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A study of the face-centered cubic (~) ~ close-packed hexagonal (E) transformation in 
manganese steels and alloys has been the subject of a number of works [1-3]. In them primary 
attention has been devoted to investigation of binary Fe-+In alloys containing 18-22% Mn with 
a large volume share of e-martensite. It is assumed that with an increase in manganese con- 
tent in binary alloys above 22% the quantity of e-martensite decreases and the M7 ~e tempera- 

S 
ture drops. 

According to the data of various authors with a 24-27% Mn content in the alloys (depend- 
ing upon the purity of the investigated alloys) the M7 ÷s drops to 20°C and then to sublow 

" S 

temperatures so sharply even with an insignificant increase in Mn content in binary Fe-Mn 
alloys that it was practically impossible to experimentally clearly record the MY +s in them 

S 

in the area of negative temperatures. With addition of the majority of alloy elements (C, 
Ni, Cr, Mo, etc.) to Fe-Mn alloys MY ÷s drops, which makes it possible to record in them a 

s 
completely austenitic structure after hardening with lower Mn contents than in binary Fe-+In 
alloys. An exception is silicon, additions of which to binary Fe-Mn alloys (with 20% Mn) 
either does not influence MY ÷E [4] or increases it very weakly [2]. The rules given above 

S 

are confirmed by investigation results [1-3] but there are factors which still have not found 
an appropriate explanation. For example, first, according to theoretical calculation of the 
phase diagram of Fe-Mn alloys by the method of approximation of regular solutions [5] the 
M~ ~E temperature in alloys with 35-40% Mn is located close to 0°C, which is significantly 

S 

above the experimental values. Second, in [6] a small quantity of ¢-martensite (several per- 
cent) was observed in binary Fe-Mn alloys all the way to a content of 37% Mn in them by 
methods of nuclear gamma resonance and transmission electron microscopy. Third, an analysis 
of data on Fe-Mn-Si alloys developed at present [7, 8] with the memory of form effect contain 
ing about 30% Mn and up to 6% Si indicates a complex relationship of the M Y+E temperature of 

S 

these alloys to the Mn and Si contents in them which does not agree with earlier obtained 
investigation results of alloys with lower Mn and Si contents (type G20S2) [i, 2, 4]. In 
connection with this in this work an investigation was made of the kinetic features of the 
7 ~ g-martensitic transformation in high-manganese binary and ternary (with silicon) alloys 

(Table i). 

TABLE 1 

Content 
of ele- 

Alloy ments ~ % 

Mn 81 

G30 29,5 
G30S1,5 28,9 1,5 
G30-q3 29,8 2,9 
G3C~5,5 29,8 5,5 
G2~ $5.5 25,9 5,3 
G28S5,5 28,0 5,4 
G3~$15,5 31,9 5,3 
G34S5,5 33,7 5,5 

I 
MS Mf AS 1 4f TN 

I 

i 
°C 

-- -- -- 50 
l O 0 

-% ~ o  120 L5~ - 6 5  
- -35  - -75  130 160 <~--75 
+ 5 0  + 1 5  160 185 _,~-- IOO 

10 55 150 170 <~--lO0 
N0 
> 0  

Note. The base of all of the alloys is iron. 
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Fig. i. The influence of manganese (a) and sili- 
con (b) contents on the M~ ÷E and T N temperatures 

s 
in Fe-Mn and Fe-~n-Si alloys (I-IV). 

All of the alloys were melted in an open induction furnace, forged and rolled at II00°C, 
and then specimens were cut from them and water hardened from 1000°C. The structures of the 
alloys were investigated on a Neophot-2 light microscope and a BS-540 electron microscope, 
the kinetics of the martensitic transformation and magnetic transition were investigated on 
a Sincoh-Ricoh dilatometer in the -196 to +300°C temperature range, and the x-ray diffraction 
analysis was made on a DRON-3 instrument in iron Ks-radiation. 

The investigation results showed that all of the alloys except G26S5 have a completely 
austenitic structure while G26S5 has a two phase ~ + ~ one. In the dilatometric investiga- 
tions (taking into consideration literature data) the temperature ranges of the y ~ g marten- 
sitic transformation were established and the temperatures of the paramagnetic austenite 
antiferromagnetic austenite transition (Neel points T N) were determined. As follows from 

the data obtained, manganese reduces MY ~c and increases T N while silicon reduces T N and has a 
s 

complex influence on MY ÷g , which basically agrees with literature data [1-6]. A characteris- 
s 

tic feature of all alloys undergoing a martensitic transformation in cooling is observation 

of the condition MY +E > TN, that is, the martensitic transformation occurs only in paramag- 
s 

netic austenite. The martensitic transformation was not observed in the antiferromagnetic 

matrix (M~ ÷E < T N) in the investigated alloys, which agrees with the data of [6-8]. 
s 

