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Integral enthalpies of mixing of solid iron--manganese alloys have been 
obtained at 1 443 K, 1 073 K and 873 K using a modified Dench-type calorimeter. 
The modifications in calorimetric technique required to cope with the high 
volatility of manganese are described. Results are presented and discussed. 
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Mischungsenthalpien im Eisen--Mangan-System mittels direkter 
Reaktionskalorimetrie 

Mit Hilfe eines adiabatischen Kalorimeters des von Dench beschriebenen Typs 
wurden Mischungsenthalpien fester Eisen--Mangan-Legierungen bei 1 443 K, 
1 073 K und 873 K bestimmt. Die Modifikationen, die am Kalorimeter notwendig 
waren, um mit einem so fliichtigen Metall wie Mangan arbeiten zu kSnnen, sind 
beschrieben und die Ergebnisse diskutiert. 

Introduction 

Measured thermodynamic quantities for binary alloy systems are 
required to define quantitatively the stabilities of  alloy phases. Such data, 
together with phase boundary measurements,  provide the basis for 
thermochemical assessments which are used for example in computer  
calculations of  phase relations in mult icomponent  systems [1]. Over the 
past twenty years or so the technique of  high-temperature adiabatic solid- 
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state direct-reaction calorimetry has played an important role in the 
measurement of enthalpies of mixing for a wide range of transition metal 
alloy systems. Following the pioneering work of Dench with Kubaschewski 
[2] on Fe--Ni, Cr--Ni and Cr--Fe alloys in 1963, enthalpies of mixing of 
several other binary systems including Cr--Mo [3], Co--Ni [4], Cu--Ni 
[-5], Co--Fe [6], Fe--V [7], Co--V [8], Co--Cr [9], Mo with Fe, Co and 
Ni [10], Fe--Ti and Co--Zr [11] have been obtained via this technique. 
In addition a number of ternary systems, for example Au--Pd--Pt  [12] 
Co--Fe--Ni [13], Cr--Fe--Ni [14], Co--Cr--Fe [15] and Mo with Fe, 
Co, Ni [16] have also been studied in this manner. In this paper we 
describe the extension of this technique to the study of manganese alloys 
and we report our results for the iron--manganese system. Data for the 
Fe--Mn system are of interest since manganese is present to some extent 
in virtually all ferrous materials. Also, in recent years manganese has been 
used as a significant alloying addition in some commercial steel com- 
positions [17]. Thus, reliable data are required for all binary com- 
binations of manganese with alloying elements commonly used in steels. 

The literature contains several reports of Gibbs energy studies for the 
iron--manganese system [18-22]. However, as far as we are aware, there 
has been only one previous attempt to measure enthalpies of mixing of 
Fe--Mn directly, namely that by Kendall and Hultgren [23] who used acid 
solution calorimetry. They investigated four compositions on the iron- 
rich side of the system. From results obtained at 294K enthalpies of 
mixing at 1 400 K were calculated using heat capacity data. The aim of the 
present work was to obtain integral enthalpies of mixing for the solid 
phases in the Fe--Mn system by direct reaction in order to provide a 
sound basis for a full thermodynamic assessment of this system. The high 
volatility of manganese compared with that of other transition metals 
makes such measurements difficult and presents challenging problems to 
the experimentalist. Thus the calorimetric technique employed in the 
earlier work listed above had to be modified somewhat to cope with this 
problem. In addition, for a few experiments the calorimeter was modified 
further to enable specimens to be heated to temperatures above the 
liquidus curve to confirm complete reaction. 

Experimental 

Materials 

The materials used were (a) sponge iron powder grade MH 300.25 kindly 
supplied by Hoganas Ltd. (typical analysis H2-1oss 0.2%, C 0.01%, SiO 2 0.33%, 
Mn 0.05%, S 0.015%, P 0.015%) and (b) electrolytic manganese chips supplied by 
Alfa Products Ltd. (Mn 99.8%, S 0.02%, Fe 0.001%, Si 0.001%). The manganese 
chips were ground in a commercial hammer mill installed in a glove box swept by 
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high purity argon gas. All specimen powders were sieved and the fraction passing a 
45 #m sieve aperture was retained for calorimetric sample preparation. Surface 
oxide was reduced by heating the iron powder in a stream of purified hydrogen at 
773 K for one hour. Powders were weighed and mixed for 16 hours in a rotary 
mixer and compacted in a hardened steel die using a hydraulic pressure. 

