensively studied since pro-

nounced SME was discovered in a Fe–30Mn–1Si single

crystal in early 1980s [2].

These alloys exhibit many advantages such as high

strength, good plasticity, and low price. The shape memory

effect in these alloys is derived from the transformation of

stress-induced—martensite (hcp structure) being reversed

into—parent austenite (fcc structure) upon heating.

In the past decades, extensive studies of the Fe–Mn–Si-

based alloys (SMAs) focused on the improvement of their

shape memory performance by means of composition

design [4, 5, 6, 7, 8], thermomechanical training [5–15],

and precipitation strengthening [15], etc. The thermome-

chanical training has proven to be the most effective way to

improve the shape memory performance, but it may lead to

increase in the production cost and difficulties involved in

the fabrication of complex shapes. In recent years, Fe–Mn–

Si-based SMAs have been widely developed because of

their relatively low cost and simpler manufacturing pro-

cess, compared to Cu-based and Ni–Ti SMA.

Fe–Mn–Si-based shape memory alloys (SMAs), which

possess a low stacking fault energy (SFE), show c to a0, c to

e, and e to a0 martensite transformations.

As early as 1984, Sato et al. [16] studied the SME in

single crystal Fe–(20–32)Mn–(1–6.5)Si SMAs. Otsuka

et al. [17] added Cr and Ni to Fe–Mn–Si SMAs to improve

their corrosion resistance and thermoplasticity. They also

studied systematically more than ten alloys with 13–31.5%

Mn, 4.7–6.1% Si, 0–13.9% Cr, and 0–6.8%Ni. The com-

position of the shape memory alloy powder fabricated in

this article is mainly determined from the literature just

mentioned above with additional data from references

[18, 19].

The purpose of this study is to evaluate mechanical

alloying (MA) as a process to obtain Fe–20 wt% Mn–

6 wt% Si–9 wt% Cr powder. It is well known that the main

characteristic of these materials with shape memory effects

is diffusionless phase transformation i.e., martensitic

transformations. In this study, therefore, various ball-

milling conditions were examined to find optimum condi-

tions for fabricating the alloy powders just mentioned

above with a large transformation temperature range by

investigating the microstructure and transformation
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behaviors of the powders. In addition, as a function of

milling time, the morphological changes, transforma-

tion behavior, and crystal structures of the powders

were investigated by means of SEM, DSC, and XRD,

respectively.

Experimental

Fe (99.99% pure, -100 ?325 mesh in size), Mn (99.99%

pure, -100 ?325 mesh in size), Si (99.999% pure, -100

?325 mesh in size), and Cr (99.99% pure, -100 ?325

mesh in size) powders were used as the raw materials.

Nominal composition was set to an weight percent of Fe–

20 wt% Mn–6 wt% Si–9 wt% Cr. The experiments are

carried out in KSU, Art and Science Faculty, Research

Laboratory. The milling medium and devices used were

made from hardened steel. A planetary ball mill Fritsh

Pulverisette with four stainless steel vials was used in the

MA process. The vial contained hardened steel balls with

weight of 4 g. The ball to powder weight ratio (BRP) was

20:1 (200 and 10 g, respectively). The rotational velocity is

300 rev/min. To prevent overheating, the device was

turned on for 15 min and then it was turned off for 30 min

for cooling off. A protective argon atmosphere was main-

tained during the milling process in mills. Milling time

intervals were set to 0, 5, 10, 15, and 20 h. The milled

products were characterized using a diffractometer model

Philips X-Pert PRO and operated with a filtered Cu-Ka
radiation of 0.1542 nm. In order to investigate the trans-

formation behaviors and temperatures, the differential

scanning calorimetry (Perkin-Elmer, DSC-4000) is carried

out at the heating and cooling rate 20 K/min. The milled

products were also characterized by scanning electron

microscope (SEM model JEOL JSM-5500LV).

