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Abstract

The temperature dependence of bulk diffusion of zinc, tin
and aluminium in a Fe-5% at Si alloy have been studied in the
vicinity of the Curie point. Also, the temperature dependencg
of the diffusion coefficient of zinc on the tilt boundary 43
<100> has been studied in the same alloy. These temperature
dependences exhibit a ferromagnetic anomaly of diffusion. The
critical indices have been determined for the magnetic part
of the free activation energy of diffusion. The treatment of
the published and of our data has shown that this critical in-
dex is independent, within the accuracy of the experiments, of
the type of diffusant /so-called "universality"/. The boundary
diffusion critical index is markedly different from the bulk
one, exceeding it by approximately a factor of 1.5. The Curie
temperature is coincident in the bulk and one the boundary.
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Experimental

Critical phenomena near kind II phase transitions in sys-
tems of low dimensionality are very intriguing for researchers.

OQur goal was to study critical phenomena at grain bounda-
rieg near the ferromagnetic - paramagnetic state transformation
by making use of diffusion.

We uged Fe-5.0 at % Si bicrystals., This is a minimal
anount of silicon that isolates the -region on the Fe-3i bi-

nary diagram and enables one to grow mono- and bicrystals with
b.c.c. structure [1]. The Fe-5.0 at % Si alloy was prepared
from armco-iron and silicon of semiconductor purity. The samp-
les, were grown by electron-beam zone melting in a vacuum of
10-6 torr, the growth rate veing 1mm/min. The grain boundary
diffusion was studied in a bicrystal with a tilt boundary
{100> and misorientation angle of 439, The misorientation

angle was determined from etch pits and by optical orienting
using a lager light source. The angle determination accuracy
was 0,59, For diffusional anneals 2 masgive bicrystal was cut
into samples of 8-12 mm in length and 1.5x1.5 mm in cross-gsec-
tion on an electric-spark machine. The boundary was in the mid-
dle normal to the long side of the sample. The diffusant (tin
or zinc) was deposited on each sample by immersing it into the
melt. The samples were encapsulated into evacuated quartz am-
poules. The annealing temperature ranged from 660 to 975°C,
The temperature was maintained with an accuracy of +0,5%C.

Following the anneal, the sample was mechanically ground
and polished. The bulk diffusion coefficients were determined
using eleciron probe microanalysis from the diffusion profiles
taken away from the grain boundary, normal to the sample surfa-
ce, along the <1002 axis. The values of D were determined
from 5-7 diffusion profiles using the expression

2

X
D= RmregT=cmy )

for the constant surface concentration, where t is the an-
nealing duration, c¢ 1is the concentration, €4 is the solubi-
lity limit. A quantitative analysis with all the necegsary cor-
rections was employed for the determination of the concentrati-
on from the electron probe microanalysis. To determine the
boundary diffusion coefficients of zinc, we took a number of
diffusion profiles across the boundery parallel to the sample
surface with the deposited diffusant. The profiles were taken
gtarting from the sample surface, the step being 10 Mm. The
product of the boundary diffusion coefficients, D', by the
boundary diffusion width, , was determined by Fisher's formu-

la { 2 2
D'§ = 2(P/nt)ry Nln (crc.)) (2)

where ¢ 1is a maximal concentration on the concentration pro-
file, taken normal to the grain boundary at a depth(? .
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Regults

