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Diffusional penetration during diffusion- 
induced grain-boundary migration process 
in an AI-Zn couple 
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25 Reymonta Street, 30-059 Cracow, Poland 

The existence of diffusion-induced grain-boundary migration (DIGM) has been re-examined 
by electron probe micro analysis and analytical electron microscopy in the aluminium substrate 
of AI-Zn diffusion couple annealed in the temperature range 395-535 K. The investigation 
revealed two basic kinds of DIGM: laminar and turbulent. The laminar kind occurs over the 
whole temperature range and is characterized by a small migration distance and large 
migration depth. The zinc enrichment at a sample surface is 4.0-5.0 wt% and gradually 
decreases with increasing depth. The turbulent kind is limited to annealing temperatures above 
450 K. In this case, the width of the alloyed zone is much greater, close to the surface of 
sample and then dramatically decreases, showing a behaviour similar to the laminar 
morphology. The zinc content at the surface of sample is 8.0-9.0 wt%. The diffusivities of 
DIGM calculated based on Cahn's equation agree well with the val0es of stationary grain 
boundary in diluted AlZn alloys. Evidence for the existence of DIGM was the asymmetry of 
the zinc profile with regard to the final position of the boundary. Microanalytical scan across 
the alloyed zone showed an abrupt change of the zinc concentration at the moving boundary. 
This suggests that the role of volume diffusion during DIGM is not so important and a 
considerable chemical contribution to the total driving force should exist. 

1. I n t r o d u c t i o n  
It is well established that the diffusion of solute atoms 
along the grain boundary can force the boundary to 
migrate leaving behind a solute-enriched zone. This 
phenomenon, known as diffusion-induced grain- 
boundary migration (DIGM), has been extensively 
studied in binary systems such as Fe-Zn [1-6], 
Cu-Zn [7-13] and Cu-Ni [14-18]. 

The A1-Zn system seems to be an ideal system for 
the study of the DIGM process because other phe- 
nomena at the moving boundaries were observed over 
a wide range of temperatures and zinc concentrations. 
Tashiro and Purdy [19,20] reported that DIGM 
occurs in this system with an extensive volume diffu- 
sion ahead of the migrating boundaries. The rates of 
migration were very slow, being about two orders of 
magnitudes lower than during discontinuous precipi- 
tation at corresponding temperatures. Therefore, 
Tashiro and Purdy proposed the driving force of 
DIGM resulting from the coherency strain in the zinc 
concentration profile., ahead of the boundary. A recent 
investigation of Varadarajan and Fournelle [21] 
doubted whether the observed migration was due to 
DIGM or simply due to the normal migration 
process. 

The present work was undertaken in order to ob- 
tain more experimental information. The following 
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features typical for DIGM occurrence were examined: 

1. the formation mechanism of the zinc-enriched 
zone behind the moving boundary; 

2. the morphology of the new zinc-enriched zone at 
various depths and over various distances to which 
the boundary migrates; 

3. the level of zinc enrichment within the new grain, 
the asymmetry of the zinc profile with respect to the 
grain boundary, and the step-like change of zinc 
content at the grain boundary; 

4. the value of diffusivity at the moving grain 
boundary and its comparison with other data on 
diffusion. 

2. Experimental procedure 
Aluminium of 99.99% purity was melted in a graphite 
crucible and cast into a steel mould. The ingot was cut 
into slabs 5 mm thick and cold rolled to thicknesses of 
1.5 and 0.05 mm. Then the samples were annealed at 
600 K for 0.5 h. The resulting grain size was about 
1500 lain. After annealing the samples were elec- 
trodeposited with zinc. Electrodeposition was carried 
out in an acid bath containing 20 g 1- ~ zinc ions and 
10g1-1 HC1. Moreover, 40mgl -I  fluor ions were 
added in order to improve the adhesion of the zinc 
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layer to the aluminium substrate. The thickness of the 
zinc coating was between 8 and 15 gm. Samples 
1.5 mm thick were plated on one side (type A), while 
those 0.05 mm thick were plated on both sides (type 
B). The geometry of the resultant samples is graphic- 
ally presented in Fig. 1. The coated diffusion couples 
were then held at temperatures ranging from 
395-535 K. 

In order to determine the grain-boundary (GB) 
migration velocity the apparent width of alloyed zone, 
w', was taken as a perpendicular distance from origi- 
nal location of the GB to the migrating boundary, 
using an optical microscope. About 40 to 50 indi- 
vidual measurements were made on the surface of the 
sample of A type. Prior to measurements, the plated 
layer of zinc was electrolytically removed using a 
solution of perchloric acid, ethanol, methylo glycol 
and glycerol at a potential of 20 V. The values of w' 
were averaged and multiplied by re/4 in accord with 
Liick's [22] method. Finally, the GB migration velo- 
city was obtained from the slopes of w' versus time. 