Results and discussion

The diffractograms of the Fe–20Mn–6Si–9Cr alloy powder

milled for 0, 5, 10, 15, and 20 h are shown in Fig. 1. The

shape and diffraction angle of the diffraction peaks were

observed to change with increasing milling time. After 5 h of

milling, Fe, Mn, Si, and Cr peak heights decreased indicating

that an iron solid solution had started forming. The Fe and Cr

peaks displaced slightly to the low angles, indicating an

increase in the lattice parameter of Fe, due to dissolution of

Mn, Si, and Cr atoms into Fe matrix and the Mn, Si, and Cr

peaks decrease on increasing the milling time.

As for shape of the diffraction peaks, in the case of the

XRD pattern obtained from the powders milled for more

than 5 h, the diffraction peaks broadened, and the width of

the diffraction peaks increased with increasing milling

time. From Fig. 1, it is thought that the broadening in the

diffraction peaks is ascribed to deformations and refine-

ments in microstructures by ball milling.

It can be seen from the experimental results mentioned

above that the Mn, Si, and Cr contents play an important

role in the phase transformation tendency during mechan-

ical alloying of Fe–20Mn–6Si–9Cr powders. During

mechanical alloying of Fe–20Mn–6Si–9Cr, with the

increase of milling time, more and more solute atoms

dissolve in the iron, accompanied by the reduction in grain

size and the increase of internal strain, Therefore, the

transformation takes place. In order to accommodate

the presence of extra Mn, Si, and Cr in the iron lattice and

the increase of strain induced by mechanical alloying, a

part of energy can be provided by mechanical alloying to

transform the lattice from a highly strained fcc-phase (c)

into hcp-phase (e) with greatly reduced strain. The average

grain size of powders can be determined by using the

Scherrer formula: t ¼ 0:9k
Bcosh, where k is the wavelength of
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Fig. 1 Set of XRD pattern of Fe–20Mn–6Si–9Cr powder mixture as

a function of milling time for a 0, b 5, 10, 15, and 20 h
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X-rays, h is the Bragg angle, and B is the peak width at

half-maximum (FWHM). The peak broadening (B) is

caused by three factors: (a) instrumental broadening,

(b) broadening due to strain, and (c) broadening due to

fine grain size (gs), and can be written as: Btotal =

BI ? BS ? Bgs. BI is determined experimentally, and

broadening due to strain can be written as e tan h, where e
is the lattice strain. If the instrumental broadening is

neglected, we get Btotal ¼ 0:9k
tcoshþ etanh: For different values

of the angle h, the magnitude of lattice strain e can be

determined from the slope of the plot of B cosh versus sinh.

Due to the extremely small size of the crystallites, which

are formed by local relaxation of distorted lattice structure,

the residual plastic strain is expected to be negligible.

Therefore, the crystallite size can be calculated readily by

the simplified Scherrer formula [20]. Grain size was eval-

uated from the breadth of the XRD martensite peaks.

Results show that particle size in the new phase decreases

to about 0.1 lm quickly after 20 h of high energy milling

(Fig. 2).

The DSC curves registered during the heating of the

powders mechanically alloyed for 0, 5, 10, 15, and 20 h are

shown in Fig. 3. An endothermic peak effect is visible,

which is a broad one in the temperature range 373–573 K.

On the other hand, the DSC scan of the Fe–20Mn–6Si–9Cr

alloy powder milled for 20 h after annealing at 1323 K for

30 min is shown in Fig. 4. The exothermic and endother-

mic event during cooling and heating were detected at

*348 and 598 K, respectively. It is found from the cal-

culations performed by some researchers [21, 22] that Ms

(martensite start temperature) and As (austenite start tem-

perature) are 311 and 434 K, respectively. On the other

hand, it is reported that Af (austenite finish temperature) is

644 K, which is also an agreement with the prediction in

the Ref. [23, 24]. For example, in order to explain the

effects just mentioned above associated with the powder

for milled 10 h, the samples annealed up to 373, 423, 473,

523, 573, 673, and 1323 K for 30 min subsequent quen-

ched in ice-brine to retain hcp phase were subjected to

XRD studies. Figure 5 shows the XRD patterns of the

samples after 10 h of MA and after MA followed by

heating up to range 373–1323 K. After heating the MA
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Fig. 3 The DSC curves registered during the

