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ABSTRACT 

The processes of formation and some thermochemical and equilibrium proper- 
ties for the c-phase (z Mn,N) and the i-phase (z Mn,N,-Mn,N) have been in- 
vestigated. Thermochemical analysis of these phases was made in both oxidizing and 
inert atmospheres. The investigations were made using TG, DTG and DTA tech- 
niques in the temperature range 25-1030°C. 

INTRODUCTION 

In the Mn-N system the two lowest nitride phases are known’ - 3 to be the 

s-phase and the c-phase. Below 400°C the s-phase has a narrow homogeneity range 

and is denoted by an ideal formula Mn,N. The i-phase is found’ to have a broader 
homogeneity range below 400°C. Its limiting compositions approsimately correspond 
to MnSN, and Mn,N. Recent equilibrium measurements5-’ combined with high 
temperature XRD indicate that: (I) the s-phase decomposes to the i-phase at 8S2”C 
and 18.6 at. y/, N, (2) a N-poor <‘-phase may be distinguished as well as the established 

c-phase, (3) these phases have a broad homogeneity range above 9OO”C, and (4) a 
second order phase transition c e <’ takes place. The process of formation of E and 
5 has been deait with insome investigations’-” where the N, uptake by Mn is studied 
at various temperatures, times and metal grain sizes. However, these have given 
inconsistent information, particularIy concerning the N content in Mn as a function 
of temperature and PNr. 

The preparation of the two phases is thus frequently performed on an empirical 
basis, e.g. by treating Mn metal of a certain granulation by Nz gas or NH3-H2 
mixtures at selected temperatures and times’ I- ’ 4. The purpose of this work has been 
to investigate, using the techniques of TG, DTG and DTA, the process of formation 
of these phases and to find definite possibilities of their preparation at PNz = 1 atm 

and lower. 
Another aim of the investigation has been to determine the thermochemical 



12s 

properties of these phases in oxidizin g and inert atmospheres for identification 

purposes. 
‘The Mn-N phases are used as additives in commercial steels. Also, these nitride 

phases can also be precipitated in steels: i.e. durin g hardening processes. Knowledge 
of their thermochemical properties is thus of considerable importance, e.g. for identifi- 
cation of second phase residues by the TG-DTA technique. 

EXPERIMENTAL 

A microthermobalance (Mettler TAI)’ ’ equipped with DTA and DTG units 
was employed_ The experimental parameters used were as follows: crucibles of 
s-platinum and/or sintered alumina; TG-DTG-DTA sensitivity: 5 s IO- ’ g-10 mg 

min-’ -50, 100 !tV; Pt-Rh thermocouples; temperature control: & I .5 ‘C; sases used: 

air, AR (SR), N,(SR); gas fiow: approximately 5 I h-l_ 

In studying the formation of the nitride phases, the Mn metal powder (99.9 yi, 

granulation: 1-15 I_(, 700-1000 mg) was nitrided in Nz (g) at heating (coolingr) rates 
4-15°C min-’ in the range 25-1050°C and also at some selected constant tempera- 
tures. A series of equilibrium measurements was performed6* ’ at various constant 
temperatures (600-1030°C) and at PNZ in the range 3.5-750 mm Hg. The nitride 

phases were prepared by usin g the results of these measurements and by the TG- 

controlled nitridation of Mn. 
In the oxidation studies the nitride samples (lo-20 mg) were treated in air at 

heating rates 2-10°C min-’ in the range 25-1OOO’C. In the inert atmosphere (Ar) 

the nitride samples (200-300 mg) were heated at 10-l 5’C min- ’ up to 1050°C and 
at 1000°C for approximately 10 h. The thermal reactions were evaluated by means 
of the recorded TG, DTG and DTA curves together with X-ray diffractometry. The 
enthalpy of reactions (AH) was estimated with the aid of the DTA peak areas. 

K2S0, or BaCO, were used as the thermoactive reference substances. They were 

chosen so as not to interfere with the thermal effects of the samples. The mean value of 

at least three endothermal peak areas recorded in one run has been used. The mean 

deviation was approximately 5% for these references. Corrections for the enthalpy 

variations with temperature were made according to ref. I6 (eqn. I). 

