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Synopsis 

The present paper reports interdiffusion studies in titanium-iron 
system using pure metal and incremental couples in the temperature range 
of 850-1050°C. The diffUsion zone exhibits a very steep concentration 
gradient between 20-80at% of titanium in the temperature range of y-phase. 
The steep concentration gradient is also associated with the absence of. 
either of the phases - FeTi as well as.Fe2Ti - present in the phase dia­
gram of the system. Incremental couples with pure iron and FeTi exhibits 
the formation of Fe2Ti phase in the diffusion zone when annealed in the tem­
perature range of a-phase but no compound in the temperature of y-phase. 
Diffusion coefficients in this system are characterized by high values 
of frequency factor and activation energies. 

An analysis of thermodynamic as· well as kinetic factors affecting 
the occurrence of the phases in the diffusion zone has been made. It 
has been concluded that kinetic considerations are more significant in 
controlloing the microstructure of the diffusion zone. The variation 
of interdiffusion coefficients with composition is discussed on the 
basis of solidus temperature. Inter-relationship between interdiffusion 
parameters is also discussed on the basis of Zener. relationship. 
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Introduction 

It is well known that cheaical diffusion in hcxnogeneous binary systems 
results in diffusion zones which can be analysed following Darken's hypothesif{:lj 
A rigorous analysis is possible in these cases as several Si'llplifying 
assu.~tions in the original treatment have been removed by subsequent workers 

l2J • The situation regardine diffusion in heterogeneous binary systems 
is rather markedly different. In these cases, the diffusion zone may or may 
not exhibit layer gro~rth of intermetallic phases. It is, however, not possible 
to predict the same as no acceptable selection rule for occurrence of phases in 
diffusion zone are known. On the basis of phase diaer~ns also, :nultiphase 
ccmposition in the diffusion zone can only be visualized r•ithout any cartainity 
of its being true. 

Iron-titanillf.1. is a heterogeneous binary alloy s:/stem exhibiting tv:o inter­
metallic phases llJGlI.>ely FeTi and Fe2Ti. Interdiffusion studies in FeTi system 
by Hirano et al (.3) and Tsuji (.4) have, however, shown quite contradictory 
results. \'lhereas, the fornatior: of both the phases in the diffusion zone is 
reported by Tsuji t 4) , Hirano et al (3) J did not obse1."Ve thesa features. 
Present studies were undertaken to resolve the anO'.llaly of these earlier 
investigations. For this purpose, diffusion couples were annealed in both o( -

and -I - temperature ra.nge of irop and examined by both :nicroscopic 
techniques arrl electron probe microanalySer. 'I'he thernodynamic 2nd kinetic 
considerations which deteroinc fue microstructure of diffusion zone and also 
ocxnposition dependence of interdiffusivity i for this syste:n is presented here. 

Exper~nental Proeedure 

The studies involved several steps like preparations of 'sa.ndwich 1 type 
couples, diffusion annealing and dctennination of concentration-penetration 
profiles. Diffusion couples prepared frcn 99·99'.h pure iron arrl electron beam 
melted iodide grade titanium and increraental couples with pure iron & FeTi v1ere 
diffusion annealed i::. vacuum (better than 19-5 mm Hf.) in 850-1~°C te.-nperature 
range for durations varyine from 5 to 1000 hrs. The diffusion couples were 
polished to a metallo,;ra.phic grade and analysed with the h'cilp of 13eoscan 
electronprobe microanalyser operating at 25 KeV, to edablish the concentration­
penetration profiles of iron and titanium .across the diffusion zone. Intensities 
of Ti ~ ( ,\=2.749A 0

) diffracted by a quartz crystal and Fe K«. (Ji= 1.937 A0
) by 

a LiF crystal were recorded both on cha.rt as also by a step count in13 :nethod. 
The sa.:ne were converted into respective atanic fractions and employed to 
esta.blish concentration-penetration profiles. The latter were analysed in 
accordance with Boltzmann....;\!atano equation: 

c. J xdc 
0 

( 1) 
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to yield diffusivity values. For this purpose the Matano interface for the 
diffusion was established and des~nated as the orif;in (x = o). The sloP.e 
(dx/dc) and values of integral L xdc were evaluated graphically at various 
concc!l!:rations and substituted in equation 1 for calculatim: b . To obtain. 
reproducibility of diffusion data, six concentration profiles were examined 
for each te~perature. 