The Calorimeter 

(a) General 

The design and operating principles of the calorimeter are similar to those 
described by Dench [-2, 24]. The calorimeter consists of the following parts: 
specimen capsule, specimen heater, adiabatic enclosure, furnace, water-cooled 
vacuum chamber and electronic control and measurement circuitry. A solid 
sample, consisting of about 0.8 of a mole, made by cold compaction of an intimate 
mixture of the component metal powders, is heated in the calorimeter under 
adiabatic conditions from a temperature T~, at which the rate of alloying is 
negligibly low, to a temperature T2, at which alloying goes to completion within 
about ten minutes. The electrical energy ql dissipated by the heater in this adiabatic 
heating operation during which the alloy is formed directly from the components is 
measured. In a separate experiment the energy q2 required to heat the component 
metals from Tl to T 2 without reaction is also obtained either (a) by experiment with 
a composite specimen in which the pure components are isolated from each other 
or (b) by calculation from the results of experiments with the pure components. 
The integral enthalpy of mixing of the alloy at T 2 is then obtained from the 
difference between the two energy inputs ql and q2 adjusted for one mole of alloy. 
In addition by measuring in a separate experiment the energy q3 required to heat 
the fully alloyed sample over exactly the same temperature range, one also obtains 
the enthalpy of mixing of the alloy at the safe temperature T~ from the difference 
between ql and q3- Heat inputs to the calorimeter were measured directly using a 
calibrated Joulemeter (Ferranti type FN12_+0.5%) and a constant voltage 
transformer (Advance Voltstat 12 V). Prior to experiments with F e - - M n  alloys, 
the satisfactory operation of the calorimeter was demonstrated by a series of 
measurements on F e ~ C o  alloys. Results were in good agreement with those given 
by Mi~Iler and Hayes [6 I. 

(b) Achieving Adiabatic Conditions 

Dench's original design [2] employed three differential thermocouples posi- 
tioned with their junctions in the equatorial plane of the specimen, symmetrically 
spaced at 120 degree intervals with one junction each immediately inside and 
immediately outside the adiabatic enclosure. These differential couples were 
connected in series and the net signal used to control the furnace current [24]. In 
the present work in which an electronic three term controller [Gulton, West 
Instruments, digital set point Viscount (DPID-T-U) in conjunction with a 
thyristor stack (Gulton, KR 12)1 were used, it was found after a series of 
experiments that better control was achieved when just one differential ther- 
mocouple was used rather than three. This enabled the other thermocouples to be 
used to assess the temperature distribution within the specimen. The results of 
these experiments showed (i) that all points situated at an equal distance from the 
central axis of the calorimeter in the equatorial plane have the same temperature 
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within experimental error ( + 0 . 5 K )  and (ii) that the thermocouple located 
between the specimen and the adiabatic enclosure indicates a temperature only 
marginally higher (0.5 _+ 0.5 K) than that of the specimen itself. This relation has 
been verified even for temperatures as low as 763 K. 

(c) Changes Required for Manganese Alloys 

In general the calorimeter used in the present work followed the design of 
Dench [2] very closely. However due to the high volatility of manganese, the 
specimen had to be completely isolated to prevent rapid contamination of the 
calorimeter particularly of the ceramic electrical insulation. Thus an extra 
specimen container was introduced in addition to the folded tantalum capsule used 
by Deneh and subsequent NPL researchers. 

This extra specimen container consisted of a stainless steel tube (i. d. = 20 mm, 
o.d. = 21 ram, length 30ram) to which a stainless steel lid was welded. Two 
stainless steel tubes (i. d. = 2.5 mm, o.d. = 3.5 ram, length 31 and 25 ram) were 
welded into the lid to accommodate the heater and the absolute thermocouple 
respectively. The absolute thermocouple tube had a closed lower end whilst the 
heater tube was open at both ends, the heater tube projected 1 mm beyond the 
lower end of the enclosure. 

Before the specimen was slid into position from the lower end, the walls and 
the top of the steel container were lined with 0.05 mm thick tantalum sheet, which 
was also wrapped around the heater and thermocouple tubes. Then the specimen 
was inserted and its base was covered with a 0.05 mm thick tantalum disc in which 
there was a hole for the heater tube. The tantalum sheet covering the container 
walls was folded in upon this disc so that the specimen was completely wrapped up 
in tantalum inside the container thus making no direct contact with the steel. A 
stronger close-fitting disc of 0.13ram thick tantalum was then pressed into the 
container tube from below thus forming the base of the container and preventing 
the specimen from falling out. (Originally, both threaded and press-fit stainless 
steel bases were used but it was found to be virtually impossible to remove these 
after heating to the safe temperature. Thus they could not be used on a routine 
basis.) The stainless steel container was now itself slid into a capsule folded from 
0.05 mm thick tantalum sheet. This capsule served as a screen against evaporation 
from the container material itself. 