RESULTS 

Fortnatiotz of the nitride phases 
Figure 1 shows a thermogram obtained after nitriding the Mn powder in 

N,(g) at atmospheric pressure. The nitriding process was carried out in three steps. 

- . (1) In the range 25870°C the heating rate was 10 “C min- *. The nitrogen 

up@ce (TG curve) is seen to occur up to approximately 845°C. Above this tempera- 

ture N was driven off at this heating rate. 

(2) The temperature was decreased (10 “C min- ’ ) to 600 “C and more nitrogen 

was then taken up by the specimen. 



Fig. 1. Nitriding of Mn powder to 103O’C at Psz = 1 atm. 

(3) The sample was heated at 15 “C min- ’ in the range 600-1030°C. The 
specimen started to give off nitrogen after reaching approximately 740°C. 

At 1030°C the run was interrupted and the specimen was allowed to cool 
down to 25°C. Despite the rapid cooling it may be seen that a large amount of N was 
taken up at temperatures down to approximately 650°C. In step (1) the DTA curve 
shows an exothermal peak in the range 470-780°C. The weight gain in this tempera- 
ture region corresponds to the formation of the s-phase. The molar ratio of Mn was 
found to be 4 to 0.97-0.99. 

In the range 60%665’C an endothermal peak appears to be superimposed on 
the exothermal one. The DTG curve indicates a decreased rate of N uptake in the 
temperature region of tflis peak. An endothermal DTA peak is obtained in step (3) 
between 735 and 960°C. The N content of the specimen at 96O’C corresponded to 
approximately 20.3 at. “/,. 

At heating rates S-15°C min-’ step (1) had a similar appearance on the 
thermograms, the superimposed endothermal process begins at 605 i 3°C. The 
amount of N taken up by the specimen in reachin g this temperature varied with 
heating rate: 6.8, 9.9 and I l-2 at. x at 1.5, 10 and 8 “C min-‘, respectively. 

X-ray examination of the specimen with the N content lower than 20 at.% 
showed the presence of s-phase and x-Mn. Above 20 at.% reflections due to the 
j-phase appeared. 

The reaction enthalpies have been estimated with the aid of the known transi- 

tion heats of KzSOl and BaCO,. In step (1) the DTA base line has been approxi- 
mated over the region of the endothermal peak (Fig. I)_ The exothermal peak is 
related to the reaction 

4Mn(s) -!- 1/2Nz(g) + Mn,N(s) 

The AH value is -27 i 2 kcal mole-’ Mn,N at heating rates of 8 and 10°C min-‘. 
The enthaipy value correspondin g to the endothermal peak at 605°C was found to 
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Fig. 2. Nitrogen uptake per 1 g Mn powder at (A) gradually decreased constant temperatures 
- (750-55O’C) and (B) 550X. 

be 0.44 + 0.01 kcal and 0.40 2 0.01 kcal mole-’ of the total amount of Mn, at 
10 and 8OC min- ‘, respectively. Tn step (3) the endothermal release of N occurred 
in the region of the c-phase’. Only the section of the DTA peak corresponding to 
the weight change in the reaction Mn,Nz(s) -+ 5/4Mn,N(s) -j- 3/8N,(g) was con- 
sidered. The LI H value was 7.5 5 1.5 kcal mole-’ Mn,N, at 15°C min-I. 

Figure 2 shows the weight gain of 1 ,e Mn powder as a function of time in 
Nz(g). The weight curve (A) was obtained by holding the specimen successively at 
the temperatures which produced the highest rates of N uptake. These temperatures 
are indicated in the Fig. 2. The weight curve (B) resulted when heating the Mn 
powder continuously at 10 “C min- ’ to 750 “C, then cooling and holding the specimen 
at 550°C. The N uptake is seen to be a linear function of time at this constant tempera- 
ture. The amounts of N correspondin g to the stoichiometric compositions Mn,N, 
Mn,NZ and Mn,N are indicated by the dotted lines. The weight curve (A) is shown 
to approach the c-phase region after approximately 20 h. This should be compared 
to about 130 h for the weight curve (B) at 550°C. 

