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Phase Relationships and Thermodynamic
Properties in the Mn-Ni-C System

Teng Lidong, Ragnhild E. Aune, Li Wenchao, Seshadri Seetharaman

e T e e S S S e s s S S SR S S S
Abstract In the present work, phase relationships in selected phase regions of the Mn-Ni-C system
have been investigated at 1073 and 1223K by use of an equilibration technique. Alloys of Mn-Ni-C were
prepared from pure Mn, Ni, and C powders by the powder metallurgy method. The phase identification
of the heat-treated samples was carried out by scanning electron microscope (SEM) and transmission e-
lectron microscope (TEM). The main phase compositions of the alloys have been analyzed by X-ray dif-
fraction (XRD). The experimental results show that the site fraction of Ni in the metallic sublattice of
the carbides M,;C,, M, C;, and M,C, is quite low and the value is around 0. 02 to 0. 03. The thermody-
namic activities of manganese in 16 different Mn-Ni-C alloys have been studied by solid-state galvanic
cell technique with single-crystal CaF, as the solid electrolyte in the temperature range 940 to 1165K.

The results are discussed in light of the available thermochemical information.
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1 Introduction

The knowledge of the phase relationships in the Mn-Ni-C ternary system is of great importance for
an understanding of the properties of alloy steels. The thermodynamics of the three binary subsystems in
the Mn-Ni-C ternary system, i.e., Mn-C,!"* Ni-C,?* and Mn-Ni, " are relatively well estab-
lished, but, to the knowledge of the present authors, there is no experimental information available on
the solid-phase relationships of the ternary system Mn-Ni-C. ") Because of the lack of the experimental
data, there is no thermodynamic assessment available for the Mn-Ni-C ternary system. In the TCFE3 da-
tabase, ) the Mn-C binary system has been assessed by Huang™' and Ni-C by Gabriel et al''"! The pa-
rameters of Mn-Ni binary system were obtained from an NPL ( National Physical Laboratory, Tedding-
ton, United Kingdom ) unpublished work (1989). Based on the extrapolations of the binary subsys-

119 the preliminary calculations of Mn-Ni-C ternary system have been carried out using Thermo-

tems,
Calc software. ''"! In a previous article, > some of the thermodynamic activities of Mn in the Mn-Ni-C
ternary system have been reported. As a continuation of the earlier study, the present work is aimed at
more experimental results of the activities of manganese in the system by the galvanic cell method as well
as phase relationships by use of X-ray diffraction (XRD), scanning electron microscopy, and transmis-

sion electron microscopy.

2 Experimental

The nominal compositions and sample numbers are identical to those described in a previous

work!'?) and are listed in Table 1. Fig. 1 presents an isothermal section of the Mn-Ni-C system at 1073K

e 4.



on the basis of the preliminary calculation by extrapolations of the binary systems. The locations of the
alloy compositions and corresponding sample numbers are presented in Fig. 1. Alloys of Mn-Ni-C were
prepared from Mn (99. 9 pet pure; <150um; supplied by E. Merck, Darmstadt, West Germany) , Ni
(99. 8 pet pure; <10pm; supplied by E. Merck ), and graphite (99. 999 pct pure; - 325 mesh; sup-
plied by Aldrich, Stockholm, Sweden) poWders by mixing the components in required proportions,
compacting into pellets, and sintering them in a closed alumina crucible at 1273K for 2 weeks under a
stream of purified argon. Details of the argon gas cleaning apparatus and the oxygen meter used in this
study have been reported elsewhere. '"*’ The sintered samples were placed inside quartz capsules and

sealed under vacuum (0. 1Pa) . The capsules were then placed in the uniform temperature zone

Table1 The sample numbers, nominal chemical compositions {in Mass Percent) and equilibrium
phases of the Mn-Ni-C alloys determined by XRD, SEM, TEM, and EMF

Sample Ni Mn C Temperature/K Main Phases by XRD
MNC- 11 10 86.8 3.2 1073 y-Mn, My Cq
MNC- 12 20 77.2 2.8 1073 v-Mn, My Cy
MNC-13 30 67.6 2.4 944 to 1048 y-Mn, M,C,
MNC-14 40 57.9 2.1 998 to 1154 y-Mn, M,C;, Gra®
1073 y-Mn, M;C,, M,C,

