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.thermal expansion coefficients and 
¡ELASTIC MODULI OF IRON SUICIDES 

iL. P. Andreyeva and P. V. Gel'd 

The subjects of the test were solid solutions of silicon 

in c-Fe, as well as Fe^si, Pe^ij, Fest, 6-lebolte (FeSl ), , 

a-lebolte (FeSlj and SI. The raw materials used In their 

preparation were chips of monocrystalline silicon (99.99¾ Si) 

'and reduced iron (99.95¾ Pe). 
i 

The melts were produced in a high-frequency induction furnace 

In an atmosphere of purified argon. 

The test specimens - rods about 3 mm in diameter and about 

16° ^ l0«g “ were obtained by drawing the melt into quartz 

capillaries. For the purpose of homogen!zuflou the specimens 

were subjected to a 100-h annealing at t.ci. p-, raturer, which would 

assure stable teat phases: u- and a'-r.oüj solutions, Pe Si t 

FeSi, and a-leboito - at 1100^, Fe^Sl ^ - ,t lodO^C, and ß-leboite 

ut 9i<0üC. in this case all specimens wer.' p, 1.,crystalline and 

had the same gralr. •omposlUon aid a crystallization texture 

whl. h was markt d 1 a certain •<. pr. e. Tn.-Ir ..d.omlcal and phase 

compos] I Lons were monitored f n- w Ighi • -, ; ,n y of the system 

«luring tue fusion process b.v •hemi-'i, neta i Jographlc (In ordinary 

Reproduced from 
best available copy^jjjy 
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and’jpQlaEizcd..light;), and X-ray (FeKa and CrKa-radiation, [VRS] 

!(BPÇ) camera, [IZA-2] (M3A-2) comparator) methods. The data 

Îobtained has been generalized in the table, 
i I 
: i 

Chemical and phase compositions of specimens and 
their density. 

( ) IlitiiMciioHimiie 

( 2 ) 

Fc Fe.SI Fe.SI, FeSi FeSI, F'8,2.33 SI 

( 3)CoAepttaiuie KpcMHim. % 
o' 
a 

7,80 

14,50 
a' 

7,19 

7.21 

23,18 

6,60 

6.66 

.13,80 
e 

6,10 

6,13 

50,10 

4,ai 

4,86 

53,50 
la 

4,65 

4,67 

100 

2,330 

2,326 

{. 
^ H j Ofc'JHRWHMC dM.IM . . . 
( 5 ) HjlOTHOCTb, .'/cm*: 

(6)110 ARHIIUM aeropoB 
/ ; no JiiircpsTypHHM ash- 
V I / HUM. 

j KEY: (1) Name; (2) Specimens; (3) Silicon con- 
• tent, % (wt.).; (4) Phase symbol; (5) Density, 

• g/cm^; (6) from data of authors; (7) from refer- 
¡ ence data. 
i 

I 
The temperature dependence of the modulus of normal elasticity 

•was studied by a method of transverse flexural vibrations on a 

junit, whose basic structural features are similar to that ! 

described by Köster [1]. The results of the measurements were 

¡processed by standard methods with thermal expansion of the 

specimens considered. The data were reproducible within a range 

of 1%. 
I 

^ The thermal expansion of the specimens in a temperature 

•range of 20-1000°C was observed by means of a differential 

jChevenard dilatometer with photorecording. The coefficient of 

^linear expansion was calculated from the dilatograms by ordinary 

methods. 
i 

. . —The density of the alloys was determined by two independent 

pycnometric methods using a gas or liquid as the working medium. 

The- results (see the table) are in good agreement with each other 

Aftd-wlth the reference data. 



• I 

»Experimental .Data 
( t ins 1 ,. , ; 

I I 
5 Modulus of normal elasticity E. As we see from Fig. 1, 

jWittji a change in the composition and, particularly, temperature 

¡of the specimens their normal elastic modulus changes over a 

'very broad range (about 3 times) 
i 

I 

! 

t 
i 

Pig. 1. Effect of temperature 
on modulus of normal elasticity 
of iron and its silicides. 