Figure 3 shows the equilibrium amounts of N (in at_%) as a function of 
temperature at some selected P,, (750, 208 and 47 mm I-Q). The compositions corre- 
sponding to Mn,N and MnsN, are also indicated. The isobar at 750 mm Hg is shown 
to decrease linearly with increasing N content (at. %)_ The variation of the isobaric 
solubility of N in the E-phase is seen to be only slight up to approximately 800°C. 
Further details concerning these measurements are given elsewhere6. 



131 

47 208 750 mm Hg 

600 - 

15 20 25 30 

At-% N’ 

Fig. 3. Equilibrium N content (at. oi/o) in Mn as a function of temperature at 47, 208 and 750 mm 
Hg N pressure. 
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Fig. 4. Times required to attain equilibrium after increasing the temperature (15T min-l) between 
two consecutive values, as a function of temperature at 750 mm Hg N pressure. 
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In performing these equilibration runs the times required to attain equilibrium 
varied, as expected, with temperature. Figure 4 shows these times observed at 750 mm 
Hg N pressure as a function of the equiIibration temperatures. The temperature was 
increased by 40°C at 15 “C min- ’ between the consecutive equilibration values. 
Above approximately 830°C the largest part of the weight loss occurred during the 
increase of temperature_ Below this temperature the equilibration time was consider- 
ably dependent on the equilibration temperature. 

Preparation of the single nitride phases 

(1) The E- and c-phases of stoichiometric composition may be prepared with 

the aid of the isobar at 750 mm Hg N pressure (Fig. 3). As indicated the N content 
corresponding to Mn,N and MnSN, is obtained by equilibration at 960 and 612”C, 
respectively_ The specimens are then cooled rapidly below approximately 500°C in 
order to prevent an excessive uptake of N. This uptake may be considerable at high 
temperatures and small Mn grain sizes (see Fig. I ). 

Extrapolation of this isobar below 600°C in the c-phase region suggests that 
Mn2N can be obtained at 427°C. The rate of N uptake below 5OO”C, however, 
appears to be extremely low at 750 mm H,. = Several hundred hours seem to be neces- 
sary for the attainment of equilibrium for the Mn grain size used. 

(2) At PNz in the range 50-200 mm Hg and equilibration temperatures lower 
than approximately 800°C the s-phase may be prepared with the N content of 
approximately 19-20 at. “/‘, (Fig. 3). 

(3) Phases with the stoichiometric compositions Mn,N and MnSN, can, of 
course, be prepared in N,(g) by the TG-controlled introduction of N into Mn powder. 
The specimen may then be heated, e.g. for 1 h at 500°C in an inert atmosphere to 
remove possible N concentration gradients within the grains. 

According to these methods (preferably (3)) the stoichiometric phases (Mn,N, 
Mn,N,) have been prepared. Their X-ray patterns were in accordance with those 
given in the ASTM card index. 

Thermal analysis in air 

The specimens were oxidized preferentially at heating rates of 4-8°C min-‘. 
The appearance of the thermograms for Mn,N and Mn,N, was very similar. Figure 5 
shows a typical thermogram for Mn,N (4°C min-‘; 100 /tV; IO mg min-I). The 
thermal reactions could be interpreted with the aid of X-ray analysis and thermo- 
gravimetrical calculations in the folIowing way. The exothermal reaction appearing 
in the range ca. 340-750°C on this thermogram corresponds to a complete oxidation 
of Mn,N according to 

Mn,N + 30, ---, 2Mn,O, + l/2Nz. 

The endothermal reaction (ca. 900-980°C 10°C min- ‘) is that of the decomposition 
of Mnz03 to Mn30,. As indicated, Mn,O, can be re-oxidized (ca. 2 h at 750°C) 
and the decomposition can be reproduced_ The temperature of departure of the DTA 
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Fig- 5. Oxidation of MIXIN in air up to ]@JO”C at 4’~ min-1. 
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curve from the base Iine for the oxidation reaction was found to be 325 & 5°C 

(6-8°C min- ‘) and 340 f 5 “C (4’C min- ‘) for Mn,N and 340 + 5 “C (6-8 “C min-‘) 

for Mn,N2. As expected, it was somewhat higher at a lower heating rate (Mn,N). 
The temperature of maximum reaction rate, as indicated by the DTG curve, appeared 
to coincide with that of the DTA curve for this reaction. The values of this temperature 
were essentially independent of the heating rates employed. They corresponded to 
517 ,L 3°C and 525 & 5°C for Mn,N and Mn5N2, respectively. The reaction enthal- 
pies were preferably estimated using the corrected value’ 6 of the decomposition 
enthaipy of Mnz03 to Mn,O,. As indicated in Fig. 5, these decompositions could be 

reproduced to obtain a statistically satisfyin g calibration value. The enthalpies of 

oxidation to Mn,O, were found to be -403 f 15 kcal mole-’ Mn,N and -489 
+ 15 kcal mole-’ MnSNz. 