Results 

a} Microstructure and Concentration Profiles 

Despite the presence of canpounds FeTi and Fe2Ti in the phase diagram, none 
of these phases appear in the diffusion zone of couples with pure Fe & Ti or 
inci'emental couple of Fe and FeTi annealed in temperature range of -I -Fe 
(above 900°c). The fact was confixmed with the help of fill.IA and optical 
microsconv. The typical concentration penetration profile for titanium and iJ:lon 

,, for the diffusion couple annealed at 

TEMP• 9S9°C 

TIME •ZS 11'1 

! ' 

DISTANCE(CMlCIOJ-

Fig.1 1 Concentration profile 
for Ti & Fe in~Fe-Ti 
couple. 

Fig.21 Hlotomicrograph of the 
o(-Fe - FeTi couple 

annealed c>,t 860°C for 
1056 hrs. (120 X) 

959°C for 18 hours is ShOIVO in J!'igo1 o The 
absence of phases is accanpanied by the 
very steep concentration gradient fran 
20-80 at?nii. 

l.ficrostructure of diffusion couple of 
Fe & FeTi annealed in temperature range 
of o{-Fe shows the occurrence of inter­
metallic canpound in the zone. (Fi5.2). 
Tlte concentration-penetration profiles 
also show the formation of Fe2Ti canpound 
by a step of constant concentration 
(Fig.3 ). 
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Concentration profile 
for ~'e in o<.-Fe-Fe'ri 
couple. 
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b) 'l'emperature and Composition Depenienoe of b 
Concentration penetration profiles obtained fran ,I. Fe-Ti diffusion couples 

were typical of a solid solution and hence interdiffusion coefficients were 
evaluated by em;ploying Bolt zmann-Lfatano method at various compositions ('rable 1), 

Temoera.ture 
Composition 
at pct.Ti 

20 
40 
60 
80 
90 

Table 1 

The Values of Interdiffusion Coefficients at 
various temperatures and concentrations for 
y -Fe-Ti system 

892°C 916 °C 959°C 982°c 1023 °C 

Interdiffus ion coefficient j) 2 
on /sec. 

X1012 X1012 X1012 x 10
11 X1010 

2.9 6.92 7.94 4.27 1.51 
4.79 10.5 13.8 6 .61 1.86 
5 .75 14.1 18.6 s.71 2.04 
7.59 17.0 19.5 10.7 2.04 
672.0 1910.0 3390.0 151.0 229.0 

The temper2ture dependence of these diffusion coefficients can be 
described by Arrhenius expression of the type .b : !>o exp (-Q/:t:r). The values 
of activation energy (~) and frequency factor ( bo) have been evaluated from 
the dopes arxl intercepts by linearly fitting log j) ·vs 1/r usinE:; least mean 
squ2re method and listed in Table 2. 

Composition 
of Ti (at%) 

20 
40 
60 
80 
90 

Table 2 

Activation energy and frequency factor 
at various com;iositions for "'II -Fe-Ti system 

. 2 'Bo 
(c:n /sec.) 

5 1.9 x 104 
1 ,35x 1 o

3 7.48x 10 
3 1 .oG x 106 

1.71 x 10 

Discussions 

a 
(Kcal/mole) 

93.48 .:!: 16.1 
82.63 + 13.s 
80.69 + 12.8 
75.58 3: 1f'..S 
81 .ss + 11 .4 

1. Formation of inteimetallics in the diffusion zone 

These studies show that diffusion zore of couples annealed in the 
temperature range of ~-Fe do not reveal a!j)T intemetallic phase whereas 
diffusion zone of couples anmaled in o(. -Fe te11perature ra~e exhibits the 
occurrence of Fe2Ti phase. In princi11le, thermodyna11ics and kinetics are the 
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two considerations responsible for for:nation or absence of any phase in diffu­
sion zone. 

a) '&emodyranic Consideratiom 

iihether a particular ca.i~:osit ion will exist as· a solid sclution on a ca.i­
pound depends upon its free erergy. 'I'he solid solutions are for:ned at hic;hor 
energies v1hcreas the ordered strnctu:ce as obtained in the comuourrl formations 
is realized at levier eneri<iee. L\ren ''!hen the co'1st ituent elem~rrts are oresent 
in the correct proportio~, the nucleati'on of a phase in the diffusion. zone 
nay be inhibited due to the ract that the con:iideratiom of equilibrium themo­
dyna•nics which govern the occurrence of phases in the phase diagram are :nodi­
fied in the diffusion zone. Concentration gradient, elastic strain enGrgy, 
inter.facial energy, vacancy supersaturation.and dislocation multiplication sodi­
fy the free energies of alloy in the diffusion zone. 