The magnitude of the modulus of normal elasticity for iron ! 

at 20°C was equal to 21.2*10^ N/m^ and declined quite rapidly ; 

¡with an increase in temperature. In a range of 20-500°C the value 

idE/dT is small and almost constant; yet as it approaches the 1 

jCurie point it rises significantly, and when T % 0C reaches a 

maximum (in absolute magnitude). The polymorphic a ♦ y-conversion 

of iron was accompanied by a sudden increase in E from approximately 

|10.8*10 to 12.7*10^ N/m^ and a subsequent rapid decrease with 

'a temperature rise. 
« i 
I 

" ‘^he established characteristics for iron are in rather good 

jag'rëëment with the reference data [1], which confirms the 

Reliability of the experimental unit which was used. 

I (- 

I _ 
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‘ When silicon is dissolved in a-iron the curve representing 

•the;change in the elastic modulus becomes complex (Fig. 2). The 

'extremely insignificant rise in the modulus with a silicon 

,conientration of less than 2% is replaced by a rapid decrease 

t(2-7$ Si), characteristic of solid solutions. The transition from 

.the unordered a-solutior to the ordered a’-phase changes sign 

jdE/dNg^. Beginning from approximately 6-7Ï Si the increase in 

ithe silicon concentration, accompanied by a growing degree of 
t • 

¡order in the a'-phase, gr-atly changes the value of the concentra- 

tion coefficient, and in a. range of from 8-10¾ Si causes a rise 

In particular the ordered superstructure of Fe^Si at 20°C 

Fe^Si 

! 

I 
Ün E. 

¡is characterized completely by the elasticity modulus (E 
j 

20*10^ N/m^), which differs little from characteristic E for 

iron. However, in a 20-500°C x*ange the absolute value of dE/dT 

jfor Fe^Si is noticeably greater than for iron, which is seen in 

¡the following relationships: 
i 
j £ot;si -= 21,2 • 1010 — 7,0 • 107/; 

^•is, = 14,5 - 10'® - 7,0 . m; 

£»4.s%s. = 10 • IO'"-10. 10»/. 

Fig. 2. Isotherms of modulus of normal 
elasticity E and the coefficient of thermal 
expansion a of solid solutions at 20°C. 

The poly therm of the modulus of liorna ' elasticity of Fe^Sl 

(Fig. 1) at h temperature of about u.i’trgoos a noticeable 

break, caused by the magnetic disorder of tno superstructure, 

¡and from 550 to 900°C a linear reduction in K Is »gain observed. 

I 
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In this range 

E = 22.5*1010-l6.0•107t 

, The reason for the anomaly around 900°C is not sufficiently 

clear. Possibly it is related to the substantial change at this 

itemperature of the energy distribution of the electrons, which 

¡causes a simultaneous sharp change in its electric properties [2] 

;Here it is necessary to point out only the fact that this effect 

lis not related to structural changes in Pe^Si. 

» 
I 

The modulus of normal elasticity cf the n-phase (Fe^i.) 

^was studied under conditions of thermodynamic stability (830°C < 

t jc 1030°C), as well as in a metastable state (t < 830°C). We 

jfound (Pig. 1), that below 800°C 
i 

: En * 22.5‘1010-6.0,107t. 

Thus, at all temperatures E > E , while (dE/dT) < 
n 

pe, wnne Uü/dT) < (dE/dT) 

The magnetic disordering of Pe5Si3 (0c - 87°C) on the polytherm 

of the elasticity modulus, described by a number of authors, was 

•not observed, probably because of the low energy of this process. 

Pe 

j The E values of iron monosilicide are particularly great. In 

,its homogeneous range in this case magnitude E is greatly dimin- 

lished (by about 8$) with an increase in the silicon concentration 

‘(i.e., with an increase in the concentration of defects in the 

iron sub-lattice L3]) and diminishes slowly with an increase in 

temperature. 

The elastic moduli of a specimen containing 33.8* Si change 

depending on temperature in relation to the following expressions: 

when t •' Í4 00oC 

31.2. 10JU- 10 

PTQ.-MT-1 4-1 ^27-71 i: j 



mim 

;-!.. - - - 

.w^eii fe; > •^OQ°C 
! ’i ’’ 

; EpeSi = 30.2-1010-3.5*107t. 

