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Austenitic steel based on the Fe-Cr-Mn-Ni system showing transformation induced plasticity (TRIP) was processed in a Bridgman furnace. During the melting of high Mn stainless steel in a vacuum induction furnace and the subsequent casting process, several corrosion problems with the refractory – the crucibles and the moulded
materials occurred. Three crucible materials with varying SiO2 contents and an Al2O3-ZrSiO4 moulding material were tested. The degradation processes are discussed, combining experimental results
analysed by optical microscopy, scanning electron microscopy, electron dispersive X-ray analysis and X-ray diffractometry.
1 Introduction
The development of stainless steels is based
on a tradition that is more than 100 years
old. It is linked to Eduard Maurer, who, together with Strauss and others, pioneered
their technical implementation. His work includes, for example, the development of the
Maurer Diagram. But his most important
contribution was probably the "development of an iron alloy for objects which require high corrosion resistance and of a
method for treating this alloy” on 20 June

1913. This is the application date for the
Pasel patent, based on his work, for the
company of F. Krupp – his former employer
[1] under which the V2A and V4A steels
were developed. Since the professorship of
E. Maurer (1930 – 1946) stainless steels
have been in the focus of steel research at

the Freiberg Eisenhütteninstitut, now named
the Institute of Iron and Steel Technology.
During the past century, technological and
economic needs promoted the development
of stainless steels. In the 1980s the first
stainless steel with TRIP effect was investigated intensively at this institute and the basis for the latest developments [2–4] was established. These developments are associated with Andreas Weiss. Economic needs enforced the substitution of manganese for
nickel in the stainless steels, hereby decreasing the alloying costs but increasing the requirements on the refractory materials [5].
For example, in continuous casting silica
nozzles are only used for steels containing
< 0,5 mass-% manganese [6].

2 Experimental
The infiltration processes of austenitic steel
in macro-porous ZrO2 ceramics were investigated within the framework of the TRIP Mat
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Fig. 1 Bridgman furnace (left) and a schematic diagram of the Bridgman technique
(right) [8]
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Tab. 1 Chemical composition of the crucible refractory material in mass-% (C – crucible
material, B – backfill material)
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Tab. 2 Chemical composition of the austenitic CrMnNi steel used [mass-%]
C

Si

Mn

0,04

0,9

0,04

1,2

Cr
Mo
basic composition
7,2
15,7
0,4
after melting and casting
5,8
17,2
0,4

Tab. 3 Vapour pressure of the main
elements in the steel used (1600 °C,
atmospheric pressure)
Element

Mn

Cr

Fe

Ni

Vapour
pressure
[mbar]

53

0,29

0,08

0,04

rix Composite Programme of the Collaborative Research Centre 799. During the melting and casting processes, several corrosion
problems occurred in the liquid steel / refractory system. The experimental procedure was
divided into two work packages – the reaction liquid steel / crucible materials and the
reaction liquid steel / moulded materials.
Austenitic steel based on the Fe–Cr–Mn–Ni
system was melted in a vacuum induction
furnace. The Bridgman technique [7] is employed for processing single crystalline or directly solidified components with high
strength as used in gas turbine blades for
power plants or aircrafts. Typical materials
for these applications are nickel-base superalloys. During the Bridgman process, a high
temperature gradient is established between
the heating and the cooling zone (Fig. 1). A

Ni

Fe

5,6

bal.

5,5

bal.

crystal selector is located at the end of the
chill plate. Due to the spiral form, only one
grain with a specific crystallographic orientation can grow in the ceramic mould. The
metal melt is cast into the pre-heated ceramic mould, which is fixed on the water
cooled copper chill plate. The solidification
rate is controlled by the ceramic mould withdrawal rate from the heater. In technical applications, the solidification rate is equal to
the mould withdrawal rate from the heating
zone, which is in the range of a few millimetres per minute.
The crucible refractories for melting the
austenitic Cr-Mn-Ni steel are listed in Tab. 1.
These materials contained Al2O3 and offered
different amounts of SiO2. The backfill material is a required for fixing the crucible to the
induction coil
In the Bridgman process the mould is preheated and the solidification time is 3 h at
> 1450 °C. A common Al2O3-ZrSiO4 mould
material for precision casting is used.
Unpolished fracture surfaces of the refractories were characterized by optical microscopy and scanning electron microscopy
(SEM) using a Philips XL30 instrument

equipped with an Edax electron dispersive
X-ray (EDX) spectrometer. To improve the
phase contrast, backscattered secondary
electron (BSE) micrographs were used. In addition, phase identification was performed
by X-ray diffractometry (XRD) with Cu-Kα
radiation on vibration-ground powders.

