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Abstract

The cavitation erosion behavior of Fe–Cr–C–Si–xMn (x = 5, 10 and 15 wt%) alloys were investigated for 50 h using
20 kHz vibratory cavitation erosion test equipment. Low-Mn alloys (<5 wt% Mn) and high alloys (>10 wt% Mn) exhibited
the c! a 0 and c! e strain-induced martensitic transformation, respectively. Mn-addition above 10 wt% was observed to
increase the cavitation erosion resistance of the Fe-based alloy. It was concluded that the c! e strain-induced martensitic
transformation would be more beneficial than the c! a 0 strain-induced martensitic transformation due to the blocking of
the dislocation motion, thus increasing the hardness of the matrix by effective work-hardening. The phase transformation
was examined by X-ray diffraction before and after the cavitation erosion tests and the surface damage of the tested spec-
imens was also investigated by scanning electron and optical microscopy.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Co-based Stellite alloys have traditionally been
used as hardfacing materials for nuclear power
plant valves due to their superior cavitation erosion
resistance as well as sliding wear resistance [1].
However, Co is known to be one of the main
contributors to the occupational radiation exposure
[2]. Thus, for safety concerns, it is desirable to
replace the Stellite 6 with cobalt-free hardfacing
alloys having the equivalent properties. High corro-
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doi:10.1016/j.jnucmat.2006.02.072

* Corresponding author. Tel.: +82 2 2220 0406; fax: +82 2 2293
7844.

E-mail address: alloylab@hanyang.ac.kr (S.J. Kim).
sion resistance, cavitation erosion resistance and
wear resistance are generally required for hardfac-
ing materials in nuclear power plants. Cavitation
erosion is caused by a gas cavity or bubble forma-
tion and sudden burst. The repeated collapse of
these cavities can cause severe damage on metal
surfaces [1,2].

According to Ohriner et al. [3], the cavitation
erosion resistance of the Fe-based alloys is higher
due to work hardening and they attributed the
observed enhancement to the strain-induced
e martensite phase transformation. Nevertheless,
although many erosion resistant alloys do undergo
phase transformations, no simple correlation has
been established between the phase transformation
.
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Fig. 1. Schematic representation for vibratory cavitation erosion
test equipment.

Fig. 2. Compare the cumulative weight loss of Stellite 6 and Fe–
Cr–C–Si–xMn (x = 5, 10 and 15 wt%) alloys as a function of
exposed time: (a) Stellite 6, (b) 5 wt% Mn, (c) 10 wt% Mn and (d)
15 wt% Mn.
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and cavitation erosion resistance. It has been sug-
gested that the formation of martensite leads to a
high work-hardening rate and the subsequent high
ultimate stress levels while maintaining good uni-
form elongation [4]. These two properties are
important in withstanding the cavitation erosion.
It was also reported that the addition of Mn could
improve the cavitation erosion resistance of the
Fe-based alloys due to the formation of e martensite
composed of twins and tangled dislocations. The
present study is an attempt to evaluate the cavita-
tion erosion resistant hardfacing alloys such as
Fe–Cr–C–Si–xMn (x = 5, 10 and 15 wt%) alloys
and Stellite 6 up to 50 h using 20 kHz vibratory
cavitation erosion tester.

2. Experimental procedure

Cast ingots of Mn added Fe-based alloy and Stel-
lite 6 were used. The chemical compositions of the
alloys are shown in Table 1. Cavitation erosion tests
were performed using a vibratory cavitation
erosion-testing machine in accordance with
ASTM-G32 [5]. A schematic diagram of the appara-
tus is shown in Fig. 1. The apparatus used a com-
mercial ultrasonic oscillator supplied by Hanyang
Ultrasonic Co., Ltd.

3. Results and discussion

The cumulative weight losses of Fe–Cr–C–Si–
xMn (x = 5, 10 and 15 wt%) alloys and Stellite 6
were measured during cavitation erosion test every
2 h for a period of 15 h and then every 5 h for a per-
iod of 50 h. The results are presented as a function
of the exposure time in Fig. 2. The incubation times
for 5, 10 and 15 wt% Mn and Stellite 6 were mea-
sured to be 5, 8, 8 and 6 h, respectively. These values
are longer than or similar to that of the Stellite 6.
The incubation time during the early stage of cavita-
tion erosion could be related to the plastic deforma-
tion behavior of the material.
Table 1
Nominal elemental composition of the hardfacing alloys (wt%)

Element Co Fe Ni Cr Mn Si W Mo C

Stellite 6 60 2.09 2.21 29 0.61 0.81 4.68 0.59 1.25
– 70 – 20 5 1.0 – – 1.7

Mn added Fe base – 65 – 20 10 1.0 – – 1.7
– 60 – 20 15 1.0 – – 1.7
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To the best of our knowledge, we have not found
any quantitative and theoretical results concerning
the stacking fault energy of the Mn added Fe-based
alloy as a function of the Mn content. However, it is
generally described that the increasing Mn content in
the Fe-based alloy tends to lower the stacking fault
energy, preventing recombination of partial disloca-
tions necessary for cross slip and thus planner slip is
the predominant mode of deformation. This results
in reduced dislocation interactions at grain and twin
boundaries that are the major barrier to dislocation
movement reduction of ductility that are associated
with an increase of resistance to erosion.