Estii:1ation of free energy rise of Fe'ri in the diffusion zore of '/ -F'e-'J!i 
couple at 959°C shows that contribution from vacancy supersaturation is s:igni­
ficarrt and total increase in the free enercy is around 16 Kcal/:nole. 'l'nis 
increase in the free ener0y of the alloy in the diffusion zore is large enough 
to compensate for· decrease expected on account of compound formation, 
(4t4 = 4.e5 Kcal/mole). Hence, thermodynamically possibility of compound forma­
tion duril'IS diffusion in -I -~,e-'1'i does not exist. E.'venthough the thermodynamic 
conditiom axe made sl:ightly favourable by using incremental couples of ~ -1',e 
and FeTi conpouncl, these couples do not reveal the occurrence of Fe 2'ri phase. 
'rhis shows that thennodynamic conditions have a very little influence on the 
occurrence of phases in the diffusion zone. 

b) Kinetic Considerations 

The viable nucleus of any phase 
occurring in the phase diagram could 
be formed at the corresponding com­
positions, in the diffusion zone 
nrovided it is allowed by the free 
~nergy considerations discussed in 
the previous section. However, the 
phase \1ill grow only if the flux of 
species leaving the phase is smaller 
than the flux entering the phase. For 
example, in case multiphase diffusio·n 
had led.to the formation of irrter­
:netallic phases in zore, the schematic 
concentration profile would have been 
as· shown ·in l!,ig.4. Further in such cases, 

0 

z '" 
~ 

~'" 
3 

.J_ ·~ 

DISTANCE -

Fig.4 

the flux of species at a phase boundary (P) would be given by the equation 

(2) 
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where JP is the flux of atoms, DP is intrinsic diffusion coefficient and de/dJc 
is the concentration gradient at the phase boundary. 

Flux of Fe atoms has been calculated in the -I -Fe-Ti couple annealed at 
959°C using equation 2. In the a.bsence of thennodynamic data on activities 
in this system and due to the fact that ther.nodynamic factor o( is of the 
order of unity, tracer diffusion data was used instead of intrinsic diffusi­
vities, Diffusion coefficients of Fe59 by Shinayev l5J, extrapolated 
Tomlin's t6J data for diffusion of Fe59 in Fe-20 '.ri% alloy and actual 
concentration gradients fran profile (:&'ig.1) were employed for the purpose. 
Table 3 lists the flux of Fe atoms. 

Table 3 

Flux of Fe atoms in -/-Fe-Ti couple at 959°C 

Phase D~ dtl/dx Flux No, of atom/cm2/sec. 
2 atomic Entering the leaving the an /sec. 

fraction/ an phase phase 

o( -Fe ~ 6.49 x 10-13 666.67 
1a5 

4.68 x 10
12 

8,4-x 1014 5.7 x 10-10 1.35 x 

~ 5. 79 x 10-13 -do- 8.4 x 1014 

1.39 x 10
16 Fe

2
Ti 9.61 x 10-12 -do-

Fe Ti ~ 9.61 x 
10-12 -do- 1.39x 10

16 

2 ~ 10
18 

1.38 x 10-9 -<lo-

The table shows that flux of Fe at ans entering the phases o(, -Fe, ~,e2Ti and FeTi would be sm<?.ller by two orders of macnitude than the flux leaving 
these phases. Hence the phases could not have grown in the diffusion zone even 
after nucleation. 

Similarly, the values for Fe at ems in incremental couple of o( -Fe and 
Fe-'l'i compound, annealed at 860°C, have been evaluated ('l'a.ble 4). 

Table 4 

Flux of Fe atoms in ~-Fe - Fe-Ti couple at 860°C 

Phase D~e dcf dx flux No. of atans/an2/sec. 
an /sec. atanic frac- entering leaving the 

tion/an the phase phase 

1.98 x 10-11 
666.67 1.43 x 10

14 

3.98 x 10-14 -do- 2.86 x 10
11 

Table 4 sho1vs the flux of Fe atone entering the Fe2Ti phase is greater 
than that leaving the phase and as such the phase grows in the diffusion ZOJle, 

Thus, it may be concluded that .kinetic considerations a.re more significant 
in controlling microstructure of the diffusion zone. 
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...... 
2. Concentration Dependence of t:> 

Interdiffusion coefficients for ../-Fe-Ti couples at various .temperatures 
and concentrations have been tabulated in Table 1. It shows that 'b increases 
cradually with increase in Ti content in Fe rich side up to 80at.%Ti. In Ti rioh 
side ~ increases with decrease in Fe content beyond 80 at1Jl'i. 