Figg 1 and 2 present the temperature dependences of the
bulk diffusion coefficients in Arrhenius coordinates. An accu-
rate determination of the critical indices required a great
number of the experimental points (2-3 times as much as in the
works [2-9], where the diffusion coefficients were measured
for iron or cobalt near the Curie point)., In Figs 1 and 2 the
temperature dependences exhibit clearly a "paramagnetic" Arrhe-
nius straight line. In thig portion the activation energy, E,
and the preexponential factor, Do, for tin and zinc are equal
to Egp = 51+1 kgal/mol; Dygpn = 4+0.5 cme /S By, = 58+1 kcal/mol;
Doyn = 30+10 cm</S. Zinc, tin and silicon decrease the Curie
point of Iron. In figs 1,2 the diffusion coefficients are pre-
gented for 0.23 at % tin and 0.98 at % zinc contents. From Figs
1 and 2 one can determine the Curie temperatures of these al-
loys (740+2°C for the alloy with zinc and with tin). Below
these temperatures there are regions with high physically sen-
geless values of the activation energy and of the preexponenti-
al diffusion factor.
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Figure 1. Temperature dependence of the bulk hetero-
diffusion coefficient of zinc in the alloy
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Figure 2. Temperature dependence of the bulk hetero-
diffusion coefficient of tin in the alloy
Fe-5 % Si,

Fig. 3 presents the temperature dependence of D'§ for the
zinc diffusion across the tilt boundary < 100> , the misorienta-
tion angle being 43+0.5°., Qualitatively, its form is similar to
those of the temperature dependences of the bulk diffusion coef-
ficients, shown in Figs 1 and 2. The temperatural anomaly of the
boundary diffusion of substitutional atoms near the Curie point
has been observed for the first time. The activation energy, Ep,
and the preexponential factor, D,'§ , of the boundary diffusion
equal: Ep = 42+3 kcal/mol, Dp'S= 2+1 cm3/S. Thus, the value of
Ep is 1.4 times smaller as compared with the bulk value. Below
the Curie point the boundary diffusion coefficient decreases
with the temperature more rapidly than the bulk one by approxi-
mately 1.6 times, iie have verified the correctness of the deter-
mination of the D'§ wvalue using Fisher's formula as an asympto-
tic form of Whipple's formula, ~te /.

For this case the condition B= DS/PVDt > |
must be fulfilled. In our case the temperature variation from
908 to 652°C leads to an increase of the 8 value from 14.7 to
191,

Discusgion

The temperature dependence of the diffusion coefficient at
a vacancy mechanism is given as
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Pigure 3. Temperature dependence of D'§ at zinc
diffusion across the tilt boundary <100) ,
P = 43%, the alloy Fe-5 % 3i.

D= gfa*y exp(-G/RT) (3)

where g 1is the geometrical factor, f is the correlation fac-
tor, a 1s the lattice parameter, ﬂ is the frequency of ther-
mal oscillations of atoms, G is the free activation energy. We
agsume that the values of f and Y do not alter when transit-
ing via the Curie point. The free activation energy involves the
paramagnetic (index p ) and magnetic {(index m) components:

G = Gf’ +Gm =HP-T“S‘P ""Gm (4)

here Hp and S are the enthalpy and enthropy of the diffusion

p
activation.
The theory of critical phenomena [22/ asserts that near the
kind I phase transition the free energy derivatives (heat capa-

city, susceptibility etc) are temperature dependence according
to the power law, for example



824 RABKIN et al.

here X is a so-called susceptibility critical index. Critical
indices are an important characteristic of the system near the
phase transitions, If in a three-dimensional case their values
are independent of the gystem type, lattice structure etc, then
two=-dimensional objects fall into a number of so-called univer-
gality classes. We shall determine the critical indices for
and find out how they are associated with those for thermodyna-
mical values and try to gain an undersianding in physical causes
of this interrelation.

We designate the critical index for Gy as 4.

Firgt we determine it for the diffusion data, known from
the literature. To this end we plot  AGW/R vs [T-T¢f /Te in
double logarithmic coordinates. Here

AGy = Gn(T) = G.(T) (5)

The calculation of @& turned out possible from the four works:

System Selfdiffusion Diffusion Diffusion Selfdiffusi-

in &-iron of zinc in of cobalt on of iron
o =iron in 4 -iron in the alloy
Fe‘? .64 at
w Si
referen- {3, 4] {51 el |71
ce
0.9+0.2 0.8+0.1 0.8+1 0.93+0.05

In Fig. 4 our data for the bulk diffusion coefficients of zinc
are plotted in logarithmic coordinates. We have determined the
Curie ?emperature from the maximal slope on the dependences
1gD-T~'. It makes up T40+2°C, this agrees with the data of [207.
The critical indices equal dzp = 0.8+40,1, dgp = 0.7+0.1.