) 

' ' For low-temperature ß-lebolte at 20°C E ^ 20.5»107 N/m2. 

With an increase in temperature its magnitude is somewhat 

'diminished: 

: EFeSi2 = 20-5,1010-3.5*107t. ; 

I The sudden change, about 960°C, seems to reflect the peritectoid 

'decomposition: Co ■* £ + e. 
p t* 

, The greatest difficulties arose in studying the properties 

(0f a-leboite, thermodynamically stable in a temperature range of 

¡915-1220°C. To a great extent this was the result of the 

•difficulty encountered in producing specimens in one piece. As 

a rule developed crack networks were revealed in them, rendering 

¡dependence E£ = 13«1010-2.0•107t in Fig. 1 unreliable. 
Í *oi 
i 
i 

; The coefficients of linear thermal expansion of a. For 

|pure iron at 100°C a ^ 11.7*10 1/deg, which corresponds to 

existing data [^]. Above 200°C the increase in a with the' increase 

in temperature is practically linear (Fig. 3): 

! ape - 11.6*10”6 + 0.l6«10“8t. 
Í 

i 

At room temperature the dissolution of silicon in iron 

.changes the coefficient of expansion of the a-phase very little 

¡(Fig. 2), but causes a significant Increase in its temperature 

coefficient in the transition from unordered solutions to ordered 

¡solutions. In particular, for Fe^Si in a range of from 20 to 

Í530'dC 

I. . . aF..si --- 12,0 • IO-« + 15 . 10_8/i i'Q' t 

[ (cb/ilT)Ft,si : (i/a/c/7')fc ä 9. 

j 

r “ 
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Fig. 3« Temperature dependence 
of thermal expansion coefficients 
of silicon, iron, and its silicides. 

The anomaly of the dependence a = f(T) near 520°C (Fig. 3) 

reflects the magnetic disordering of the superstructure (0c » 530°C). 

Ilf t > 8C, a linear rise in a is again revealed, but with a 

.somewhat lower temperature coefficient: 

a = 15.5*10"6 + 1.2*10”8t. 

In a range of 20 to 600°C the coefficient of thermal 

expansion of the p-phaoe rises linearly: 

oi = 13.0*10“6 + 0.8«10"8t. 

i In the case of low temperatures the e-phase (otj;00 » 15.7* 10-8 

fdeg ) has the greatest value of a. The temperature increase 

¡results in a rise in a, which in the first approximation is 

¡described by the expression 

a * 15.7-10“6 + 0.25*10”8t. 

Here within the concentration stability range of the e-phase 

¡only the sligntest increase 3n dcx/dT (from 0.25* 10-8 to 0.35-10-8) 

,nan be observed with an increase in silicon. 

I . 

f.. 
L ... „ . ‘1 
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f'T. . . 
frîiïr,^1 c 1 de3 and silicon are distinguished by lower 

I coefficients of thermal expansion. In them the value of rigid, 

jshoj’t-acting, homopolar bonds is particularly great. With an 

jinetease in temperature up to peritectoid (t * 960°C) the 

¡coefficient of the low-temperature Ç^-phase increases linearly: 

'0 
7.7-10“6 + 0.55*10“8t. ! 

I 
i 

j We find similar characteristics for a-leboite (Fig. 3). in 

,a range from 700 to 910°C the coefficient of thermal expansion 

¡of FeSi2^3 underSoes. anomalous change due to the intensive 

Idevelopment of its eutectoid decomposition. Outside of these 

¡temperatures the experimenocix uaoa ai-e described fairly well by 

jthe expression 

i a, 
’a 

8.3-10-6 + 0.67-10-8t. 

In the homogeneous region of the ^-phase noticeable changes 

!in a could not be established. 
i 

I 
• 

j Silicon has the lowest coefficient of thermal expansion and 

jda/dT. Right up to 900°C the experimental data are satisfactorily 

¡approximated by the expression 

a 
'Si 2.7-10-6 + 0.1-10-8t. 

