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Thermodynamic investigations of the Mn–Ni–C–N quarternary
alloys by solid-state galvanic cell technique
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Abstract

In view of the important applications of carbides and nitrides of transition metals in the hard materials industries, the thermodynamic
activities of manganese in Mn–Ni–C–N alloys have been studied by solid-state galvanic cell technique with CaF2 as the solid electrolyte. The
phase compositions and microstructure of various alloys have been analyzed by X-ray diffraction (XRD) and scanning electron microscopy
(SEM). Nitrogen was introduced into the alloy by equilibrating with N2 gas. It was established during the experiments that the solubility of
nitrogen in the alloys was affected by the carbon content. A (Mn,Ni)4(N,C) nitride was formed during the nitriding procedure in the alloys.
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he electromotive force (EMF) measurements were carried out in the temperature range 940–1127 K in order to determine the
n in the alloys. The activities of manganese were calculated and compared with those of the corresponding Mn–Ni–C ternary a
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. Introduction

A study of the thermodynamic properties of transition
etal systems containing nitrogen and carbon is a subject of

onsiderable practical and theoretical interest. The thermo-
ynamic properties of the Mn–Ni–C–N quaternary system
re very important for the understanding of the properties of
teels and hard materials. Even though the experimental infor-
ation on phase diagrams for the Mn–Ni[1], Mn–C[2], Ni–C

3], Mn–N[4], Ni–N[5] binary systems was well-established,
or some of the binary system, the calculated phase diagram
till differs significantly with the experimental information.
or instance, Huang[6] assessed the Mn–C systems. The
alculated L/�/� equilibrium in this work was a eutectic in-
tead of a peritectic one reported earlier. The calculated three-
hase equilibrium of Mn23C6/Mn5C2/Mn7C3 at 701 K has
ot been reported experimentally. To the knowledge of the
resent authors, reliable and consistent experimental infor-
ation is lacking for the corresponding ternary or quaternary
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systems. The thermodynamic properties of Mn–Ni–C sy
have been studied by the present authors[7]. In this paper
the alloys of the Mn–Ni–C–N quaternary system have b
prepared by nitridation of the ternary alloys. The activitie
manganese in these alloys have been studied by solid
galvanic cell technique with CaF2 single crystal as the ele
trolyte. This method has been reported to be a reliable me
for the thermodynamic study of carbide systems[8–10].

2. Experimental

2.1. The alloy compositions and raw materials

The starting Mn–Ni–C alloy compositions and cor
sponding sample numbers (MNCN is the abbreviatio
Mn–Ni–C–N system) are listed inTable 1. Fig. 1 illustrates
the alloy compositions in the isothermal phase diagra
Mn–Ni–C system at 1123 K calculated by Thermo-Calc s
ware[11]. Six alloys have been selected for the present s
The raw materials used in the preparation of the alloy
E-mail address:lidongt@mse.kth.se (L. Teng). well as for the electrodes, are listed inTable 2. The single
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Table 1
The sample numbers, starting compositions (in mass%) of the Mn–Ni–C al-
loys and the main phases of the nitrided alloys determined by X-ray diffrac-
tion (XRD)

Sample no. Ni Mn C Main phases (XRD)

MNCN-11 10 86.8 3.2 �, Mn4N, M23C6

MNCN-13 30 67.6 2.4 �, M23C6, M4N
MNCN-21 10 84.4 5.6 �, M23C6, M4N
MNCN-22 20 75.1 4.9 �, M7C3, M4N
MNCN-33 30 64.2 5.8 �, M7C3, graphite, M4N
MNCN-42 20 69.7 10.3 �, M7C3, graphite, M4N

Fig. 1. The alloy compositions listed inTable 1were located in the Mn–Ni–C
isothermal phase diagram at 1123 K (calculated by Thermo-Calc[11]).

crystals of calcium fluoride (optical disk, 22 mm in diame-
ter and 4 mm in thickness, polished both sides) were used
as electrolytes that were supplied by Alfa Aesar. The argon
and nitrogen gases used in the present work (99.9999%) were
supplied by AGA Special Gas, Stockholm.