The mass of the stainless steel container was about 18 g and that of the 
tantalum envelopes about 6 g. The calorimeter blanks, i.e. the enthalpy increments 
of the calorimeter itself over the relevant temperature ranges, were determined by 
heating the calorimeter with an empty specimen container. Even with this extra 
specimen container frequent changes of the P t / P t - -  13 % Rh thermocouples and 
the alumina insulation were necessary to maintain satisfactory operation of the 
calorimeter. 

The tantalum used for the specimen capsules and other calorimeter parts was 
supplied by Metallwerk Plansee, Austria, as was the molbdenum sheet used for the 
furnace. 

(d) Completion of Reaction 

Clearly for valid enthalpy of mixing data to be obtained using the present 
experimental technique, alloying must go to completion during the course of the 
measurement. To check this experimentally two methods were used. Firstly the 
equiatomic 50mo1% composition specimen after an alloying run in the 
calorimeter was examined using X-ray diffraction. No evidence of the presence of 
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unalloyed iron or manganese was found in the diffraction patterns thus indicating 
complete alloying within the sample. Secondly two alloying runs were taken 
beyond the liquidus temperature for the 80 atomic percent manganese samples. 
For these experiments a sealed alumina crucible was used as the specimen 
container in the calorimeter. As can be seen from Fig. 3 the results of these 
experiments are in agreement with those where alloying occurred at 1 473 K 
showing that alloying is in fact complete at 1 473 K. 

(e) Accuracy of Results 

The overall accuracy in the present work is expected to be similar to that given 
in previous error estimates e.g. by Kubaschewski and Grundmann [15] namely 
+ 400 J tool -1. For specimens rich in manganese the overall error is however likely 
to be substantially higher. Despite the higher affinity of manganese for oxygen, 
heat effects arising from transfer of oxygen from iron to manganese is not thought 
to be a problem. Any transfer that does occur is expected to be largely complete at 
the safe temperature, since no evidence was found for a negative intercept at pure 
iron in the enthalpy of mixing versus composition curves. 

Results 

Enthalpy Increment Determinations 

In the course of  the present experiments the enthalpy increments given 
below for iron and manganese were determined. Each value is the average 
of three or four measurements. With a nickel sample a standard deviation 
of _+ 59Jmo1-1 was obtained with ten measurements over the same 
temperature range. 

(i) I ron 

HFo (1 443 K ) - - H F e  (873 K) = 26 132Jmo1-1 

Hve (1 073 K ) - -  HFe (873 K) = 10 528 J tool -~ 

(ii) Manganese 

Hfc~_Mn (1 393 K) - -  H~_Mn (873 K) = 24 401 J mo1-1 

Hp_Mn (1 073 K ) - -  H~_Mn (873 K) = 9 483 J tool -1 

The present series 
enthalpies of  mixing to be obtained. 

(1 - - x )  Fe (fcc) + xMn (fcc) ~ Fe(l=x ~ Mn x (fcc) 
T = 1 443 K 

for 0.05 ~< x ~ 0.90. 
Results are given in Table 1 and Fig. 1. 

Enthalpies of Mixing 

of measurements have enabled the following 

(a) 
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Table 1. Enthalpies of mixing of F e - - M n  alloys at 1443K. Standard states: 
Fe (fcc), Mn  (fcc), alloy (fcc); T = 1 443 K except where indicated 

XMn A Hm/J tool -1 

0.05 a - -286  
0.15 - -1  886 
0.20 - - 2  183 
0.20 - - 2  243 
0.30 - - 3  052 
0.30 a - - 2  500 
0.40 b - - 2  624 
0.40 a - - 2  850 
0.50 - - 2  970 
0.50 a - - 2  812 
0.50 - - 2  813 
0.60 - -1  792 
0.70 - - 2  054 
0.80 - -1  464 
0.80 - -862  
0.90 - -48  
0.90 - -1  097 

a T= 1423K;  b T =  1 381K (0.75 hour). 

Fe 
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Mn 

Fig. 1. Enthalpies of mixing of F e - - M n  alloys at 1 443 K. Standard states are 
fcc Fe, fcc Mn and fcc alloys 
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(1 - -  x) Fe (bcc) + x M n  (~) -~ Fe 0 - x )  Mnx (fcc) (b) 
T = 873 K 

and (1 - - x )  Fe (fcc) + x M n  (fcc) -+ Fe( l_x)Mnx (fcc) 

0.15 ~< x ~< 0.50 

Results are given in Table 2 and Fig. 2. 

(1 - - x )  Fe (bcc) + x M n  (/~) ~ Fe(1 ~,.~ Mn~ (/?) (c) 
T = 1 073 K 

for  0.7 ~< x ~< 0.9. 
Results are given in Table 3 and  Fig. 3. 