Let us consider the influence of silicon and manganese on M~ +~ and T N in detail. On 
s 

the basis of experimental and literature data and also taking into consideration extrapola- 
of it into different concentrations of manganese and silicon the influence of these elements 

on the positions of the MY ÷¢ and T N points in Fe--Mn and Fe-Mn-Si alloys was determined. As 
s 

may be seen from Fig. la, the M~ ÷~ of the binary alloy G22 (~I00°C) decreases linearly with 
s 

an increase in manganese content while in this case T N increases. The meeting point of these 

curves which occurs with a manganese concentration of C cr is peculiar to Fe-Mn alloys. With 
' Mn' 

CMn > C cr the ~ + s martensitic transformation must occur in antiferromagnetic austenite 
Mn 

(T N > M v÷e) but it is not observed experimentally. With CMn < C cr an M~ +E temperature drop- 
s Mn s 

ping with an increase in CMn is observed on the dilatometric curves while with CMn > C cr the 
Mn 

+ ~ transformation is not observed. 
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Fig. 2. Plan of volumetric changes during 

the ¥ + e transformations with T N > M ~+~ 
S 

(AV~ ÷~) and T N < MY+~(AV~). 
S 

Therefore it may be stated that in the transformation of austenite from the paramagnetic 
to the antiferromagnetic condition the martensitic transformation closes in a jump. This 
agrees with the results of investigation of Fe--Mn-Si alloys given below and also with certain 
assumptions developed in [4, 6]. Stabilization of austenite in relation to the ~ ~ g martensi- 
tic transformation in transformation of austenite from the paramagnetic to the antiferromag- 
netic condition requires a special theoretical analysis and in first approximation may be ex- 
plained by the composite action of the following factors. First, by decreasing the Gibbs free 
energy of austenite as the result of magnetic ordering. Second, by a possible increase in 
packing defect energy of austenite in formation of magnetic order [4]. Third, by strengthen- 
ing of austenite in the transition into the antiferromagnetic condition [I] with subsequent 
more difficult movement of Shockley partial dislocations carrying out the ~ + ~ transformation. 
Fourth, by antiferromagnetic invariance of austenite (Fig. 2) including the fact that at tem- 
peratures below TN the linear expansion of specimens increases with an increase in temperature 
more slowly than in the paramagnetic area [9], as the result of which the volumetric effect 
necessary for the ~ + s transformation increases. 

Therefore with a certain manganese concentration C cr in binary Fe--Mn alloys (which depend- 
Mn 

ing upon the purity of the alloys is 24-27%) the MY ÷~ temperature does not drop sharply as was 
s 

assumed earlier and the ~ + s transformation itself closes in connection with the transforma- 
tion of austenite into the antiferromagnetic condition. Using these assumptions 
it is possible to explain the above noted differences in the experimental and cal- 
culated data on the concentration relationship of M~ ÷E in the Fe--Mn system. In the 
calculations [5] the magnetic contribution to the equation for free energy of the 
alloy was not calculated and it was assumed that for all of the investigated CMn's auste- 
nite is paramagnetic. In this case [if the T N = f(%Mn) curve in Fig. la and closing of the 

= C cr are not taken into consideration] the M s = f(%Mn) curve ¥ ÷ s transformation with CMn Mn 

basically agrees with the calculated data that M~ +~ ~ 0°C with CMn > 30%. 
S 

As noted above, silicon has practically no influence on the MY +E of Fe--Mn alloys. In 
s 

this case, if the above discussions are not taken into considerations, it is impossible to 
explain, for example, the fact that G30 and G30SI.5 alloys are completely stable down to 
-196°C, the addition of even 1.5% Si (G30S3 alloy) immediately increases M~ +E to -25°C, but 

S 

further alloying with silicon changes it very little. Similar kinetic features may be seen 
in analysis of literature data [6-8]. With the model proposed by us it is possible to easily 
explain these facts. With addition of silicon to Fe--Mn alloys there is a reduction in T N 
(Fig. la, broken line) and the meeting point is shifted in the direction of lower tempera- 
tures and higher manganese concentrations (in Fig. la it is assumed that MY +g is completely 
independent of CSi). s 

Taking into consideration the proposed model let us consider the phase transformations 
in the four alloys 1-IV with different manganese contents (Fig. la). In cooling alloy i 

576 



undergoes the ~ + E transformation at point A, alloy II undergoes the magnetic transformation 
at point B and stabilizes (does not transform) in relation to the possible martensitic trans- 
formation at point C, alloy III also undergoes the magnetic transformation at point D but in 
alloying of it with silicon and a corresponding reduction in T N below M7 ~s the martensitic 
transformation occurs at point E, and, finally, alloy IV (both with andSwithout silicon) does 
not experience the martensitic transformation since in both cases T N > MY ~E. The interrela- 

s 
tionship of the magnetic and martensitic transformations for Fe-Mn-Si alloys is shown in Fig. 
lb. It may be seen that with T N > MY +e the transformation closes while, on the other hand, 

s 
if MY +E > T N the transformation becomes possible and with an increase in silicon content there 

s 
is practically no change in the M s point. 