2.2. The cell arrangement

The galvanic cell used to determine the electromotive
force (EMF) can be represented by the following schemes:

(−)Pt, Mn + MnF2 + CaF2//CaF2//CaF2 + MnF2

+Mn-alloy, Pt(+) (1)

All the electrode components were in solid state. The indi-
vidual electrode reactions can be written as follows:

Mn + 2F− = MnF2 + 2e− (left) (2)

Table 2
The raw materials used in the experiments

Name Purity (mass%) Particle size Supplier

Mn powder 99.9 <150�m Alfa Aesar
Ni powder 99.8 <10�m Kebo Lab
Graphite powder 99.999 −325 mesh Sigma–Aldrich
MnF2 powder 98.0 Fine Sigma–Aldrich
CaF powder 99.95 −325 mesh Alfa Aesar
N lm

MnF2 + 2e− = Mn-alloy + 2F− (right) (3)

Mn = Mn-alloy (overall) (4)

The molar Gibbs free energy change of reaction (4) is given
by the Nernst equation[12]:

�4G = −nEF = RT ln aMn-alloy (5)

wheren denotes the number of electrons participating in the
separate electrode reactions (n = 2 in Eq. (5)), F is the Fara-
day’s constant,E is the electromotive force of the cell,R is
the gas constant andT the temperature. It is important to point
out that forEq. (5)to be valid, the electrolyte must be a to-
tal ionic conductor and there must not be any side reaction
occurring in the cell[9].

The galvanic cell assembly used for the electromotive
force measurements was similar to that described in a previ-
ous work[7]. The single crystal CaF2 electrolyte was kept
sandwiched between the reference and working electrodes in
an open cell arrangement. The cell was placed in a vertically
mounted alumina reaction tube of a resistance furnace. The
samples were positioned in the uniform temperature zone
of the furnace (±0.5 K over a length of 6 cm). Due to the
high oxygen affinity of Mn in the alloy[7], an oxygen par-
tial pressure of less than 10−17 Pa was required to prevent
the oxidation of Mn during the alloy synthesis as well as
d f the
c of
m sult,
t rified
f
T l, as-
c H
a rst
p 73 K
a 73 K
( the
g utgo-

F ystem.
2

itrogen gas 99.9999 – AGA, Stockho
uring the EMF measurement. Furthermore, as most o
arbides as well as CaF2 are hygroscopic, the presence
oisture would affect the EMF measurements. As a re

he pure argon and nitrogen gases (99.9999%) were pu
urther by use of the gas cleaning system illustrated inFig. 2.
he argon gas was passed through columns of silica ge
arite and magnesium perchlorate to remove traces of2O
nd CO2. The residual O2 in the gas was removed by fi
assing the gas through a column of copper turnings at 8
nd later, through two columns of magnesium chips at 7
298 K for nitrogen gas). The oxygen partial pressure in
as stream was monitored at all times, by passing the o

ig. 2. The schematic diagram of the argon and nitrogen gas cleaning s
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ing gas from the cell furnace containing the cell through an
oxygen meter. The oxygen meter employed was built in the
present laboratory using a ZrO2–7.5 mol% CaO electrolyte
tube with a slow stream of dry air as the reference electrode
[13]. By carefully renewing the copper turnings and magne-
sium chips in the columns, the oxygen partial pressure in the
gas stream was maintained to be less than 10−17 Pa. In addi-
tion to the purification of the argon before admission to the
EMF apparatus, it was necessary to have internal getter for
oxygen inside the enclosure housing of the cell. A titanium
sponge placed in the path of the argon gas near the electrode
served as the internal oxygen getter.