heating of the powders mechanically alloyed

for a 0, b 5, c 10, d 15, and e 20 h
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Fig. 2 Grain size versus milling time
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powders up to 473 K, only crystallization peaks of the

milled powder for 10 h are observed, however much nar-

row than after MA only. Heating the sample to the higher

temperature leads to the appearance of a new phase peaks

in the spectrum. The new peak observed at the milling time

for 10 h suggests the formation of a solid solution. On the

other hand, the high temperature XRD peaks can be

attributed to the martensite formation. Thus, it is seen from

the annealed sample at 1323 K for 30 min that the sharply

peaks, e(10�10), e(0002), e(10�11), and e(11�20) have struc-

ture of a new phase i.e., martensite phase. Using the

standard peaks associated with austenite and martensite,

the lattice parameters of these phase are calculated as

ac = 0.3468 nm, ae = 0.2947 nm, and ce = 0.4813 nm.

SEM images allow studying the shape and the size

of powder particles (Fig. 6). This figure shows the
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Fig. 6 Scanning electron

micrograph of Fe–20Mn–6Si–

9Cr powder mixture milled for

a 0, b 10, c 20, and d 20 h,

annealing 30 min at 1323 K

subsequent quenched in ice-

brine to retain hcp phase
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micrographs of 0, 10, and 20 h milled powder as well as

annealed (at 1323 K for 30 min) product of 20 h milled

powder. The figure shows changes in the morphologies of

powders which occurred during ball milling. After 0 h ball

milling, however, elemental Fe, Mn, Si, and Cr powders

were seen to be deformed and then to be agglomerated. By

increasing the milling time further, the shape of the

agglomerated powders becomes a globular shape, for

example 10 h, as can be seen in Fig. 6b. At 20 h, by col-

lision one another, it was seen that the particles of globular

shape have broken and reduced. It can be seen from these

figures that there are broad ranges of particle size nearly

from 3 to 35 lm, induced by ball milling. Moreover, It can

also be observed from these figures that the particle size, or

may be clusters of several particles, has increased from 0 to

10 h then again decreased in 20 h.

Conclusions

In this study, Fe–20 wt% Mn–6 wt% Si–9 wt% Cr alloy is

prepared by mechanical alloying. It is seen from the

annealed sample at 1323 K for 30 min that the sharply peaks

have structure a new phase which is called as martensite

phase. The lattice parameters of the phases observed during

the mechanical alloying are determined as ac = 0.3468 nm,

ae = 0.2947 nm, and ce = 0.4813 nm (ce=ae ¼ 1:633) by

using the standard peaks associated with austenite and

martensite phases. In addition, it is emphasis that the for-

mation of martensite phase during the mechanical alloying

depends on strictly the milling time. Results show that the

particle size in the new phase, which is evaluated from the

breadth of the XRD characteristic peaks, decreases to about

0.1 lm quickly after 20 h of high energy milling (Fig. 2).

Powders fabricated with a milling time of more than 0 h

were a mixture of Fe, Mn, Si, and Cr solid solution. It was

found that the optimum ball-milling time at the linear

velocity of 300 rev/min for fabricating Fe–20 wt% Mn–

6 wt% Si–9 wt% Cr alloy powders was 20 h.

The basic analysis which determine the thermodynamic

structure and phase transitions are done by DSC technique

[25]. In recent years, it is focused on the mechanical

alloying since the purpose of this method improves the

thermomechanical properties of the alloys treated in a lot

of studies [26, 27].
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