The model proposed by us and the plans shown in Fig. 1 make it possible to completely ex- 
plain the data on the kinetics of the magnetic and martensitic transformations in Fe-~Mn-Si 
alloys. These alloys possess the memory of form effect and therefore it is important that 
quenching martensite, which reduces the memory of form effect, either does not form at all 
(T N > M~ +E) with the optimum manganese content (~30%) and addition of silicon or forms at 

temperatures somewhat below 0°C (Fig. Ib). In this case the deformation forming the memory of 
form effect prescribed at 20°C leads to formation of stress martensite of a single orientation, 
which has a favorable influence on the memory of form effect. 

It should be noted that data on the presence of a small quantity of s-martensite in alloys 

with T N > M Y÷s [6] in principle contradicts the above presented assumptions. In our experi- 
S 

ments conducted on G30 binary and G32S5 and G34S5 ternary alloys with T N > M Y~g it was also 
S 

possible to observe individual fine crystals of g-martensite on the electron microscope. In 
[6] this is explained by the fact that if the thickness of s-martensite crystals does not ex- 
ceed some critical dimension (several nm) from the assumptions of magnetic and thermodynamic 
theories [i0] such paramagnetic areas may be formed in the antiferromagnetic matrix and 
closing of the martensitic transformation occurs only upon these crystals reaching a critical 
size. While not denying the possibility of such an explanation as an alternative point of 
view, it may be assumed that the reason for formation of these crystals is the stresses 
occurring in hardening of the specimens or preparation of foils for electron microscopic in- 
vestigation. Taking into consideration the low values of the motive force AG~ +~ and the 

broad M ~ M Y~E temperature range for the ~ + ~-transformation and also, apparently, the 
s - d 

small additional barrier caused by antiferromagnetic ordering the occurrence of even insigni- 
ficant stresses at a temperature significantly above MY ÷E but below M~ +g may lead to forma- 

s 
tion of individual crystals of stress or deformation g-martensite in alloys with T N > M ~E 

S 

(in our experiments G30, G32S5, and G34S5). 
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FEATURES OF OXIDATION OF Ni-Cr ALLOYS WITH 

ADDITIONS OF Sc AND Y 

G. S. Braslavskaya and 
S. B. Maslenkov UDC 621.78.019.82:669.245 

The mechanism of formation of scale on Ni-Cr alloys was established with use of X-ray 
diffraction analysis and other modern methods. It was shown that in the 700-1200°C range 
in the initial stage of oxidation single-layer Cr203 scale is formed on Ni-Cr alloys with 
and without additions of rare-earth metals. In further oxidation the structure of the oxide 
layer depends significantly upon the annealing temperature and time. With addition of rare 
earth metals an effect similar to the reduction in oxidation temperature is observed; the time 
of existence of the single-phase scale increases. In this case the oxidation rate of the 
alloys drops by several times. 

The mechanism of formation of scale on nickel-chromium alloys has been studied and des- 
cribed in many experimental works. In the initial moments of oxidation the formation of both 
equilibrium Cr203 oxide in contact with the Ni-~r alloy and nonequilibrium NiO oxides and 
NiCr204 spinel was observed [i]. With oxidation a continuous Cr203 oxide layer is formed at 
the metal-scale interface. As is assumed at present, this plays a determining role in the pro 
tective properties of alloys containing more than 10% Cr. 

Micro-x-ray spectral analysis [1-3] established the rule of formation of scale charac- 
teristic of both nickel and iron alloys: Oxide phases formed in the heterophase scale of 
alloys are located in it not randomly but in the form of individual layers. According to the 
plan proposed by the author of [4] basically for NiCr-alloys the phase composition of the 
oxide film in relation to oxidation temperature may be represented in the form of the follow- 
ing model (Table i). 

In investigations of subsequent years ([5] for example) it was shown that the phase com- 
position of the scale changes with an increase in its thickness (Table 2). 

Therefore it was established that protective films of three types are formed on Ni-Cr 
alloys. However, until now there has not been an explanation of the formation of different 
structures and primarily of the reasons for the change from one structure to another with a 
change in oxidation temperature and time. 

It should be noted that the results of a number of experimental works contradict forma- 
tion of the model of [4]. In the initial stage of oxidation at 950°C [6] and 1000°C [7] only 

TABLE I 

t, °c Lay~r-by-~ ~yer struc- 
ture of the scale 

500--700 
800--1000 

1000 

Cr20~ 
Cr2Oa, NICr~O4 

Cr_~O3; NiCr204, NiO 

Note. The structure of the scale was deter- 
mined on specimens of Ni-20% Cr alloy [4]. 
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