The molybdenum shield mounted inside the reaction tube
was connected to ground potential in order to protect the
cell from stray electrical disturbance. This shield served as
an additional oxygen getter as well. The temperature of the
cell was measured by a K-type thermocouple positioned un-
der the cell. The thermocouple was calibrated against the
melting point of pure gold. The reaction tube was closed at
both ends with water-cooled copper lids provided with O-ring
seals. The cell leads, the gas inlet and outlet tubes, as well as
the thermocouple sheath, were taken out of the reaction tube
through O-ring seals. The cell EMF was measured, to an
accuracy of±0.01 mV, by a digital Newport millivoltmeter.
The reversibility of the cell was confirmed by polarizing the
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and prepared as indicated above. Visual examination of the
sintered electrodes did not show any sign of oxidation. An
analysis of the carbon content of the alloy electrode after
sintering showed that there was no carbon loss during the
preparation of the electrode.

2.4. EMF measurement procedure

After the cell was mounted inside the reaction tube, the
system was evacuated at 423 K for 12 h at a pressure of 1.0 Pa
to remove the moisture absorbed in the ceramic components
around the cell. This vacuum-drying process was found to be
of great importance in improving the accuracy of the EMF
measurement. When the oxygen sensor, that monitored the
partial pressure of oxygen in the outgoing gas, showed a value
less than 10−17 Pa, the furnace was started. The cell temper-
ature was raised to 1073 K over a period of 4 h. While the
time needed for the cell to obtain equilibrium was about 48 h
in the first heating, the equilibrium time thereafter changed
with temperature. In general, the EMF values were consid-
ered to be stable if they were constant within±0.2 mV over
a period of 3 h. The measurements were made at tempera-
ture intervals of about 30 K, and the cell was taken through
several temperature cycles. Each measurement lasted about
8 days. The cell measurements were repeated in a number of
c lues
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ell periodically and confirming that the cell returned to
quilibrium state.

.3. Preparation of alloys and electrodes

Fine powders of Mn, Ni and graphite were mixed in
uired proportions (the mass ratio is shown inTable 1) to get

he desired compositions. The mixtures were pressed
ellets, placed in alumina boats and sintered at 1273 K
eeks under a stream of purified nitrogen gas at 1 atm
amples were cooled in the furnace. Some of the sam
ere crushed and ground well to prepare the electrodes
amples for X-ray diffraction (XRD) and scanning elect
icroscopy (SEM) examination were heated at 1123
atm N2 gas and held for 336 h and then quenched in li
itrogen. The quenched samples were examined by XR
onfirm the existence of the expected phases and by
o analyze the equilibrium phase compositions. The sam
ere analyzed for carbon by the combustion method u
LECO carbon analyzer and the carbon contents obt
ere within±3% of the weighed in amounts.
The alloy powders were mixed with MnF2 and CaF2 in the

eight ratio of 75:15:10. The mixtures were compacted
ylindrical pellets with a diameter of 16 mm and a thickn
f 3 mm (3–4 g). In view of the hygroscopic nature of
lectrode components, all the above operations were c
ut in a dry argon glove-box. The pellets were sintere
oron nitride crucibles at 1173 K for 4 h in an atmospher
urified argon before being mounted in the galvanic cell.
eference electrodes, consisting of fine powders of pure
nF2 and CaF2, were also mixed in the mass ratio of 75:15
ases in order to check the reproducibility of the EMF va
btained previously.

. Results and discussions

.1. Phase composition and microstructure

The phase compositions of all the alloys anneale
123 K were analyzed by use of the XRD method
ig. 3(a–c), the XRD patterns of the MNCN-11, MNC
3 and MNCN-42 alloys are shown. It can be seen f

he figures that the main phases in the MNCN-11 ar�-
MnNi), (Mn,Ni)4N and (MnNi)23C6. The main phase
n the MNCN-33 and MNCN-42 alloys are�-(Mn,Ni),
Mn,Ni)7C3, graphite and (Mn,Ni)4N. The main phases of a
he other studied alloys, identified by XRD at room temp
ure, are listed inTable 1. The microstructure of the MNCN
1 alloy annealed in 1 atm N2 at 1123 K/336 h is shown
ig. 4(a and b). InFig. 4(a), the light grey matrix phase are�
nd M4N (M denotes the mixture of Mn and Ni), the rou
eep-grey phase are M23C6, and the black droplets are ca

ies. As shown inFig. 4(b), the nitride phase M4N was formed
n the solid solution of Mn and Ni. The microstructure of

