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The role of e-martensite in the impact
toughness of an Fe-17Mn alloy
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The influence of e-martensite on the cryogenic toughness of an Fe—17 wt% Mn alloy was
studied in this work. Alloys were tempered at various temperatures in order to systematically
increase the volume fraction of e-martensite. This was followed by Charpy impact testing
conducted at room temperature and at — 196 °C. The experimental results indicated that
although room-temperature toughness was not influenced by the e-martensite content, the
cryogenic toughness was strongly dependent on the volume fraction of e-martensite. In
particular, with the exception of the alloys tempered at 400 and 450 °C, the impact toughness
consistently increased with ¢-martensite content. Microstructural and fractographic evaluations
using SEM and TEM suggested that the toughness improvements were attributed to the € —» o
stress-induced martensite transformation. No microstructural evidence was found which could

be ascribed to an effect of e-martensite on the low-temperature embrittlement exhibited by

Fe—Mn alioys tempered at 400-450 °C.

1. Introduction

The development of Fe—Mn alloys for potential appli-
cations in cryogenic environments has been an area of
extensive research [1-8]. Among the advantages of
these alloys is their remarkable strength and tough-
ness at liquid nitrogen temperatures. These alloys also
possess relatively low magnetic permeabilities, which
make them attractive candidates for applications in
high magnetic superconducting fields [2]. The cryo-
genic properties of Fe—Mn alloys are strongly influ-
enced by alloying additions and by the phases present
[3-6]. Manganese contents in excess of 8 wt % pro-
mote the formation of hexagonal e-martensites [2-4],
whereas Al additions effectively suppress the vy — ¢
transformation [7, 8].

The effect of e-martensite on the cryogenic proper-
ties of Fe—Mn alloys is not well understood. Sato et al.
[9] examined the plastic deformation of an Fe-30Mn
single crystal which exhibits the y-»& martensitic
transformation. In their work they found that e-mar-
tensite plates act as strong obstacles against disloc-
ation motion, leading to large crystal hardening. Fur-
thermore, strain-induced phase transformations such
as y » o + g or € — o have been accepted as causes of
strengthening by work-hardening in Fe—Mn alloys
[10-13]. Nevertheless, observations of low-temper-
ature brittleness in Fe—Mn alloys have been attributed
to the presence of s-martensite [6, 14, 157 despite
the lack of evidence to link the e-phase with the
low-temperature brittleness.

The nature of the low-temperature embrittlement
exhibited by some Fe—Mn alloys is not clear. At low
Mn contents ( ~ 5 wt %), Fe-Mn alloys seem to be
sensitive to temper embrittlement, with the fracture
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mode being predominantly transgranular cleavage
[6]. As the Mn content increases, the fracture mode
changes to intergranular failure without detrimental
effects on the alloy strength or toughness [1]. Other
factors thought to be responsible for low-temperature
embrittlement in Fe-Mn alloys include the segre-
gation of impurities at grain boundaries [4].

Microstructurally, upon quenching from the aus-
tenite region, Fe—Mn alloys give rise to a mixture of
a4+ e+ 7y (for <20wt% Mn), vy + & (20 to 30 wt %
Mn), or stable austenite for > 30 wt % Mn [2]. In all
cases, low-temperature brittleness has been reported
[2-4]. Furthermore, the lack of embrittlement ob-
served in some high-Mn alloys (25-30 wt % Mn) has
been attributed to the absence of significant amounts
of e-martensite [3]. In contrast, it has been found that
the ductile-brittle transition temperature falls with
increasing Mn content, while the alloys exhibit signi-
ficant improvements in cryogenic strength [17.

As mentioned before, the effect of e-martensite on
the cryogenic properties of Fe—Man alloys is not clearly
understood, Hence the present work is aimed at in-
vestigating the effect of e-martensite on the cryogenic
impact toughness of an Fe—17 wt % Mn alloy.

2. Experimental procedure

The Fe-Mn alloys were cast after melting in an
induction furnace under an inert atmosphere. Alloy
slabs of composition Fe—16.4 wt % Mn, 0.05 wt % C,
022wt % S1, 0.015wt % P, 0.013 wt% S were cast
and then forged into 14 mm x 14 mm slabs. This was
followed by heating in a vacuum at 920 °C for 5 h and
furnace-cooling. This treatment was used to eliminate
the forging-induced texture.
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Subsequently, the alloys were homogenized by aus-
tenitizing at 920 °C for 2 h, followed by water cooling
and tempering for 1 h at temperatures between 300
and 750 °C. These treatments were chosen to minimize
the effect of preferred orientations on the subsequent
X-ray analyses. The transformation temperatures of
the alloy were established from dilatometric studies.
Furthermore, the relative volume fractions of phases
present were determined by X-ray diffraction by direct
com_parisons of the integrated intensities of the (200),,
(1011); and (200), peaks.

Following the heat treatment, ASTM Charpy im-
pact specimens were tested at room temperature and
at liquid nitrogen temperature ( — 196°C). Micro-
structural and fractographic evaluations were conduc-
ted using optical, scanning and transmission electron
microscopy.

