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bstract

Field-emission gun analytical transmission electron microscopy was used to study grain boundary precipitates in Fe–10Ni–7Mn (wt.%) maraging
lloy after isothermal aging at 753 K. High spatial resolution energy dispersive X-ray spectroscopy was used for quantitative chemical analysis

f the grain boundary precipitates. Precipitation of f.c.t. �-NiMn intermetallic compound and reversion to f.c.c. austenite were identified at prior
ustenite grain boundaries after prolonged aging. Selected area electron diffraction patterns (SADPs) showed the L10 type ordering of f.c.t. �-NiMn
recipitates. The f.c.t. �-NiMn precipitates showed higher Ni and Mn concentrations than reverted f.c.c. austenite.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Fe–Ni–Mn maraging alloys have attracted increasing inter-
st because of their economic aspects. Successive precipitation
f f.c.t. �-NiMn intermetallic compound and reversion to f.c.c.
ustenite has been found in these alloys during isothermal aging.
he typical age hardening and softening phenomena during

sothermal aging have been attributed to precipitation of f.c.t.
-NiMn and reversion to f.c.c. austenite, respectively [1].

Fe–Ni–Mn maraging alloys are sufficiently ductile in the
olution annealed condition but suffer from severe intergranular
mbrittlement along prior austenite grain boundaries (PAGBs)
fter aging [2,3]. The source of grain boundary embrittlement
n these alloys has been attributed to grain boundary segrega-
ion and precipitation. For example, segregation of Mn atoms
t PAGBs has been proposed to take place during isother-
al aging [2,4]. Mun et al. [5] reported precipitation of f.c.c.
everted austenite particles at PAGBs in Fe–8Mn–7Ni (wt.%)
lloy. Lee et al. [6] reported precipitation of f.c.t. �-NiMn
ntermetallic compound at PAGBs in Fe–10Ni–5Mn (wt.%)
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lloy. Hossein Nedjad et al. [7] found discontinuous coars-
ning of f.c.t. �-NiMn intermetallic precipitates at PAGBs
uring isothermal aging of Fe–10Ni–7Mn (wt.%) alloy at
53 K.

Recent studies have explored the role of grain boundary pre-
ipitates in premature intergranular failure of Fe–Ni–Mn marag-
ng alloys where identification of grain boundary precipitates
nd mechanism of grain boundary failure remain controver-
ial yet [5–7]. For instance, f.c.c. austenite has been reported
s responsible for grain boundary failure [5] while reversion
o austenite has been reported frequently to increase ductility
t later stages of aging in Fe–Ni–Mn maraging alloys [2,6,7].
he �-NiMn intermetallic compound has a face centered tetrag-
nal (f.c.t.) crystal structure (a = 0.372 nm, c = 0.353 nm and
/a = 0.95) which is almost identical to the face centered cubic
f.c.c.) crystal structure of the reverted austenite (a = 0.358 nm)
5]. Consequently, selected area electron diffraction (SAD) tech-
iques would show some difficulty to identify these phases due
o their similar crystal structure. Meanwhile, chemical analysis
f these precipitates can be proposed as supplementary method

or phase identification.

The aim of this paper is to study grain boundary precipitates in
e–10Ni–7Mn (wt.%) maraging alloy by analytical transmission
lectron microscopy.

mailto:hossein@sut.ac.ir
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Table 1
Chemical composition of the alloy studied (wt.%)

Fe Base
Ni 10.38
Mn 6.88
C 0.006
S 0.007
P 0.005
N
A
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obtained from these particles is shown in Fig. 3b indicating
them as f.c.c. reverted austenite holding a near Kurdjamov-
Sachs type orientation relationship with b.c.c. iron matrix.
SADPs of an f.c.c. austenite and an f.c.t. �-NiMn precipi-
0.005
l 0.003

. Experimental procedure

A vacuum induction melted and vacuum arc remelted mate-
ial was encapsulated in a quartz tube and argon gas was
urged after evacuation to 10−5 Torr. Chemical composition
f the prepared alloy is given in Table 1. A homogenizing
reatment was performed at 1473 K for 172.8 ks followed by
ater quenching. Cold rolling to 85% reduction was carried
ut at room temperature before solution annealing treatment
t 1223 K for 3.6 ks in a vacuum furnace followed by water
uenching and subzero treatment at 77 K for 3.6 ks. Isothermal
ging treatment was carried out at 753 K in a neutralized salt
ath.

Disc-shaped specimens (diameter 3 mm; initial thickness
00 �m) were cut using an electro discharge wire cutting
achine and then mechanically polished to a thickness of

a. 30 �m. Further thinning was accomplished electrochemi-
ally in a solution of CrO3 (200 g), CH3COOH (500 ml) and
2O (40 ml) held at 285 K and using a voltage of 22–25 V
y a twin jet Struers TENOPUL-3 electropolishing machine.
ransmission electron microscopy studies were carried out
ith PHILIPS CM200-FEG microscope operating at 200 kV.
hemical compositions of phase constituents were measured
sing high spatial resolution energy dispersive X-ray spec-
roscopy (EDS) microanalysis with a nominal beam diameter
f 1.8 nm using EDAX detector assembled on the CM200-FEG
icroscope.
Thermodynamic calculations of chemical compositions were

erformed by Thermocalc (Version P) using Kaufman binary
lloys database.