NCN-33 alloy is shown inFig. 5(a and b). InFig. 5(a), light
rey matrix phases are� and M4N, the black phase is M7C3,

he dark areas are cavities. It can be seen fromFig. 5(b) that
he nitrogen could dissolve into the solid solution phase
orm nitride particles with the formula M4N. The phase com
ositions were analyzed by electron microprobe JEOL 89
nd JESM 840. Experimentally determined phase com
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Fig. 3. The XRD patterns of the MNCN-11, MNCN-33 and MNCN-42
alloys quenched at 1123 K. (a) MNCN-11 alloy, (b) MNCN-33 alloy, (c)
MNCN-42 alloy.

tions in the Mn–Ni–C–N system annealed in 1 atm N2 at
1123 K/336 h are shown inTable 3. Chemical composition
is given in site fractions of metal componentsyMn andyNi
(yi = xi/(xMn + xNi); xi molar fraction of element). As can be

Fig. 4. Microstructure of MNCN-11 annealed in 1 atm N2 at 1123 K/336 h.
(a) The light-grey matrix phases are� and M4N, the round deep-grey phase
is M23C6, the black droplets are cavities; (b) the magnification photo of the
light-grey matrix phase in (a).

Table 3
Experimentally determined phase compositions in the Mn–Ni–C–N equilib-
rium system annealed in 1 atm N2 at 1123 K/336 h

Specimens Phases yMn yNi

MNCN-11 � 0.872 0.128
M23C6 0.988 0.011
M4N 0.918 0.082

MNCN-13 � 0.633 0.367
M23C6 0.989 0.011
M4N 0.915 0.085

MNCN-21 � 0.653 0.347
M23C6 0.989 0.011
M4N 0.917 0.083

MNCN-22 � 0.596 0.404
M7C3 0.982 0.018
M4N 0.929 0.071

MNCN-33 � 0.514 0.486
M7C3 0.975 0.025
M4N 0.934 0.066
Graphite 0.000 0.000

MNCN-42 � 0.518 0.482
M7C3 0.977 0.023
M4N 0.945 0.055
Graphite 0.000 0.000

Chemical composition is given in site fractions of metal componentsyMn

andyNi (yi = xi/(xMn + xNi ); xi molar fraction of element).
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Fig. 5. Microstructure of MNCN-33 alloy annealed in 1 atm N2 at
1123 K/336 h. (a) The light grey matrix phases are� and M4N, the black
phase is M7C3, the dark phase is cavities; (b) the magnification photo of the
light-grey matrix phase in (a), the deep-grey droplets are M4N.

seen fromTable 3, the site fractions of Mn and Ni in M23C6
or M7C3 are nearly constant in the different alloys. Further,
the solubility of Ni in the carbides is quite low and the value
is less than 2%. The solubility of Ni in the M4N phase is
about 6–8%. Mn and Ni can form continuous series of solid
solutions in the quarternary alloys. The nitrogen content in
the nitride for alloys MNCN-13 and MNCN-21 is shown in
Table 4. The molar fraction of N in the M4N is about 0.09
for both of the alloys. The compositions of nitrides in the two
different alloys were quite similar and they are close to the

Table 4
The phase compositions of MNCN-13 and MNCN-21 alloys annealed in
1 atm N2 at 1123 K/336 h

Specimens Phases xMn xNi xC xN

MNCN-13 � 0.62 0.36 0.02 –
M23C6 0.86 0.01 0.13 –
M4N 0.76 0.07 0.08 0.09

MNCN-21 � 0.64 0.34 0.02
M7C3 0.88 0.01 0.11
M4N 0.78 0.07 0.06 0.09
Graphite 1.00

Analyzed by electron microprobe JEOL 8900R, in mole fractionxi.

stoichiometrical composition of Mn4N. It can be seen from
the XRD and SEM analyses results that alloys MNCN-33 and
MNCN-42 are in the same four-phase region and the phase
compositions are independent of the alloy composition in this
region of the Mn–Ni–C–N quarternary system.