The respective cumulative weight losses of 5, 10
and 15 wt% Mn added alloys and Stellite 6 were
roughly 2.1, 1.3, 1.6 and 1.9 mg mm�2 after expo-
sure of 50 h. Hence, additions of Mn exceeding
10 wt% alloys showed improved cavitation erosion
characteristics compared with that of Stellite 6.

The surface morphology of all the tested alloys
were observed using an optical microscope before
and after the exposure to cavitation for 5, 10 and
20 h and is shown in Fig. 3. In the case of 10 and
Fig. 3. Optical micrographs of cavitation erosion surfaces
15 wt% Mn added alloys, the crack was initiated
in the carbide with increasing exposure time
although the matrix region adjacent to the carbide
was hardly damaged. The specimen after the 5 h
cavitation erosion test showed minor cracks at the
interfaces between matrix and carbide. During
the incubation time, no noticeable damage was
observed by cavitation erosion. On the contrary,
the 5 wt% Mn added alloy exhibited a large material
loss and showed that cracks propagated relatively
easily through the matrix region.

In the Fe-based alloys with the austenitic struc-
ture, the cavitation erosion resistance was consid-
ered to be dependent on the stacking fault energy,
the twinning, and the phase transformation [6]. It
is also well known that for austenitic Fe-based
alloys with very low stacking fault energies, mar-
tensite can be formed by strain-induced martensitic
transformation during plastic deformation: the
fcc! hcp strain-induced martensitic transforma-
tion in Stellite alloys, and both c! a 0 and c! e
strain induced martensitic transformations in
austenitic Fe base alloys [7].
of Fe–Cr–C–Si–xMn (x = 5, 10 and 15 wt%) alloys.



88 J.H. Kim et al. / Journal of Nuclear Materials 352 (2006) 85–89
X-ray diffraction patterns of the tested samples
before and after the exposure to cavitation are
shown in Fig. 4. In the case of the 5 wt% Mn alloy,
the c! a 0 strain-induced martensitic transforma-
tion was dominant at the low manganese content,
however the addition of manganese above 10 wt%
seemed to promote the formation of strain-induced
e martensite. The strain-induced a 0 martensite is
formed from shear band intersections, such as
stacking faults, twins, and e martensite platelets [8].

Schumann and Doherty [9] established that a
high-Mn alloy can be defined as an alloy containing
more than 10 wt% Mn that formed strain induced e
martensite during cavitation erosion. The strain-
induced e martensite is formed by a simple mecha-
nism, the passage of partial dislocations. This means
that c! e strain-induced martensite can be
relatively easily generated because of its simpler for-
mation mechanism compared to the c! a 0 strain-
induced martensite during the cavitation erosion
test. Therefore, it was conjectured that the c! e
strain-induced martensitic transformation would
lead to an increased martensite fraction and be more
Fig. 4. X-ray diffraction patterns of (a) 5 wt% Mn, (b) 10 wt% Mn, (c)

Fig. 5. SEM micrographs of cavitation erosion surfaces: the
beneficial than the c! a 0 strain-induced martensitic
transformation owing to the blocking of dislocation
motion and subsequent increase in hardness of the
matrix by work hardening.

As shown in the XRD analysis results and mate-
rial loss by cavitation erosion, although both 10 and
15 wt% Mn specimens incurred the strain-induced e
martensite phase transformation; the cavitation
erosion behavior of 15 wt% Mn specimens is worse
than that of 10 wt% Mn specimens. Fig. 5 shows the
microstructure of the 10 and 15 wt% Mn added
Fe-based alloys exposed to cavitation. The carbide
volume fraction of 10 and 15 wt% alloys was
approximately 28.7% and 37.5%, i.e., the carbide
volume for 10 wt% Mn was less than that for
15 wt% Mn.

According to Sapate [10] the erosion rate
increases with increasing volume fraction of car-
bides. Because the matrix hardened by strain-
induced phase transformation effectively repressed
the crack propagation, the cavitation erosion
around the carbide area mainly dictates the wear
behavior. Therefore, the enhanced cavitation
15 wt% Mn: (A) before and (B) after the exposure to cavitation.

carbide volumes of (a) 10 wt% Mn and (b) 15 wt% Mn.
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erosion resistance of the 10 wt% Mn alloy over the
15 wt% Mn alloy could be related to the reduction
in the carbide volume fraction.

4. Conclusions

1. The enhanced cavitation erosion resistance of the
Mn added Fe-based alloys, superior to the tradi-
tionally used Stellite 6, was attributed to the
hardened matrix that could suppress the propa-
gation of cracks initiated at carbide-matrix inter-
faces and the reduction of the carbide volume
fraction.

2. Additions of manganese exceeding 10 wt%
improved the cavitation erosion resistance of
the Fe-based alloy. The improvement is likely
due to the development of the c! e strain
induced martensitic transformation.

3. The c! e strain induced martensitic transforma-
tion is considered to be more beneficial to the
cavitation erosion resistance of Fe-based alloys
than the c! a 0 strain-induced martensitic trans-
formation due to the high work-hardening rate.

4. Erosion resistance of the 15 wt% Mn added
Fe-based alloy was worse compared with the
10 wt% Mn added alloy. The erosion rate
increased due to the larger carbide volume in
the 15 wt% Mn alloy. Hence, the critical Mn
content for optimal erosion resistance lies in the
10–15 wt% Mn range.
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