So, the critical index for the magnetic part of The diffu-
sion free activation energy is weakly dependent on the type of
the diffusant and makes up 0.,8-0.9., It can, therefore, be gaid
that the critical behaviour of this wvalue is universal.

Fig. 5 shows AGy/R vs [T-T¢] /T. for the boundary
diffugion of zine. The Curie temperature, T,, was also determi-
ned from a maximal slope on the dependence 1lgD'§ -1/T, It is
congistent with the bulk one and is equal to 740+2CC., The criti-
cal index dgp = 1.240,.15, that exceeds the bulk value of d.



CRITICAL BEHAVIOUR OF GB DIFFUSION 825
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Table 1

Coefficient of the bulk diffusion of tin
in the alloy Fe-5 at % Si

Temperature Annealing duration Coefficient of dif=-
O t, hour fusion Dg. cmE/S
1 2 3

908 3.0 4.,2-10"10
862 12,0 1.9-10"10
838 68.0 1.3-107 19
813 54,0 6.6-107
792 50,0 4.6-10"11
772 110.0 2.5.10" 1
753 100.0 1.8.10" 11
745 167.0 7.4+107 12
740 78.0 1.1-10" 1
737 135.0 5.9.1071°
734 120.0 7.2-1071°
728 85.5 5.,2.1071°
725 80.0 3.8.1071°
721 96.0 3.6+107 12
719 137.0 3.041071¢
719 170.0 2.3-10712
717 121.0 2.1.10712
714 212.5 2,8:1071°
711 2320 2.4+1071°
706 220.0 1,5.1071°
702 190,0 9.5-107 17
692 216.0 8.5-10" 12
685 250.5 5.4:107 13
667 282.0 4,7-10"13

652 816.,0 1.6.10712
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Table 2
Parameters of the bulk and grain boundary diffusion
of zinc in the alloy Fe-=5 at % Si
Tempera-  Annealing  Bulk diffusion D'& em>/S
ture duration coefficient,
04 t, hour Dy » cme/S gentle steep
portion portion
1 2 3 4 5

908 3.0 7.6+10-10 (3.2+0.8).10=11 2
890 2.0 4.1-10"10 (4,041,2)+107'1  2.10713
875 5.5 3,1+10710 (2.240.5)-107 11 2.10713
857 7.5 2.1-10710 (1.640.4)+107 1" 310712
836 13.0 1,2-10710 (1.040.3)-107""
809 21.0 6.2.107 1"
790 63.0 4.9-10"11
772 110.0 3.0010" " (2.8+0.5)107 %
753 100.0 1.3-107 11 (2.2+0.5)-10712  3.1071°
745 167.0 1.0-10" 1
740 78.0 8.9-107 12 (1.0+0,3)+107 12
737 135.0 7.4+10712
734 120.,0 8.3-1071% (9.1+1.0)+107 12
731 95.0 6.31071° (5.4+0.8)-10" 1>  1,1071°2
728 85.5 3.8.1071¢ (8.3+0.8)-107 12
725 80.0 3,6+1071¢
721 96.0 2.8-10"12 (5.5+0,7)+1071°
719 137.0 2,3+10712 (4.740.6)10"17
719 170.0 3.2.107 1% (4,040.6)-10712  1.10"17
717 121.0 2,2:10712 (1.941.0)+10713
714 212.5 2.3-10712 (2.840.6)+1071°
711 232.0 1.7.10712 (2.2to.5)-10'13
702 190.0 3.8+10"13 10710
692 216.0 6.9:10712 (6+3)+107 14 3-10716
685 250.5 g.1-10"12 (241) 10714
667 282,0 1.8:1071° (1.640.4)+10" "
662 240.0 1,2+10712 (6+3)+107 12
652 816.0 9.1+107 14 (9+2)-10717
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