3.2. Thermodynamic activities of Mn in Mn–Ni–C–N
alloys

It is assumed that the standard state for Mn is pure�-Mn
in the calculation of manganese activity. The experimentally
determined EMF values in the temperature range from 940 K
to 1127 K for the different alloys are presented inTable 5.
It is to be noted that the EMF values inTable 5are the av-
erage values of a number of measurements during several
heating and cooling cycles for all the experiments with the
particular alloy. The standard deviation was found to be less
than±1.6 mV. The activities of Mn in the Mn–Ni–C–N al-
loys have been calculated by usingEq. (5)and the calculated
results are shown inFig. 6. The three points corresponding
to alloy MNCN-11 at 1094 K and 1095 K are values repeated
after a temperature-cycling from 1094 K down to 952 K and
then back up to 1095 K. It can be seen that the experimental
values measured at 1094 K and 1095 K are in good agree-
ment with each other confirming that the experimental results
w um.
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he MNCN-11 alloy in the range of 952–1126 K. The sim
elationship between the activity of Mn and temperature
he other alloys can be seen fromFig. 6. The activities of Mn
or alloy MNCN-33 fall very close to those for alloy MNCN
2, as can be seen inFig. 6. The largest difference betwe

hese two sets of values at the same temperature is les
%. It is reasonable to assume that these two alloys a

he same four-phase region and the activities of compo
re independent of the alloy composition in this regio

he Mn–Ni–C–N quarternary system. This result is in c
ormity with the phase composition analysis inSection 3.1.

ig. 6. Plots of activity of Mn against the equilibrium temperature of
elected alloys.
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Table 5
The experimental results of EMF (mV) measured at the temperature range from 941 K to 1127 K for the Mn–Ni–C–N alloys

MNCN-11 MNCN-21 MNCN-22 MNCN-33 MNCN-42

T (K) EMF T (K) EMF T (K) EMF T (K) EMF T (K) EMF

952 38.13 945 53.00 944 60.01 941 69.95 953 71.49
984 38.89 973 51.37 971 58.98 969 70.16 976 71.56

1014 38.35 1002 49.63 1010 57.39 998 69.66 1006 71.52
1041 38.01 1031 47.92 1042 56.13 1027 69.61 1038 71.42
1066 39.53 1059 46.32 1071 55.73 1051 69.72 1065 71.31
1094 39.61 1089 44.44 1087 53.20 1078 70.05 1092 71.19
1094 38.36 1114 41.39 1094 51.69 1109 68.87 1122 70.99
1095 37.48 1127 50.86
1126 35.99

The agreement of Mn activities for the alloys MNCN-33 and
MNCN-42 in two different measurements also demonstrates
that the experimental results are quite reproducible.

To identify the phase transformation of the alloy dur-
ing the EMF measurements, differential thermal analysis
(DTA) was carried out in the temperature range 298–1373 K.
Fig. 7 shows the DTA curves for the alloys MNCN-11 and
MNCN-33. There is one endothermal peak at 1126 K for al-
loy MNCN-11 and it is related to the phase transformation

F
M

of solid solution� → �. In alloy MNCN-33, there are two
peaks in the DTA curves. The endothermal peak at 933 K is
likely to be caused by the transformation� → � and the peak
at 1235 K is due to� → �. The DTA curves for other alloys
have not been included in this paper, but the corresponding
endothermic-peak temperatures are shown inTable 6. Further
experimentation by alloy-quenching method is needed to get
detailed phase change information.