• It should be mentioned that the data indicated above are in 

satisfactory agreement with the results obtained in testing 

¡technically pure specimens [5]: scatter did not exceed 10¾ and, 

probably, was caused by differences in the purity of the materials 

jused as weil an by more careful monitoring of tne phase oomposi- 

•tion of the alloys in the present work. 

i •• t 

I -The value of the expansion coefficient . f -.liicon, equal to 

;‘M¡2-10 , often mentioned in referone,, and monographic 

|l^.erature, is wrong. It is based on inaccurate X-ray measurement 

!_ . 
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*4^^/^very nai’row (10-50°C) temperature range. This 1 

I follows not only from the results of our measurements, but from 

tthoàe of other authors as well [7]. ! 
' Í ! 
; I 
(Discussion of Experimental Data 

i 

I As we see from the material introduced above, the coefficient' 

jof linear thermal expansion and the modulus of normal elasticity ¡ 

^of iron sllicides vary as a function of composition and tempera- 

jture in a very broad range. 1 
1 . ; . ...... : 
i 

For solid solid solutions of silicon in a-Fe (Fig. 4) these 

¡changes are very unique. Without analyzing them in detail, let 

•us note that the high values of solution heat for silicon in 

iiron, the decrease in the lattice parameters of the a-phase with 
I ~ j 

¡an increase in silicon concentration, the brittleness of the 

■solid solution, and also the results of magnetic, neutron- 

jdiffraction, and X-ray diffraction studies indicate the substantia} 

.participation of rigid, homopolar bonds in their mutual inter- 

tparticle reaction. At first glance the large values of a and da/d}1, 

jas well as the relatively high elastic moduli, contradict this. 1 
•Agreement of the above-mentioned characteristics'is possible, 

jfor example, when we assume an inequality of the distribution of i 

.the bonds and atoms in the lattice of the a»-phase which grows * 

jWith an increase in temperature, promoted, in particular, by the \ 
Jcoordination numbers and "valence” angles which are uncommon 

¡for silicon. This probably leads to the formation of several ! 

¡contiguous pairs of atoms of Fe and Si analogous to those 

■existing in monosilicide and to a weakening of the bonds between 

.similar groupings1. 

• _ Small 
¡particular. 
^- 

E values, 
da/dT, are 

as well as great 
determined this 

values 
way. 

of a and , In 

r 
L- 

n 
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Pig. Isotherms of elastic modulus 
(at 20°C) and the coefficient of \ 
thermal expansion (at 20 and 900°C) 
of the phase components of the irbn- 
silicon system. 1 

i At room temperatures a and E of iron and Pe^Si are close. 

{However, in the case of a transition to higher silicides they 

reach a maximum in the case of equiatomic concentrations of the 

jcomponents (e-phase), while leboite and silicon are distinguished ! 

jby much lower values for these characteristics. 

I 

I With a temperature increase the structure of the isotherm 

¡of the expansion coefficient changes substantially. According to t 

ithe results of studying technically pure alloys [5] at temperature^ 

jabove ¿*00°C the a maximum moves ir. the direction of specimens : 

¡close in composition to Fe^Si. We must assume that this is the 

¡result of Intensification of nonuniformity in mutual interatomic 

ireactions and intensification in the number of weakened bonds in 

jthe lattice of the a'-phase [8, 5]. 

i 

The extremely high values of the elastic modulus and of the 

Jexpansion coefficient of monosillcide and their relatively slow 

¡change with a temperature increase can be explained by the 

Jheterodesmic nature of the mutual interparticle reaction, which 

;in this case rests in the existence of other localized bonds in 

¡PeSi quasimolecules along with weak resonant ("metallic”) bonds 

[between the different types of atoms of neighboring quasimolecules. 

¡The-*relatively low quantities of da/dT and dE/dT indicate the 

¡comparatively slight change in the interparticle reaction in the 

(e-sptiase in the studied temperature range. 
I 

I.- 
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I 

¡ZrXjChere are-different reasons for the much lower elastic modulus' 

(values of leboite and silicon. Por silicon in particular, where ! 