3. Results
3.1. Influence of tempering treatment
Optical microscopy indicated that the microstructure
exhibited by the alloys subjected to various tempering
treatments were basically similar. In all cases, inter-
crossing bands of g¢-martensite were uniformly
distributed in the matrix as shown in Fig. 1. TEM
analyses of the phases present indicated that the
martensitic bands were composed of large numbers of
parallel e-martensite plates (Fig. 2a and b). Further-
more, the presence of v and o phases, as well as their
relative plane orientations, was determined from
electron diffraction patterns as shown in Fig. 3.
Measurements of lattice parameters for the g, v,
and o phases gave a. = 0.2532 nm, ¢, = 0.4083 nm, a,
= 0.3581 nm, and a, = 0.2878 nm, respectively. The
relative volume fractions of the ¢, y, and o phases
determined from X-ray diffraction measurements for
the different tempering times are given in Table L
According 1o this table, as the tempering temperature
is raised, the relative volume fraction of e-martensite
increases. The maximum content of e-martensite oc-
curred at 600°C tempering, whereas the maximum
amount of y phase was found to exist at 450°C
tempering.

Figure 1 Optical metallography showing intercrossing e-martensite
bands.
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Figure 2 TEM micrographs showing twinned a- and e-martensite
plates: (a) bright-field, (b) dark-field image.

Figure 3 Electron diffraction patterns of v, ¢ and « phases in
Fe~17Mn alloy.

Dilatometric evaluations carried out at cooling and
heating rates of 10°C min~ ! gave the following trans-
formation points: A, = 545 + 5°C, A =565+ 5°C,
M, =302 + 5°C and M, =285 + 5°C.

The influence of the tempering temperature on the
size of newly precipitated grains produced within the
prior austenite grains by they —> o + & transformation
is shown in Fig. 4. According to this figure, tempering



TABLE T Volume fractions of phases present in Fe~17Mn alloy

Sample Treatment Content (vol %)
no.
J, 1, 1,

1 300°C 1 h, WQ? 68.1 17.0 14.9
2 350°C 1h, WQ 70.2 20.1 9.7
3 400°C 1 h, WQ 69.8 20.7 9.5
4 450°C 1 h, WQ 723 219 5.8
S 500°C 1 h, WQ 75.0 21.0 4.0
6 550°C 1 h, WQ 81.3 14.1 4.6
7 600°C 1 h, WQ 84.0 12.3 37
8 650°C 1h, WQ 79.9 10.1 10.0
9 700°C 1 h, WQ 71.4 13.5 15.1
10 750°C 1 h, WQ 68.5 15.5 16.0

* Water quench.

below 600 °C does not have a significant influence on
the resultant grain size. However, at temperatures
beyond 600 °C, the grains containing the o + & phases
are no longer stable and the material reverts to austen-
ite. Consequently, at 700 °C the grain size corresponds
to that of prior austenite. This agrees with the dilato-
metric evaluations of this work, which indicate that
the transformation to austenite should start at
temperatures above 545 °C. (4,).

3.2. Alloy toughness
Table II shows the alloy impact toughness at room
temperature and at — 196°C for the various
tempering treatments. According to this table, room-
temperature toughness is not significantly influenced
by the tempering treatment. However, appreciable
differences exist in the low-temperature toughness.
Fig. 5 depicts the relationship between low-temper-
ature toughness and s-martensite content. From this
figure it can be observed that there is a low-temper-
ature embrittlement trough at 400-450 °C. Above this
tempering range, the alloy impact toughness increases
with the e-martensite content. The maximum impact
toughness ts found to coincide with the maximum
volume fraction of e-martensite.

Finally, with the exception of the 400 and 450°C
temperings, the fracture surfaces of the specimens
impacted at — 196 °C were ductile. Fig. 6 shows typi-
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Figure 4 Influence of tempering temperature on the size of pre-
cipitated grains containing o + € phases.

TABLE II Impact toughness at room temperature — 196°C in
Fe—17 Mn alloy

Sample Treatment Impact toughness (kg m)
no.
23°C —196°C
1 300°C 1h, WQ 11.83 4.30
2 350°C 1 h, WQ 9.62 6.93
3 400°C 1h, WQ 10.10 2.94
4 450°C 1h, WQ 9.37 3.44
5 500°C 1 h, WQ 10.28 7.52
6 550°C 1h, WQ 11.90 7.80
7 600°C 1h, WQ 10.94 8.40

cal dimpled fracture appearances associated with duc-
tile failures. Since in all cases e-martensite was present,
this suggests that the presence of the € phase does not
cause low-temperature brittleness.

4. Discussion

4.1. Low-T brittleness

It is generally accepted that Fe—Mn alioys can be
susceptible to low-temperature brittleness, but the
mechanistic aspects have not been investigated in
detail. It has been suggested that e-martensite pro-
motes alloy brittleness at cryogenic temperatures
[6, 14, 15] in contrast with the evidence found in this
research. In the present work, the volume fraction of
g-martensite was systematically increased by appro-
priate tempering treatments. As a result, the effect of
increasing volume fractions of e-martensite on the
cryogenic toughness was established.

