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Grain boundary diffusion of Ge in Mg
and Mg-Al solid solution
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Abstract

Diffusion characteristics of Ge in Mg and Mg-1.8wt.%Al alloy were studied. The measure-
ment was carried out by serial sectioning and by residual activity methods in temperature
interval 448-848 K. Due to extremely low bulk solubility, Ge diffusion occurs almost exclus-
ively in grain boundaries (GB’s). Hence, Ge diffusion coefficient Dy in GB’s was directly
evaluated at higher temperatures, whereas triple product P = Dy sd (s, § — segregation factor
and GB thickness, respectively) was measured in low-temperature region. Obtained values of
Dy, and P enabled to make a rough estimation of segregation factor s of Ge to GB’s.
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1. Introduction

Magnesium is a base of a wide variety of light com-
mercial alloys that attract a constant attention of both
applied [1] and basic research [2—6]. They are often
precipitation strengthened by alloying the base with
certain elements that form very stable intermetallic
particles. For example, T1, Ag, Ce and Sn form AB-
-type compounds with cubic lattice, Cu, Zn and Ni
form fcc or hep Laves phases and Si and Sn form fecc
ABs-type compounds. Some of these elements show
very low solubility (e.g., rare earth elements, Si, T1),
which may impart certain peculiar features to their
diffusion in a polycrystalline alloy.

In the present paper, the diffusion of Ge in Mg and
in Mg-1.8wt.%Al alloy is studied, which simulates the
behaviour of extremely low-soluble elements (in Mg
and in Mg-Al-based family of alloys [1, 7]).

2. Experimental

Experimental samples were machined from pure
Mg (3N8) and from an alloy Mg-1.8wt.%Al (purity
of Al — 5N), which was prepared by induction melt-
ing in Ar protective atmosphere. The mean grain

size of Mg and Mg-1.8wt.%Al alloy was about 1 mm
and 0.2 mm, respectively. Samples were ground with
metallographic papers and polished with OP-S sus-
pension.

The nuclide %8Ge was dripped on the polished
sample surfaces in a form of 0.5M HCI solution of 58 Ge
carrier (GeCly; specific activity 18 GBq-mg~! of Ge)
and dried by an infra-lamp.

The samples were wrapped in Ta foil and sealed to-
gether with Zr splinters in silica tubes under the pro-
tective gas atmosphere (Ar or a mixture Ar 4+ 3 vol.%
Cly) at pressure slightly below the atmospheric pres-
sure. For temperatures and diffusion times see Tables
1-4. The gas mixture Ar + Cly suppresses the growth
of oxides; hence, the measurement with the two an-
nealing gas atmospheres gives the possibility to assess
the effect of residual oxygen upon the diffusion char-
acteristics.

The diffusion anneals were done at temperatures
between 448 K and 848 K in horizontal furnaces; dif-
fusion temperatures were stabilized within + 1 K.

Diffusion measurement was carried out by residual
activity (R) and serial sectioning (S) methods. The
layers were taken-off by precise grinding and the rel-
ative concentration of diffusant was measured by low-
level a/3 /v counter CANBERRA 2400.
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Fig. 1. Examples of penetration profiles of *®Ge in Mg
(diamonds) and in Mg-1.8wt.%Al alloy (squares) obtained
at higher temperatures.

3. Results and discussions

The penetration profiles c(x,t) (¢ — average relat-
ive concentration of Ge, x — penetration depth and ¢
— diffusion time) are the primary experimental data.
It was observed that the profiles consisted of surface
hold-up, which was followed by a segment linear in
co-ordinates log ¢ vs. 2 — see Fig. 1. At lower tempe-
ratures, the concentration tail linear in co-ordinates
log ¢ vs. 25/ was also observed — see Fig. 2.

3.1. Near—surface parts of
penetration profiles

Values of diffusion coefficient, D, obtained by fit-
ting equation [8]

e -t ()W
c(z, Dl exp | —

to respective segments of measured profiles c(z,t) are
listed in Tables 1 and 2. In Eq. (1), M stands for sur-
face concentration of diffusant in time ¢ = 0. As it can
be seen in Fig. 3, the calculated D’s at highest tempe-
ratures (fitted by the full line) are close to values of D
for L Ge reported in our previous work [9], where the
nuclide "' Ge was deposited by ion implantation tech-
nique. D’s for diffusion in Mg-1.8wt.%Al alloy follow
the Arrhenius equation

D = (3.673%) x 107° x

e (104.9£88) kJ-mol '], 2)
Xp | — : .
RT
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Fig. 2. Examples of penetration profiles of *®Ge in Mg
(diamonds) and in alloy Mg-1.8wt.%Al (squares) obtained
at lower temperatures.