MNC-21 10 84.4 5.6

1159 0 1223 v-Mn, M,C,
MNC-22 20 75.1 4.9 953 to0 1149 y-Mn, M,C;
MNC-23 30 65.7 4.3 1128 to 1130 y-Mn, M,C;, Gra®
MNC-24 40 56.3 3.7 944 to0 1144 y-Mn, M,C;, Gra
MNC-31 10 82.5 7.5 947 to 1150 y-Mn, M,C;, Gra
MNC-32 20 73.4 6.6 1003 to 1141 y-Mn, M,C;, Gra
MNC-33 30 64.2 5.8 973 to 1145 y-Mn, M;C;, Gra
MNC-34 40 55.0 5.0 981 to 1150 y-Mn, M,C;, Gra
MNC-41 10 78. 4 1.6 945 to 1145 y-Mn, M,C;, Gra
MNC-42 20 69.7 10.3 946 to 1147 y-Mn, M,C;, Gra
MNC-43 30 61.0 9.0 947 to 1146 y-Mn, M,C;, Gra
MNC-44 40 52.3 7.7 954 to 1147 v-Mn, M,C;, Gra

@ Gra = graphite. The graphite phase was identified by EMF, SEM, and TEM analyses.
@ The graphite phase was determined by EMF measurement.

( £0.5K) of a vertical alumina reaction tube and heat treated. The duration of the heat treatment was
336 hours at 1073K and 288 hours at 1223K. After heat treatment, the samples were quenched by drop-
ping the capsules into liquid nitrogen and crushing them immediately. The bulk compositions of the al-
loys have been analyzed by X-ray diffraction (XRD) . The phase identification of the heat-treated sam-
ples was carried out by scanning electron mieroscope (SEM, JEOL, 8900R) and transmission electron
microscope (TEM, H-800, JEOL) . The chemical analysis of the various phases present was obtained
by the electron microprobe and electron dispersion spectroscopy detector attached to the SEM and TEM

units. The composition of the different phases was measured by a selection of three analyzing points from

. 5.
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Fig. 1 Isothermal section of the Mn-Ni-C system at 1073K on the basis of the preliminary calculation
by extrapolations of the binary systems using Thermal-Calc, ") The compesitions of the studied alloys
are presented in the diagram by the corresponding sample numbers. The solid lines show the
phase boundaries calculated by Thermo-Calc. The dashed lines present the two boundaries
of the three-phase region (y-Mn, M,C,, C) obtained by the present study

each phase in the electron microprobe analysis. The analysis volume to identify each phase is typically a
few cubic microns. In a previous work, U2} the results of electromotive force (EMF) measurements of
four alloys (MNC-21 through 24) have been reported. In the present work, the thermodynamic activi-
ties of Mn in all the studied alloys have been given. The cell arrangement and EMF measuring procedure
are the same as those described in the previous work. ") The galvanic cell used to determine the electro-

motive force can be represented as

( =) Pt, Mn +MnF, + CaF, | CaF, |CaF, + MnF, + Mn-alloy, Pt ( +) (1)
The individual electrode reactions can be written as follows -
Mn + 2F" = MnF, + 2e (left) (2)
MnF, + 2e = Mn alloy + 2F~  (right) (3)
Mn = Mn alloy (overall) (4)

where Mn alloy presents the appropriate Mn-Ni-C alloys. The CaF, single crystal was used as the solid e-

lectrolyte, and it is a fluoride ion conductor (¢, =0.99) under the experimental conditions. [**

3 Results and discussion

3.1 Phase composition and microstructure

The main phase compositions of all the alloys quenched at 1073K have been identified by XRD at
room temperature. The XRD patterns of the samples are shown in Fig. 2 through 7. The main phase com-
positions of the alloys determined by XRD are listed in Table 1, and the results will be discussed in the
following sections. in order to identify the chemical compositions of the equilibrium phases, some of the

alloys were analyzed by use of the SEM and electron microprobe JEOL 8900R. Fig. 8(a) through (h)
.6
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Fig. 2 XRD patterns of MNC-12 alloy annealed at 1073 or 1223K
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Fig. 3 XRD patterns of MNC-14 alloy annealed at 1073 or 1223K

present the SEM micrographs of MNC-11, MNC-12, MNC-14, MNC-21, MNC-22, and MNC-41 alloys
annealed at 1073 or 1223K. Fig. 8(a) is the SEM photograph of the equilibrium phases for MNC-11 at
1223K. In this figure, the gray phase is M,,C, and the light phase is y solid solution. At 1223K, the e-
quilibrium phases of MNC-12 are M, C, and y phase (Fig. 8(b) ). In this figure, the gray phase is M,
C, and the light phase is y solid solution. In Fig. 8(c), the light phase is y, the dark gray phase is
M,C,, and the dark phase is graphite. The graphite phase in MNC-14 alloy at 1073K could not been