The experimental outcome indicated that the alloy
impact toughness at — 196 °C increases with the vol-
ume fraction of e-phase (Fig.5). Nevertheless, the
cryogenic toughness drops for alloys tempered in the
temperature range 400-450 °C. Although there was no
noticeable embrittlement at room temperature, the
embrittlement trough found at - 196°C suggested
that temper embrittlement occurred under these
conditions. Apparently, impurity segregation during
tempering at 400-450°C was large enough to lock
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Figure 5 Relation between (M) impact toughness and (@) volume
fraction of e-martensite in Fe—17Mn alloy.
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Figure 6 SEM fractographs showing low-temperature ductile dimpled fractures for various tempering temperatures in Fe—17Mn alloy:
(a) 300°C, (b) 500°C, (c) 600°C, (d) 700°C.

dislocation motion and thus provide a “weak” fracture
path. Since the volume fraction of e-martensite con-
sistently increased with tempering without raising the
embrittling effect, this phase can be ruled out as the
embrittling agent. This is further confirmed by the
evidence of beneficial effects induced by e-martensite
on the cryogenic toughness of Fe—Mn alloys [16].

Although the low-temperature toughness of the
Fe~17Mn alloy was inferior to that exhibited at room
temperature, it improved considerably with increasing
volume fractions of e-martensite (Fig. 5). These obser-
vations were further supported by fractographic ob-
servations. In all cases (with the exception of
400-450°C temperings) the fracture surfaces of the
specimens impacted at — 196 °C corresponded to a
transgranular ductile dimple fracture mode (see
Fig. 6a—d).

Tempering at temperatures beyond 600°C led to
significant reductions in alloy toughness. According to
the dilatometric measurements, at these temperatures
austenite is the stable phase. Hence it was expected
that the o- and e-martensites would revert to the y
phase. Upon subsequent alloy cooling the y - o trans-
formation was apparently favoured over the y—¢
transformation, thus reducing the volume fraction of &
phase. As a result, the alloys tempered at temperatures
above 600 °C exhibited lower cryogenic toughnesses
(Table II).
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4.2. Low-T toughness

According to the literature [9], e-martensite is mech-
anically unstable. Hence, during plastic deformation,
this phase transforms into o-martensite. Consequen-
tly, the stress-induced phase transformation is thought
to account for the increases in alloy strength and
toughness at cryogenic temperatures [10-13]. Fur-
thermore, it has been found [9] that ¢ plates are
extremely resistant to the motion of dislocations cros-
sing them. Thus, the presence of e plates is essential in
producing large hardening against dislocation mo-
tion. An example of the effective role of the & phase is
in the high-Mn Hadfield steels (14 % Mn), which in
part work-harden by the formation of e-martensite
[17].

The improvements in low-temperature toughness
exhibited by Fe—17Mn can be attributed to the afore-
mentioned mechanisms — in particular, to the stress-
induced phase transformations v — ¢ and € » a. Ac-
cording to the literature [18, 19] the transformation
sequence will start with the appearance of microtwins,
followed by the € phase and then the o phase. Evidence
for the stress-induced martensitic transformation was
given by TEM observations of deformed sections in a
specimen impacted at — 196°C after tempering at
550°C (Fig. 7). An examination of this microstructure
indicated that the transmission of martensitic defor-
mation occurs primarily by the & — o transformation.



Figure 7 TEM micrograph of Fe~17Mn alloy tempered at 550°C
and impacted at — 196 °C, showing relative proportions of o~ and
e-martensites.

A metallographic estimation of the area correspond-
ing to the o phase gives a 3 to 2 ratio of o to g,
suggesting an overall increase in the « phase promoted
by the alloy deformation.

Finally, alloy toughening is expected from the ¢ — o
transformation due to its associated positive volume
increase. Volume expansion is expected to contribute
to the alloy fracture toughness by its effect on crack
closure [20]. In particular, the hydrostatic component
of the stress concentrations at the crack tip can be
effectively reduced by the € — o transformation [2].
Consequently, additional energy has to be supplied for
crack propagation, resulting in improved cryogenic
toughness.

5. Conclusions

1. Low-temperature embrittlement in an Fe—17Mn
alloy was found to be related to temper embrittlement
in the temperature range 400-450 °C.

2. There was no evidence of alloy brittleness in-
duced by the presence of e-martensite in this alloy.

3. The e-martensite content consistently increased
with increasing tempering temperatures and reached a
maximum volume fraction at 600 °C tempering.

4. No apparent effect of the volume fraction of
g-martensite was found on the room-temperature
toughness of Fe—17Mn alloy. However, at — 196°C
the alloy impact toughness exhibited appreciable im-
provements with increasing volume fractions of
g-martensite.

5. TEM of deformed sections of impacted speci-
mens indicated that the major contribution to alloy
toughness was through the € — o transformation.
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