Table 1. Diffusion coefficients D of %®Ge in Mg-

-1.8wt. %Al
_ Protective
T[K] t[10°s] D [m?s™'] Method atmosphere Mode
g8 54 LAX0T R4 a, b
4 11x107 S vt Gl b
54 x 10712 R
798 585.7 1l j0-12 g Ar Dy,
1.4 x 10712 R
14 x 1072 R
748 5.4 1.7 % 10-12 g Ar + Clg Dy,
1.6 x 10712 S
33x 1071 R
698 9.0 9.9 % 10~13 S Ar + Clg Dy,
59 x 1071% R
648 14.4 2.5 % 10~ g Ar + Cly Des
548 504 25x 107 R Ar + Cly  Det

It can be also seen in Fig. 3 that the values of D ob-
tained both for %8Ge and "' Ge at higher temperatures
are significantly greater than values that could be ex-
pected if the known bulk diffusivities of various non-
-transition elements (reported in [10]) are extrapol-
ated to low temperatures. These are limited by dotted
lines Dpin and Dpyax in Fig. 3. This suggests that the
values of D obtained in the present paper from Eq.
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Fig. 3. Arrhenius diagram of measured diffusion coeffi-
cients D. Data for "' Ge taken from [9].

Table 2. Diffusion coefficients D of “®Ge in Mg

N .
TK] ¢[10°s] D[m>s] Method _ " \ode
atmosphere

12 x 1071 R

848 5.4 1.2 % 10~ g Ar + Cly Dy,

798 5857 1.8 x 1072 S Ar +Cl, Dy
43 x 1072 R

798 5.4 4.0 % 10-12 g Ar Dy,
2.0 x107% R

698 9.0 5= 10-%5 g Ar + Cl;  Dq

(1) are effective diffusion coefficients, Det, that can be
expressed as a combination of diffusion coefficients in
GB’s, Dy, and in the bulk, D, (Hart’s mixing rule [11]):

DgDefZTDb—l—(l—T)DV. (3)

In Eq. (3), 7 denotes the relative mean time spent
by the diffusing atom during the random walking in
GB’s (often replaced by the volume fraction of GB’s,
f). For the strong segregating diffusant, 7 can be ap-
proximated by the following relation [12]

sf
T = . 4
1—f+sf “)
Hence, if the segregation factor s = cy/cgo (cb,

cgo — concentration in GB and in the grain close to

GB, respectively) is high enough, it can be easily seen
that 7 goes to unity, and, at the same time, Dot ap-
proaches the value of diffusion coefficient in GB (mode
Dy, in Tables 1, 2). At lower temperatures in turn, the
mean diffusion path /D,t is sufficiently small com-
pared to the mean grain size L and the approxima-
tion 7 = 1 does not hold more. D¢ decreases towards
bulk diffusion coefficient D, which is schematically
indicated by dashed lines in Fig. 3 and marked as a
mode Dy in Tables 1, 2. The break point between
the Dy, and Des modes (arrows in Fig. 3) varies before
all with L (which caused observed difference between
diffusion behaviour of Ge in Mg compared to that in
Mg-1.8wt.%Al), and with the stopping effect of oxide
plugs in entries of GB’s at the free surface (GB’s are
easy accessible for "' Ge that was implanted below the
surface than for the ®®*Ge that was dripped-and-dried).