According to :Birchenall ( 7) and LeClaire [BJ the variation of diffusion 
coefficient and solidus temperature vii th canposition are cC1.Uplementary to each 
other in many binary systems. In the present case, this rationalization is 
obeyed in Fe-rich side so that diffusion rates increase with increase in Ti 
content as solidus follows a downward trend with canposition. However, reverse 
is true for Ti rich side, whereas despite the decrease of solidus temperaturefl 
is found to be decreased. In the present case, however, the attempt to , 
correlate the diffusion coefficients with solidus temperature is not justified. 
This is because the solidus temperatures are established under equilibriun 
conditions whereas the absence of FeTi and Fe Ti fra;i the diffusion zone shows 
that the complete equilibrium has not been at~ained during diffudon. Hence, 
the discrepaccy observed in variation of solidus teillperature and diffusion 
coefficient in Fe-Ti systeill docs not pe:z:mit us to draw any inference regarding 
their inter-relationship. 

3. Interdiffusion parameters 
... 

Interdiffusion par:neters as frequency factor .be and activation energy 
for various canpositions have been presented in table 3~ An ~ortant feature 
of present data is the incidence of very high values of J)o an~s canpared to 
those reported by other r1Crkers over a full range of canposition. These high 
values could be che to non-attainment of co:nplete equilibriu:n during' diffusion as 
is shown by the absence of expected intennetallic canpounds fra;i the diffusion 
zone. 

International consiste11cy of diffusion 
parameters is depicted by the linear 
relationship betv1een ln J:>o and Q of the 
type 

ln Do = aQ + b (3) 

This relation was discussed by Zener 9 
and LeClaire ("10) for self diffusion in 
pure metals. ~he relation was also found 
to be true for tracer diffusion in alloys 
of different compositions in Fe-Ti system 
( 6 ] • This behaviour can be extended to 
interdiffusion fran the similar relations 
for self diffusion in alloys. Validity 
of· this relationship for interdiffusion was 
observed in nany system l:i 1] • This trend 
is seen in the present case also as shown 

·in Fig. 5• 

18 

fl(,IJAE51J<llCATE 
COMPOSITION QFT, 

a; 'l-0 9, "' 
.1.CTIVAllCl'IENERGYO"(~CJl,llt.0.E)----

Log Do vs Q for 
B'e-Ti system. 
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Theoretically, accordil'.lg to Zener's elastic model values of a and b 
in equation 3 are given as 

and 

a = ~ a. ( '!'ff.•) 
fl..,._, TI "f IT-' 

b = ln ( T"I.-..,,.. ) 

• • • (4) 

(5) 

Here, J>- and fa• represent the appropriate elastic modulii of ·the alloy at 
temperature T and OK. Tm is the melting point and ~ is constant. 'r' is :t"-' 
length of unit diffusion jump and '11 is Debye frequency. 

As the relevant data (elastic modulii) for Fe-Ti system are not available 
a direct canpar:is.on between the calculated and experimental values of a & b is 
not possible. However, experimental values are compared with those for inter­
diffusion in other bimry systems in 'Ill.ble 5. 

Table 5 

Linear Relationship between 
interdiffusion 

.., .., 
lnllo and Q for 

- ( 2 ln Do an /sec.) 
,., 
a~ (Kcal/mole) + b 

S:t.:!tem a b Reference 

'fi-V 0.30 -17 .09 11 
Fe-V 0.39 -21.0 12 
Fe-U..l 0.39 -18.0 13 
Fe-Si 0.37 -18.0 14 
Fe-Co 0.35 -18.0 11 
Fe-Ti 

(upto eoatr,;Ti) 0.37 -19.4 Present 
Fe-'l'i 

(beyond eoat)~i)0.44 -22.04 -de-

work 

It is seen that there is good a.,:;ree•!lent b&twee n the values for other systems arxl. 
:

1 c-1'i syste.':. lr is serves to underline the internal consistency of diffusion 
pa.ranetcr thoush they have high values. 

Conclusions 

'I'he present results shov: that. -
(i) i~inetic factors a.re more 'resporoible than ther.nodynamic factors for the 
presence of phases in diffusion zone; (ii) Interd iffusion coefficient D does 
not shO\'! re[ular behaviour '7ith solidus temperature; (iii) Zener's theory of Do 
is in accord with interd iffusion behaviour in F'e-Ti system. 

1. L.S. 
2. J .H.. 
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