Themal mlalysis in argon 
Initiation of decomposition of Mn,N and MnSN, was observed at ca. 600°C. 

The reaction then started quantitatively (DTG base line departure) at 650-660°C. 
On further heating the decomposition process differed between Mn,N and Mn,N?. 
Figure 6 shows a thermogram obtained for Mn,N, at 10°C min- I. An endothermal 
DTA peak may be seen between 658-963 “C. The N content of the specimen decreases 
from 28.6 (Mn,N,) to 15.8 at. % in this temperature range. 

In evaluating the enthalpy change from this peak the partial DTA area, which 
according to the TG-change corresponded to the reaction of < to E 

Mn,Nz(s) --f 5/4 Mn,N(s) + 3/8 N,(g) 
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Fig. 6. Decomposition of MnsNz in argon up to IOOO’C at IO’C min-1. 

___--_-_-- 

---___ 

Fig. 7. Decomposition of_MnaN in argon up to IOOO’C at 10°C min-l. 

was considered. Using K2S0, as the reference substance this value was found to be 
8.0 If 1.5 kcal mole-’ Mn,N2_ A thermogram obtained for Mn,N at 10°C min-’ 
is shown in Fig. 7. Unlike the Mn,N, decomposition, no marked response from 

DTA appeared when the reaction rate (DTG) started increasing. Only an endothermal 

deflection of the DTA base line was observed while the DTG response displayed a 
local maximum at SlO”C. However, at 872°C a sharp endothermal DTA peak ap- 
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Fig. 8. Nitrogen loss per 1 mmole Mn4N as a function of time up to 1OOO’C (IO’C min-1) and at 
1OOO’C. 

peared. During this response the reaction rate increased to about twice the maximal 
value at 810°C. It was then nearly constant up to 1000°C. As rhe decomposition 
kinetics varied slightly in different runs the initiation of this DTA peak varied in the 
range 870-880 “C. 

Figure 8 shows the weight loss per 1 mmole Mn,N vs. time plot when Mn,N 
was decomposed at 1000°C. The heating rate up to 1000°C was 10 “C min- ‘. The 
dotted line indicates the weight loss corresponding to the complete decomposition 

of Mn,N to Mn(s) and N,(g)_ It follows from Fig. 8 that the weight loss curve 
virtually stabilized after approximately 8 h. It then converged towards a definite, 
rather than zero, N content. After heating for approximately 10 h at 1000°C the N 
content was 2.5 at. %. 

DISCUSSION 

The formation of interstitial solutions or compounds such as the E- or c-phase 
involves diffusion of N atoms or ions through the Mn particles. The mobility of N 
within the Mn metal can be expected to be low in the initial stages of nitridation 
(450-650°C). This will result in the establishment of a N concentration gradient. 
The phases present at a certain temperature may then be all of those which are stable 
at this temperature and PNL = 1 atm, as schematically outlined in Fig. 9 (T > 600°C). 

The phase studies collected in the diagrams’. 2 suggest that, initially, the N 
solution in xc-Mn and an increasing amount of the E-phase are mainly present in the 
specimen below 605°C. The endothermal DTA response at 605 -& 3 “C then seems 
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Fig. 9. Schematic proYe of a Mn particle showing the phases which may be stable within certain 
regions of N pressures when nitriding at Ps, = 1 atm and the temperature above 6OO’C. 

to indicate the phase transition of z-Mn. This transition temperature can be re- 

prcducibly obtained. At different heating rates the DTA response is observed at 

total N contents in the range 6.8/l 1.2 at. “/, (corresponding to ca. 40-70 mole ‘A 

a-Mn). These responses thus seem to define the phase boundary line for x-Mn. 