N. B. To  obta in  M n  in fcc reference state at 1 443 K (or 1 423 K) the 
entha lpy  increment  for  pure  M n  was measured  to 1 393 K and extra-  
pola ted  to 1 443 K (or 1 423 K) using: 

Cp(fccMn) = [6.03 + (3.56" 10 -3 )  T--(443.105) T --2] 4 .184JK 1 mol--X 

( taken f rom Barin and Knacke [25]). 
Thus  

1443 (I423) 

(H1443 (1423) -H873)fcc-Mn = (H1393--H873)fcc-Mn + S 
-" I393 

measured 

Cp (fcc M n ) d  T 

Table 2. Enthalpies of mixing of Fe- -Mn alloys at 873 K. Standard states: Fe (bcc), 
Mn (~), alloy fcc; T =  873 K 

x~ n AHm/J mol--I A Hm*/j mol--i a 

0.1 (4 833) b (--975) b 
0.15 3 008 - - 2  724 
0.20 2 865 - -2  791 
0.20 2 817 - -2  839 
0.20 2 906 - -2  750 
0.30 2 751 - -2  752 
0.30 2 434 - -3  069 
0.30 2 729 - -2  774 
0.40 2 537 - - 2  814 
0.40 2 146 - -3  205 
0.50 1 971 - -3  227 
0.50 1 852 - -3  346 

AH,,~* = fcc Fe + fcc Mn--, fcc alloy (last column calculated from second 
column) with the aid of transformation enthalpies given by Hultgren et al. [27] and 
the magnetic enthalpy contribution of iron given by Kubaschewski et al. [28]. 

b Two phase (bcc + fcc) alloy. 
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Fig. 2A. Enthalpies of mi:~ing of Fe- -Mn alloys at 873 K. Standard states are bcc 
Fe, a-Mn and fcc alloys. B Enthalpies of mixing of Fe- -Mn alloys at 873 K. 

Standard states are fcc Fe, fcc Mn and fcc alloys 
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Table 3. Enthalpies of mixing of Fe--Mn alloys at 1073K. Standard states: 
Fe (bcc), Mn (fl), alloy (fl); T=  1 073 K 

XMn A Hm/J mo1-1 

0.7 --1 693 
0.7 --1 047 
0.8 --1 298 
0.8 --686 
0.9 --389 

moI fraction Mn 
Fe 0,1 0,2 0,3 0,t, 0,5 0,6 

i I I I I I 
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Fig. 3. Enthalpies of mixing of Fe--Mn alloys at 1 073 K. Standard states are bcc 
Fe, fl-Mn and //-alloys. O alloying at 1 443K; • alloying above liquidus 

temperature 

Discussion 

Comparison of Present Results with Previous Work 

There has been only one previous attempt to measure enthalpies of  
mixing of F e - - M n  alloys directly: the work of Kendall and Hultgren [23] 
using acid solution calorimetry. They investigated four compositions on 
the iron-rich side and from their results they calculated enthalpies of  
mixing at 1 400 K. These are compared with the present results in Fig. 4 
where it is seen that the enthalpies of  mixing obtained in the present work 
are appreciably less negative than those of  the previous work. Kendall and 
Hultgren give an uncertainty of  _ 1 255 J mo1-1 whilst the error in the 
present work for the temperature and composition range under con- 

4 Monatshef~e fur Chemie, Vol. 118/1 
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Fig. 4. 
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Comparison of present results at 1443 K with previous work. O are 
Kendall and Hultgren's results at 1 400 K [23] 

sideration could be _ 700Jmo1-1 under the worst circumstances 
envisaged. 

The present results for the enthalpy of mixing of fcc F e - - M n  from fcc 
metals at 1 443K may be described by the equation 

A I-I fcc = XFe XMn [ - -  11 458 - -  5 208 (XFe-- XMn)] J tool 1 

with a mean deviation of 172 J tool - t .  

The F e - - M n  System 

Published Gibbs energy values for the F e - - M n  system [18~2]  exhibit 
considerable scatter. Nevertheless the results of McHugh [ 18], Benz [ 19], 
Paxton [20], Hawkins [21-1 and Eremenko [22] do show at least a 
qualitative agreement. These values taken together with the present 
enthalpies of mixing at the assessed F e - - M n  phase diagram data [26] now 
allow a complete assessment to be made of the thermodynamic properties 
of the iron--manganese system, A previous assessment by Kaufman [29] 
had only the limited calorimetric data of Kendall and Hultgren [23] and 
Second Law evaluations available. 
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