3 Results and discussion
3.1 Manganese and its oxides
After melting Cr-Mn-Ni steel in the vacuum
induction furnace, a change occurs in the
chemical composition, as shown in Tab. 2.
The chemical composition of the steel
changes on melting and casting, especially in
terms of its manganese and chromium contents, since the manganese is vaporized during vacuum melting. The high vapour pressure of manganese is in line with technological experience. It condenses typically as a
red-brown deposit on cooled system parts.
The vapour pressure of manganese in comparison to chromium is two orders of magnitude, in comparison to iron three orders of
magnitude higher, as shown in Tab. 3 [9]. The
reactivity of manganese is caused by the
combination of the high vapour pressure and
oxygen affinity. The oxygen affinity of manganese is higher than that of chromium, iron
and nickel [10]. Manganese offers a range of
oxidation states from + 2 to + 4. Important
for the refractory reaction is manganosite
(MnO), which appears only at low oxygen
partial pressure. Bixbyite Mn2O3 is stable in
air. In refractory materials metal oxides can
be ordered by increasing strength of the metal oxide bond: B2O3, SiO2, P2O5, Al2O3, TiO2,
FeO, MgO, MnO and CaO [11]. So it can be
concluded that MnO reacts as a strong base.
The high basicity of MnO-containing slags
and melts results in a high degradation of
acid and amphoteric refractory materials. In
the discussion of the reactions, crucible and
mould materials are investigated separately.

3.2 Crucible materials

Fig. 2 Binary system MnO–SiO2 [12]
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The first melting of the austenitic Cr-Mn-Ni
steel was done in the vacuum induction furnace. The composition of the silica-rich
(70 mass-%) crucible C1 is given in Tab. 1.
During this first test an intense reaction between the melt and the refractory material
and thus breakout of the crucible was observed before the steel had completely melted. The crucible failure was due to the high
content of SiO2 in the refractory material.
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Fig. 3 BSE micrograph of the reaction zone between steel and
the crucible material C2

Fig. 2 shows the phase diagramme of the
MnO–SiO2 system. At 43 mol-% MnO, an
eutectic composition of tephorite (Mn2SiO4)
and rhodonite (MnSiO3) is formed. The melting point of this eutectic is approximately
1251 °C and therefore much lower than the
melting point of the steel, i.e. approximately
1430 °C.
C2, the second crucible material investigated, was based on an Al2O3 matrix with silica
bonding. The refractory contained 9 mass-%
of SiO2, which was much lower than in the
first run. But during the use of this refractory material a distinct crucible-melt reaction
occurred. Figs. 3 and 4 show BSE pictures of
the crucible after a contact time of less than
1 h with the melt at 1580 °C.
Clearly recognisable are pores and precipitates (bright regions) which are a consequence of massive refractory attack. In the
alumina matrix the backscattered secondary
electron (BSE) micrograph shows phases of
different greyscales indicating different
amounts of heavy atoms.
The EDX analysis of three points shown in
Fig. 4 is given in Tab. 4. In the reaction zone
no phase containing SiO2 was found. Due to
the fact that the SiO2 was no longer a part
of the microstructure of the crucible, it can
be concluded that it was transferred into the
melt.
Surprisingly, MgO was detected in the microstructure. This MgO was a component of
the backfill of the crucible. The magnesiaspinel-bonded alumina ramming mix had
the composition B given in Tab. 1. The fact
that MgO was detected points to the intensity of the melt-crucible reaction.
The Al2O3–MnO system can be used to assess the high MnO content in the microstructure. Regarding the analysis toler-
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Fig. 4 BSE micrograph for EDX analysis of the reaction zone in
crucible C2

Tab. 4 EDX analysis [mass-%] and [mol-%] of the points given in Fig. 4

x1
x2
x3

Al2O3

Fe2O3

66,7
(56,1)
79,1
(71,1)
99,7
(99,6)

0,7
(0,4)
0,4
(0,2)
0,0
(0,0)

MnO
28,2
(34,1)
16,7
(21,4)
0,3
(0,4)

MgO
4,4
(9,4)
3,2
(7,3)
0,0
(0,0)