As suggestedZY 4, this transition should be that of a-Mn to J?-Mn. This is in 

accordance with ref. 2 where the boundary is placed at 600°C. The E- and p-phases, 

however, have been shown’ to coexist within a small temperature region (ca. 25°C). 
The P-phase is then expected” 3* ‘* ’ to transform to the y-phase. At the high heating 

rates used a large part of the transitions r -+ /I + y may occur simultaneously. This 

is suggested by the estimated transition enthalpies. The enthalpy for sl -+ /i’ extra- 

polated’ ’ to 605 “C is 0.50 kcal mole-‘. The value obtained for extrapolation at the 

heating rate of 10°C min- ’ _ IS 0.44 kcal. However, the amount of r-Mn at this tempe- 

rature and heating rate is less than 50 mole 7;. The AH value is therefore almost 

twice as large as that expected_ This indicates that still another transition (/I + y) 

will be involved. 

After compIetion of these transitions the formation of the s-phase will occur 

between g-Mn and N,(g). The uptake of Nz(g) by the specimen with the N content 

above that corresponding to the s-phase is, of course, dependent on the heating rate. 

The uptake is interrupted when the equilibrium temperature for a given N content 

(Fig. 3) is reached in the surface region of the specimen. 

in decomposin g MnsN, in Ar(g), the process occurs smoothly while a sharp 

increase in decomposition rate is observed for Mn,N at 870-880°C. Consideration 

of this part of the equilibrium Mn-N diagram’ (see also Fig. 3) clearly suggests 

that the s-phase becomes unstable at these observed temperatures and the observed 

total N contents in the samples. Because of the high mobility of N within Mn metal 
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at these temperatures (see Fi,. u 4) the N content at a given temperature may be close 

to that at equilibrium. 

A complete removal of N from Mn does not seem to be possible in Ar(g) at 

1000°C (Fig_ 8). This is in accordance with a similar observation in H,(g) at 1200°C’ 8. 

Some nitrogen may tend to remain in solution, stabilizing the metal structure at this 

temperature. 

The reaction enthalpies of Mn,N and Mn,N, obtained from the DTA peak 

areas should be comparable with the reported values after making the necessary 

corrections for their variation with temperature. The standard values for Mn,N 

and Mn,N, (25°C) determined from their enthalpies of oxidation to Mn,Oj (bomb 

calorimetry)’ ‘9 ’ ’ are -30.3 &- 0.4 and -48.2 + 0.6 kcal mole- ‘. A more recent 

work” yields -30.75 and -48.8 kcal mole-’ at 25°C. The temperature variations 

of these enthalpies are given’ 9* 21 for the temperatures up to 1500 K (Mn,N) and 

800 K (Mn,N?). A plot of these enthalpies vs. temperature suggests a moderate and 

nearly linear decrease for Mn,N (-29.75 kcal at 900 K)’ ‘. According to ref. 21 the 

enthalpy decreases more rapidly (- 27.95 kcal at 800 K). The expected d H values 

are calculated * 6 using the TG curve in Fig. 1 for the reaction 

4r-Mn(s) + l/2 Nz(g) = Mn,N(s) 

In the observed range 47&78O”C they are -29.8 ’ 9 and - 27.5 21 kcal mole-’ Mn,N. 

The experimental enthalpy should be expected to be larger than these values by 

approximately 2 kcal. In the run shown in Fig. 1 (10°C min- ‘) approximately 500! 
of the reaction occurred with the higher Mn-phases (p, y)“_ The heat released 

during this reaction was probably given off mainly into the surroundings. HoweverT 

a part of it would have been consumed in heatin, 0 up the specimen. It may be roughly 

assumed that the molar heat capacity C, z 3 R and 4.5 moles react on average. For 

the reaction range 470-780°C the heat absorbed is then as large as 8.3 kcal mole-’ 

Mn,N or approximately 30:/ of the total reaction enthalpy. The experimental 

enthalpy obtained from DTA (- 27 k 2 kcal) is lower by 2-4 kcal than the expected 

one. A partial adsorption of heat by the specimen may thus be responsible for this 

dif?erence. 