. Results and discussion

Fig. 1 shows age hardening curve of the Fe–10Ni–7Mn
wt.%) alloy during isothermal aging at 753 K indicating a typi-
al maraging behavior of this alloy. Fig. 2a shows a bright field
EM image of grain boundary precipitates in a specimen aged

or 86.4 ks. Arrows indicate coarse precipitates where some
f them have been embedded in a precipitate free zone lying
t lower side of the grain boundary. Fig. 2b shows selected
rea electron diffraction pattern (SADP) obtained from these
rain boundary precipitates indicating them as f.c.t. �-NiMn

ntermetallic compound. This configuration of grain bound-
ry precipitation is attributed to discontinuous coarsening of
.c.t. �-NiMn precipitates and will be published in detail else-
here. Fig. 3a shows a bright field TEM image of large particles

F
(
g

ig. 1. Age hardening behavior of the studied alloy during isothermal aging at
53 K.

arrows) at a PAGB in a specimen aged for 86.4 ks. SADP
ig. 2. Bright field TEM image showing coarse f.c.t. �-NiMn precipitates
arrows) at a PAGB in a specimen aged for 86.4 ks; (b) SADP obtained from the
rain boundary precipitates.
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Fig. 4. SADPs of grain boundary phases in a specimen aged for 86.4 ks: (a) f.c.c.
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ig. 3. (a) Bright field TEM image showing reverted austenite particles (arrows)
t a PAGB in a specimen aged for 86.4 ks; (b) SADP obtained from the reverted
ustenite particles.

ate are shown in Fig. 4a and b, respectively, corresponding
o the [1 1 0] zone axes for both phases. There are superlat-
ice spots corresponding to (0 0 1) and (1 1 0) planes in Fig. 4b
hich indicate the L10 (CuAu I type) ordering of f.c.t. �-NiMn
recipitate.

Fig. 5a and b show EDS spectra obtained from f.c.c. reverted
ustenite and f.c.t. �-NiMn, respectively, in a specimen aged for
6.4 ks. Typical quantitatively measured chemical compositions
f f.c.c. reverted austenite and f.c.t. �-NiMn intermetallic com-

ound are shown in Table 2. Calculated chemical composition
f f.c.c. phase by Thermocalc and stoichiometric composition
f NiMn phase are also shown inside parenthesis in Table 2.
he experimental, calculated and stoichiometric chemical com-

able 2
hemical compositions of f.c.c. reverted austenite and f.c.t. �-NiMn phases

wt.%)

hase Fe Ni Mn

.c.c. austenite 71.5 (51.8a) 16.0 (28.9a) 12.5 (19.4a)

.c.t. �-NiMn 20.5 (0.0b) 43.4 (51.7b) 36.1 (48.3b)

a Calculated by Thermocalc.
b Stoichiometric chemical composition.
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everted austenite; (b) f.c.t. �-NiMn. Note superlattice spots in (b) corresponding
o (0 0 1) and (1 1 0).

ositions indicate an obvious difference between f.c.c. reverted
ustenite and f.c.t. �-NiMn phases, i.e. lower Ni and Mn concen-
rations in the f.c.c. reverted austenite. However, there is a large
ifference between the calculations and measurements. Interfer-
nces between electron beams and surrounding matrices, result-
ng in iron pick-up from the matrices, might confuse the mea-
ured values. Austenite laths with chemical composition simi-
ar to the nominal composition (83Fe–10Ni–7Mn (wt.%)) was
ound frequently in the specimen aged for 86.4 ks. T0 was calcu-
ated for this alloy of about 679 K which indicates possibility of
on-reconstructive transformation mechanism where austenite
etention can also be assumed. Mun et al. [5] reported chemi-
al compositions of grain boundary precipitates in Fe–8Mn–7Ni
wt.%) alloy in the range of 15–30 wt.% Ni and 15–30 wt.% Mn.
ee et al. [6] measured chemical composition of grain boundary

.c.t. �-NiMn precipitates in Fe–10Ni–5Mn (wt.%) alloy close to
1.7Ni–48.3Mn (wt.%). Thermodynamic calculations indicated
hat chemical composition of f.c.c. reverted austenite depends
trongly on the alloy composition showing Ni to Mn ratio close

o nominal composition while an stoichiometric composition of
1.7Ni–48.3Mn (wt.%) can be proposed for f.c.t. �-NiMn pre-
ipitates [7].
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Fig. 5. Typical EDS microanalysis spectra of grain boundary phases in a spec-
imen aged for 86.4 ks: (a) f.c.c. reverted austenite; (b) f.c.t. �-NiMn. Values on
the spectra indicate quantitative analysis.
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Mun et al. [5] and Lee et al. [6] have identified grain bound-
ry precipitates as f.c.c. austenite and f.c.t. �-NiMn precipitate
n Fe–8Mn–7Ni (wt.%) and Fe–10Ni–5Mn (wt.%) maraging
lloys, respectively. Precipitation of f.c.t. �-NiMn intermetallic
ompound and f.c.c. reverted austenite at PAGBs were confirmed
n the present Fe–10Ni–7Mn (wt.%) maraging alloy by EDS

icroanalysis and SADPs.

. Conclusions

. Typical chemical compositions of f.c.t. �-NiMn and f.c.c.
reverted austenite in Fe–10Ni–7Mn (wt.%) maraging alloy
were measured as 20.5Fe–43.4Ni–36.1Mn (wt.%) and
71.5Fe–16.0Ni–12.5Mn (wt.%) by EDS microanalysis,
respectively.

. Precipitation of f.c.t. �-NiMn intermetallic compound at
PAGBs was confirmed using high spatial resolution EDS
microanalysis and SADPs. Reversion to f.c.c. austenite was
also identified at later stages of aging.
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