SiO2
0,0
(0,0)
0,0
(0,0)
0,0
(0,0)

Fig. 5 Binary system Al2O3–MnO [13]
Tab. 5 EDX analysis in mass-% and (mol-%) of the points given in Fig. 4

x1
x2
x3

2 (2010) [3]

Al2O3

Fe2O3

66,7
(56,1)
79,1
(71,1)
99,7
(99,6)

0,7
(0,4)
0,4
(0,2)
0,0
(0,0)

MnO
28,2
(34,1)
16,7
(21,4)
0,3
(0,4)

MgO
4,4
(9,4)
3,2
(7,3)
0,0
(0,0)

SiO2
0,0
(0,0)
0,0
(0,0)
0,0
(0,0)
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Fig. 6 BSE micrograph of the reaction zone between steel and a
high alumina crucible C3

Fig. 7 BSE micrograph and EDX line scan
of the reaction zone between steel and
the high alumina crucible C3

ances and the phase diagramme in Fig. 5, it
can be concluded that MnO and Al2O3 have
reacted to form MnAl2O4 or galaxite, as revealed by XRD analysis.
The degradation of crucible material C2 is a
combination of SiO2 dissolution in the melt
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Fig. 8 Stereomicroscopic view of the refractory shell (magnification x 6,5, line distance 1 mm)

and galaxite formation in the remaining
alumina matrix. To prove that the formation
of liquid manganese silicates was the
primary reason for the crucible failure, the
SiO2-free refractory material C3 was investigated.
This third test was done at a temperature of
1580 °C and a cycle time of approximately
1 h. A dense high-purity alumina crucible
was used.
The Al2O3 grain size distribution is optimised
for low infiltration. Fig. 6 shows a very sharp
interface between the crucible and the reaction products (slag). The high depth of focus
of the BSE picture also allows a view of the
slag surface indicating low wetting of the
austenitic steel melt. To investigate the reaction between the slag and the crucible, a line
scan is shown in Fig. 7.
At a distance of 5 µm the peaks of Al-K
show a very low intensity, caused by a pore
with a diameter of 0,5 µm. The plateau in
front of the Al-K minimum is the result of the
topographic effect of the fracture area. Surprisingly, the line scan reflects low values of
iron peaks (Fe-K). This can be explained by
the vacuum in the induction furnace allowing no FeO formation and diffusion into the
crucible. Furthermore, manganese and
chromium have a higher affinity to oxygen
than iron. So the slag is formed out of aluminium-, manganese- and chromium oxides.
What is interesting is the constant Mn-K value over the slag thickness while Cr-K peaks
are increasing. In addition to the line scan,
an EDX analysis of three points shown in
Fig. 7 is given in Tab. 5.
Point x1 shows the original crucible composition and is only 3 µm away from the very

sharp interface to the slag. Here, alumina
dissolution occurs and galaxite (MnAl2O4) is
formed. The comparison of points x2 and x3
show that the chromium-rich spinel (x3) allows only a limited solution of alumina. So in
the slag high concentrations of alumina occur under vacuum conditions only in a zone
of 10 µm thickness. The slag surface in contact with the steel consists of MnyCr3-yO4
and has a cubic spinel structure (C-SP). It is
stable over a broad composition and temperature range, but insoluble in galaxite.
Manganosite (MnO) appears only at low
oxygen partial pressures. In these conditions
it coexists with the C-SP and is essential for
the galaxite formation in contact with the
alumina crucible.
Compared to the silica-bonded crucible C2,
the high-purity Al2O3 refractory material C3
offered a better performance in melting
high-manganese-alloyed austenitic steel. It
was shown that the formation of liquid manganese silicates was the primary reason for
the failure of crucible C2.