3.2. GB diffusivity

Triple product P = s§ Dy, was evaluated from the
slope of the flat tails of ¢(z, t) measured at lower tem-
peratures using LeClaire’s analysis of GB diffusion
in type-B kinetics [13]. Since the penetration profiles
measured in the present work provide no information
on Ge volume diffusion, the D,’s for In diffusion were
used for the evaluation of the present data. Volume
diffusion coeflicients of In are very close to those of
Sn [10] and, hence, it may be believed that it simu-
lates quite well the diffusion behaviour of Ge, which
is in the same group. Similar idea — simulation of Al
volume diffusion by that of In — was proposed, e.g., in
[14]. Using D,’s reported in [15] (Dy = 1.75 x 10~*
m?/s; @, = 143 kJ-mol™!), the triple product P was
calculated from equation

. Olnc\ "

Constants p, g, r and u are positive numbers known
from the theory [13], the derivative is taken in the con-
centration tail (at great depths z), where c¢ is well lin-
ear in co-ordinates In ¢ vs. %%, The results are listed
in Tables 3, 4. It can be seen that leakage parameter

P
7= 2D ©

is well above the unity in all the cases, which is the
principal condition of type-B kinetics [13]. The tempe-
rature dependence of P can be described by Arrhenius
equation (see in Fig. 4)

P=(1475%) x 10719 x
(95.8+4.6) kJ-mol™*] o , (7)

X exp | — m° s

RT




16 J. Cermdk et al. / Kovove Mater. 44 2006 13-17

Table 3. Characteristics of GB diffusion of ®®*Ge in Mg-1.8wt.%Al and segregation coefficient s to GB’s

Protective
T K] t [10% ] P [m?.s) B s Method atmosphere
608 00 6.5 x 10718 166 2.6 x 10* R Ar+ CL
' 1.4 x 10717 354 54 x 10* S r+ Gl
548 S04 5.0 x 10720 13400 2.8 x 10* R Ar+ CL
' 2.2 x 10719 60100 1.2 x 10° S r+ Gl
498 198.6 2.2 x 10720 338000 1.2 x 10° R Ar
448 1196 6.5 x 10722 1320000 6.2 x 10* S Ar + Cl

Table 4. Characteristics of GB diffusion of ®®*Ge in Mg and segregation coefficient s to GB’s

Protective
T [K] ¢ [10° 5] P [m® s B s Method atmosphere
2.4 x 1077 67 2.8 x 10* R
748 54 3.1 x 10717 86 3.6 x 10° S Ar + Cl,
4.6 x 10718 118 1.8 x 10* R
698 9.0 9.3 x 10718 239 3.7 x 10° S Ar + Cly
800 700 600 T[K] 500 Fig. 5. Despite of a considerable amount of scatters,
107 g I I I 3 the temperature dependence of s can be described by
E ® 5Ge in Mg-1.8 Al J the relation
1077 B X %Ge in Mg 7]
E E (10.6 + 4.6) kJ - mol *
F 3 s=(5.47532) x 10%e
F . (5.4733) xp RT )
10 = (8)
A E 3 (see the full straight line in Fig. 5). The obtained se-
T lo_lg_g E_ gregation enthalpy Qs = —10.6 kJ-mol~! agrees reas-
o E 3 onably with typical values of equilibrium enhancement
C ] factors expected in the literature for other materials
107 5 [16, 17] (between —20 and —8 kJ/mol).
a 3 It can be noted that the ratio Qp/Q, = 0.66
107 b - (Qp, Qv — activation enthalpies of grain boundary and
3 3 volume diffusion, respectively) seems to be quite rea-
L | | ] sonable (for activation enthalpy of volume diffusion,
10'2212 ' 6 ' 2 ' 4 the value for In in Mg, @ = 143 kJ-mol™!, can be

1/T [10% 1/K]

Fig. 4. Arrhenius diagram of GB diffusion of *®*Ge in Mg
(crosses) and in Mg-1.8wt.%Al (full points).

3.3. Estimation of segregation factor

The segregation factor s can be calculated from the
relation s = P/é Dy, using Egs. (2), (7) and commonly
accepted value of GB width § =5 x 10710 m [13]. The
results are listed in Tables 3, 4 and they are shown in

taken).

4. Summary

Extremely low solubility of Ge in Mg and in Mg-
-1.8wt.%Al alloy gave a possibility to measure the dif-
fusion coefficient, Dy, in grain boundaries. Together
with triple products, P, measured at lower tempera-
tures, the values of Dy, enabled to make a rough esti-
mation of segregation factor s. It was found that the
Ge enrichment of GB’s was of the order 10%-10°.
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Fig. 5. Temperature dependence of segregation factor of
Ge in Mg (crosses) and in Mg-1.8wt.%Al (full points).
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