! covalent bonds predominate, this is probably caused by a low 

« coordinate number (k - 4),. The directed, localized nature of 
I • 

¡the bonds appears at the same time to be the reason for the i 

•small values of its thermal expansion coefficients (a20O - 2.7*10“^ 

jdeg ). In the case of leboite we must consider not only the i 

|fact that the coordination numbers of atoms in it are on the ! 
i i 
javerage somewhat less than in the e-phase, but also the fact 

;that in this case overlapping of 3d- and 4s-wave functions of ' 

Jirón atoms and 3p-functions of silicon is not as strongly 

jexpressed. Actually, the strong spd-hybrid bonds in monosilicides• 

(cause particularly small interatomic distances (r ■ 2.29 A), v*hiie‘ 

'in a-leboite they are not so intensive, and therefore r - 2.35 A. ¡ 

> We see in Pig. 3 that Ç - and £fl-phases differ in their 
J « , P 
jclose values of a and da/dT. The fact that ar is somewhat 
I 
jgreater than a- and (da/dT). > (da/dT). , is apparently the 
J *a 
¡result of the following: when t < 920°C a-leboite is thermo¬ 

dynamically unstable and has a metallic type of conductivity, 

jwhile B~leboite has clearly expressed semiconductor properties. 

¡This gives us reason to believe that in the first case the role 

Jof rigid, homopolar bonds is more significant than in the.second. 

jAnd, finally, Judging from structural data, the Çg-phase has a 

jlower symmetry and a greater dimension of its elementary cell 

(than does the £a-phase [9]. All this leads us to believe that 

compared with the high-temperature leboite low-temperature 

¡leboite should be distinguished by higher force constants (in 

¡particular E - Er ) and by lower thermal expansion coefficients 

(a. < )* l.e., here the empirical rule .n the inverse 

'proportional bond of a und E is renilzed tvely. 

- • It should be mentioned that thl.. r« iu. lonfhip is frequently 

jgenerai ized excessively. Thus, Nov dnyy und taube [lüj have 
• • • 

i 

I 
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« i T 
jaasumed^.that for a large group of high-melting carbides of 

I greatly differing structures E - const. It is difficult to 

jagree with this. In fact, for a simplified model of linearly 

connected oscillators aEv - const. Probably v (molecular volume) , 

I is a structurally sensitive parameter. Thus in general aE ^ constj 

which is confirmed by the following data: 

F'tU, « 
I5.a 3.08 
22,1 - 

43.3 
47.2 

[npn ■ when] 

Expression ETnfl » const [10] is also not applicable. 

Actually, even for metals of similar structure this relation-* 

.ship gives more or less satisfactory results only in the case of 

■the densest packings [11]. In the case of [b.c.c.] (o.u.h.)- 

jlattices possible deviations may exceed 1001. 1 

Apparently conditions are even less favorable for slllcldes 

and other low-melting compounds with greatly differing structural ¡ 

and force characteristics (as seen in the material above). Thus, 

the fusion temperature of the test substances diminishes in the 

jsequence Pe Si ♦ PeSI ♦ FeSi2>33 Fe3Si, and their elastic 

;moduli (at room temperature) PeSi ♦ Fe^Sij Fe PeSi2 Pe3Sl -*> . 

SI. Furthermore this relationship assumes the nearness of 

dE/dT, which, as mentioned above, has not actually been observed. ¡ 

j Finally, according to [12], in a range from -100 to ♦100°C 

'for many mc-t-ils E * krra, where -in”* ■ a/n « ^0.0 10”^ (r - the 

Interatomic distance, and n - the temperature coefficient of 

the elastic modulus). 

Verification of the applicability of this dependence for the 

{studied alloys also established its rough approximation. In 

particular, at 20°C for different phase components there is nor»* 



rmnirt&fW lncrease ln «/i! 

! 
a/i)-10* 

Pc 
39,0 

Pe4i 
22,0 44.0 01,0 

PcSî, 
07,0 I 

I 
Thus, the indicated empirical relationship cannot be used 

for substances which do not differ substantially from one another 

jin their structure and the nature of their interparticle inter- 

jactlon. 

! : 
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