For the decomposition of Mn,N, no expected d H values are calculated. Above 
approximately 600 K the enthalpy of formation of Mn,N, is found to decrease in a 

non-linear manner21. The necessary extrapolation above 800 K is thus very unreliable. 

The decomposition enthalpies obtained from DTA may be comparable with that of 

the decomposition of the stoichiometric < to E (Mn,N,(s) --) 5/4Mn,N(s) + 

WN,(g)). Th e enthalpy value for this reaction is 10.3 kcal at 25 “C’ 2. The experi- 

mental enthalpies for the decomposition in Ar(g) (8.0 + 1.4 kcal) and N,(g) (7.5 + 

2.5 kcal) are mutually in good agreement and they are in the same order of magnitude 

as the above d H value. 
The expected AH values for the oxidation of the nitrides to Mn,O, were 

calculated’ 6 using the TG curves of the runs at 6 “C min- * from the data’ ‘7 lg. 21. 

Comparison of these values, -401 kcal mole-’ Mn,N and -49 1 kcal mole-l 
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Mn5NZ, shows good agreement with the experimental ones (-403 & 15 and -489 -& 

15 kcal mole-‘). The enthalpies of formation of the nitrides comprise less than 10% 

of these enthalpies. The DTA evaluation from the oxidation enthalpies seems there- 

fore to only allow a very rough estimation of the enthalpies of formation for Mn,N 

and Mn,N,. 

ACKNOWLEDGEMENTS 

The author is very thankful to Professor N .-G. Vannerberg for valuable comments. 

Thanks are owed to Dr. Gordon DunIop for correctin, e the EngIish text. This work 

has been supported financially by the Swedish Board for Technical Development 

(Contract No. EKB-U-287-76/77). 

REFERENCES 

1 hl. Hansen and K. Anderko, Constitution of Binary Alloys, McGraw-Hill, New York, 2nd edn., 

1958, p_ 936. 
2 R. Juza, Adv. Inorg. Chem. Radiochem., 9 (1966) 88. 
3 G. Sh. Mamporyia, Soobshch. Akad. Naak Grrrz. S.S.R., 45 (196’7) 663. 
4 G. Hggg, Z. Physik. Chenz., Abt. B, 4 (1929) 346/B6 (1929) 229. 
5 H. Kudielka and H. J. Grabke, Z. hfetallkd., 66 (1975) 469. 
6 R. Pompe, J. Less-Comnrorr Met., to be published. 
7 R. Pompe, Stand. J. Metall., to be published. 
8 N. Tschischewski, J. Iron Steel Inst., Loildon, 92 (1915) 62. 
9 I. B. Baratashvili and V. M. Berezhiani, Soobshch. AX-ad. Naak Graz S.S.R., 27 (1961) 169. 

10 H. Zak and Z. Kulinski, Pr. Iust. fiatrriczych, 11 (1959) 83. 
11 0. G. Koch, Monatsh. Chem., 86 (1955) 868. 
12 A. D. Mah, J. Am. Chem. Sot., SO (1958) 2954. 
13 C. Brisi and F. Abbattista, Ric. Sci., 29 (1959) 1402. 
14 M. Mekata et al., J. Phys. Sot. Jpn., 21 (1966) 2267. 
15 H. G. Wiedemann, Cirem.-irrg.-Tech., 36 (1964) 1105. 
16 R. Pompe, Thermochim. Acta, 20 (1977) 229. 
17 I. Barin and 0. Knacke, Thermochemical Properties of Inorganic Substances, Springer-Verlag, 

Berlin, 1973. 
18 I-I. Fucke and M. MShrle, Tech. Mitt. Krupp, Forschlmgsber., 6 (1943) 75. 
19 A. D. Mah, US. Bar. Mines Rep. Invest. 5600, 1960, pp. 6, 7. 
20 D. D. Wagman, W. H. Evans, V. B. Parker, I. HaIow, S. M. BaiIey and R. H. Schumm, Nati. 

Bur. Stand. (U.S.), Tech. Note 270-4, 1969, p. 110. 
21 C. E. Wicks and F. E. Block, U.S. Bar. Mirzes Ball., 605 (1963) 75. 
22 A. H. Sully, Metalhtrgy of the Rarer Metals: 3, Manganese, Butterworths, London, 1955. 