3.3. The effect of N on the activity of Mn

The activities of manganese for the alloys MNC-11 (MNC
is the abbreviation of the matrix alloy of Mn–Ni–C system
which has not been reacted with nitrogen) and MNCN-11
are shown inFig. 8. In this figure, the Mn activities in MNC-
11 are higher than the values in MNCN-11. The addition of
N to the Mn–Ni–C ternary alloys decreases the activity of
manganese. The negative effect of N on the activity of Mn in
the quarternary system Mn–Ni–C–N does, however, decrease
as the carbon content increases. When the alloy was saturated
in the carbon and graphite existed as a stable phase in the
alloy, the effect of N on the activity of Mn is not significant.
Fig. 9 shows the activities of Mn measured in the matrix
alloy MNC-42 and nitrided alloy MNCN-42. The activities
of Mn in the unnitrided alloy MNC-42 are quite close to
t %
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f

T
T ssible
p

S

ig. 7. DTA curves of alloys MNCN-11 and MNCN-33. (a) MNCN-11, (b)
NCN-33.

M
M
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hose in the nitrided alloy MNCN-42 with only maximum 2
ifference. This result shows that the solubility of nitroge

he carbon-saturated alloys is very low. The standard G
ree energy of formation per mole Mn,�G0

m,Mn, for Mn7C3,

able 6
he endothermic peaks in the DTA curves for the alloys and the po
hase transformation

ample no. Phase transformation and temperature,T (K)

� → � � → � � → �

NCN-11 1126
NCN-13 929 1096 1247
NCN-21 1101 1286
NCN-22 925 1276
NCN-33 933 1238
NCN-42 981 1141 1276
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Fig. 8. Plot of manganese activity against temperature for the MNC-11 and
MNCN-11 alloys.

Fig. 9. Plot of manganese activity against temperature for the MNC-42 and
MNCN-42 alloys.

Mn5N2 and Mn4N in the temperature range of 300–1200 K
is shown inFig. 10. It can be seen fromFig. 10 that the
Mn7C3 is more stable than the manganese nitrides when the
temperature is over 800 K, while the manganese nitrides are
more stable than manganese carbides below 800 K. Thus, the
interaction between Mn and N is likely to be weaker than

Fig. 10. The standard free energy of formation per molar Mn for Mn7C3,
Mn5N2 and Mn4N in the temperature range of 300–1200 K.

that between Mn and C at higher temperatures. As a result,
when the carbon content in the alloys is low, (Mn,Ni)4(N,C)
could form during the nitridation process. When the carbon is
saturated and the graphite existed in the alloy, the manganese
would preferentially combine with carbon and the formation
of (Mn,Ni)4(N,C) phase would be hindered. This result is
demonstrated by the XRD analysis, as discussed earlier. The
main phase of alloy MNCN-11 was (Mn,Ni)4(N,C), while
in alloy MNCN-42, only small amount of nitride phase of
(Mn,Ni)4N could be detected by the XRD analysis.

4. Conclusions

The Mn–Ni–C–N alloys have been prepared by N2 gas
nitridation process with the Mn–Ni–C alloys. Electromotive
force measurements were carried out in the temperature range
940–1127 K by solid-state galvanic cell technique with CaF2
as the solid electrolyte. It was established that the solubilities
of nitrogen in the alloys were affected by the carbon con-
tents. The XRD results show that a (Mn,Ni)4(N,C) nitride
was formed during the nitriding procedure in the alloys. The
site fraction of Ni in the nitride compounds is about 0.08. The
site fraction of Ni in M23C6 is about 0.011 and that in M7C3
is about 0.025. The addition of N to the Mn–Ni–C ternary
a How-
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[ 989)
lloys was found to decrease the activity of manganese.
ver, in the case of carbon-saturated alloys, the effect
n the activity of Mn is insignificant. The thermodynam
ata obtained by this study will be used in the assessme
n–Ni–C–N quaternary system.
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