3.3 Moulded material
Not only was the crucible refractory attacked
by the melt, but the moulded materials also
show this failure mode. A mould material for
precision casting based on the common
Al2O3-ZrSiO4 system was used. The steel was
cast into the pre-heated mould at a temperature of approximately 1580 °C and the solidification procedure of the Bridgman
process took approximately 3 h. Fig. 8
shows a partial view of the ceramic mould
after casting.
Clearly visible is the dark colouration of the
ceramic mould. This colouration is caused by
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Fig. 9 BSE micrograph of the degraded ceramic mould

Fig. 10 BSE micrograph of the infiltration zone of the ceramic
mould

Fig. 11 BSE micrograph of the degraded ceramic mould showing
secondary baddeleyite of a dendritic structure

Fig. 12 SEM micrograph of a pore containing Mn-rich crystals
(composition x4, Tab. 6)

infiltration of the ceramic mould by the melt.
No sharp interface between the reaction
zone and the original Al2O3-ZrSiO4 material
can be seen in the stereomicroscopic view.
This contact zone was investigated further
using SEM and BSE micrographs (Figs. 9 to
12).
The BSE micrograph in Fig. 9 shows dark
grey phases of alumina grains besides precipitates and pores. The surface of the mould
shows clear marks of melt-refractory reaction, including adhesions and disruptions.
As a result of the intense refractory attack,
pores, precipitates and a melted phase (x2)
can be seen in Fig. 10. It is highly probable
that the manganese from the melt reacted in
a first step with the ceramic mould material
ZrSiO4 and formed a low melting phase consisting of manganese silicates. In a second
step this phase, liquid at casting conditions,
dissolved the alumina content in the system
Al2O3–ZrSiO4. The composition resulting
from this dissolution process is point x2 of
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Tab. 6 EDX analysis [mass-%] and [mol-%] of the points given in Figs. 10 and 12

x1
x2
x3
x4

Al2O3

SiO2

ZrO2

MnO

Cr2O3

4,6
(5,2)
19,5
(13,6)
16,8
(12,2)
21,0
(15,3)

4,7
(8,8)
40,6
(48,4)
16,5
(20,3)
2,4
(3,1)

87,5
(80,7)
3,6
(2,1)
1,5
(0,9)
0,0
(0,0)

4,4
(9,4)
3,2
(7,3)
0,0
(0,0)
0,3
(0,4)

0,0
(0,0)
1,2
(0,6)
2,5
(1,3)
1,4
(0,0)

the EDX analysis given in Tab. 6. First melts
occur in the SiO2–Al2O3–MnO system at
1150 °C [14]. As a consequence, infiltration
of the slag to great depths occurs in the
Al2O3-ZrSiO4 material.
A further interesting aspect of the slag is its
limited solubility for ZrO2 causing segregation of secondary baddeleyite from the liquid
phase. The dendritic shape of the mineral
is clearly visible in Fig. 11. This dissolution
and crystallization reaction is also known
from zirconia-rich refractory materials in

2 (2010) [3]

glass melting furnaces [15]. The formation of
baddeleyite, which is monoclinic ZrO2, could
be verified by XRD. The composition x1 given in Tab. 6 was measured by EDX; it has a
high background resulting from the surrounding glass phase caused by the thin
segregation of the secondary baddeleyite
crystal.
Higher amounts of MnO could also be measured by EDX for the points x3 and x4. This indicates the high oxygen affinity of manganese and the thermodynamic stability of
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the resulting compositions. In pores formed
by degradation of the refractory material,
concentrations of MnO up to 75 mass-%
could be detected. The SEM micrograph in
Fig. 12 shows point x4 of EDX analysis given in Tab. 6. A possible explanation for this
high content of manganese could be the
condensation of manganosite. The system
Al2O3–ZrSiO4 designed for precision casting
showed an intense refractory degradation in
the heated mould during casting. This reaction of the mould with the steel is quite similar to the crucible reactions shown in the
previous sections.

4 Conclusions
The loss of manganese during melting and
casting can be explained as a combination
of the high vapour pressure and refractory
reaction. The reaction of manganese with
SiO2 containing refractory materials causes
several corrosion problems. Silica bonded
systems are not suitable for the melting of
high manganese steels. The marked formation of low viscous melts in the system
SiO2–Al2O3–MnO causes severe damage in
the bonding stability of refractories. As a reaction product, galaxite (MnAl2O4) lies between alumina rich and high manganese
steels. In a nearly oxygen free atmosphere, a
self-protection mechanism occurs due to (Cr,
Mn)-spinel (MnyCr3-yO4) formation in CrMn-Ni steels in contact with pure dense alumina crucibles. The degradation of zircon silicate based refractories under secondary

baddeleyite formation shows the high corrosive potential of these melts with advanced
acidic refractory compositions. Based on
these conclusions, it has been shown that
acid refractory systems are not suitable for
melting high manganese alloyed steels. Amphoteric and basic refractories have to be
carefully tested to meet the processing requirements.
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