Zinc concentration measurements across DIGM 
regions were carried out using an electron probe 
microanalyser (EPMA) with wavelength dispersive 
spectroscopy. Zinc and aluminium were detected by 
separate spectrometers and the specimens were orien- 
ted in such a way that the take-off angle of X-rays 
detected was 35 ~ The zinc and aluminium counts were 
normalized against a pure zinc and aluminium stand- 
ard. Within the 95% confidence limit, the measure- 
ment error was + 4.5%. 

The limited spatial resolution of the EPMA method 
does not allow good resolution of the solute concen- 
tration immediately at the front, and just behind the 
final position of the moving boundary. Therefore, part 
of the samples were used to prepare thin foils for an 
electron microscope Philips CM20 Twin equipped 
with an energy dispersive spectrometer. Energy dis- 
persive X-ray (EDX) analyses were carried out with 
the microscope operating at 200 kV in the nanoprobe 
mode and a 50 gm diameter ,top hat" condenser 
aperture. This resulted in a probe size of 10 nm. The 
average foil thickness calculated based on the contam- 
ination spots produced on the top and bottom of the 
foil, was about 200 nm. During analysis, the specimens 
were tilted approximately 15 ~ towards the energy 
dispersive detector which resulted in 35 ~ take-off 
angle. The intensity of characteristic X-ray peaks, IA~K~ 
and IZ,K~ were obtained for X-ray acquisitions time of 
60 s using a Link eXl energy dispersive spectrometer 
and the ancillary electronics. Within 95% confidence 
limit, the measurement error was ___ 12% for the 

minor element. The weight per cent of zinc at the 
points analysed was obtained from the observed peak 
integrals using the Cliff-Lorimer "ratio technique" 
[23]. In the present study, KAI_Zn = 1.25 4- 0.1 using 
a homogenized A121.55 at % Zn standard under sim- 
ilar conditions to those used to obtain the spectra 
from the annealed samples. 

3. Results 
3.1. Morphology and chemical analysis 
Investigation of cross-sectioned samples of A type 
using an optical microscope and SEM revealed that 
only a small number of the boundaries had migrated 
during annealing in the temperature range 395-535 K. 
At the lowest and the highest temperatures, the migra- 
tion distances were extremely short and they did not 
exceed a few micrometres. Therefore, further invest- 
igation was focused on samples annealed in the tem- 
perature range 415-515 K. 

The morphologies of the migrating boundaries were 
observed to be limited to two basic types. In most 
cases the grain boundaries moved in a single direction, 
though bulging into two directions was also noted. 
The migration distances were usually very small, ap- 
proximately constant, with the extreme depth to 
which migration occurred. This is shown by the ex- 
ample of a specimen annealed at 415 K for 10 days 
(Fig. 2). The migration distances of grain boundaries 
GB-1, GB-2, GB-3 measured along line A-A are 10, 5 
and 8.5 ~tm, respectively. As the shape of migrating 
boundaries is not corrugated and the migrating dis- 
tance decreases gradually with increasing depth below 
the surface of the specimen, this kind of a process was 
termed laminar. 

The concentration profiles measured across line 
A-A of Fig. 2 were asymmetric (Fig. 3) with a max- 
imum zinc content at the final position of the bound- 
ary. A step-like variation of zinc concentration across 
the boundary was observed. It should be noted, how- 
ever, that such a profile shape was partially due to the 
poor resolution limit of the EPMA. Fig. 4 presents the 
variation of zinc content with depth for the initial and 
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Figure 1 Schematic illustration of diffusion couples used for the 
experiment: (a) A type sample, (b) B type sample. 
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Figure 2 Cross-section of an A type sample annealed at 415 K for 
10 clays showing migration of the original grain boundaries GB-1, 
GB-2, GB-3. 
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Figure 3(a-c) Zinc concentration profiles along line A-A in Fig. 2. 
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final positions of the boundary denoted GB-1 in 
Fig. 2. The concentration decreased monotonically 
with depth at these two positions of the grain bound- 
ary. The concentration at the final position was grea- 
ter than at the initial one. 

At higher temperatures (starting from 455 K) some 
boundaries were observed to migrate with the distance 
of migration being much greater, near the diffusion 
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Figure 4 Variation of zinc content with depth for initial and final 
positions of the boundary denoted GB-1 in Fig. 2. 

couple interface, than at the sample interior. Such 
grain-boundary migration was termed turbulent. 
Fig. 5 presents a micrograph taken after 10 days an- 
nealing at 455 K of an A type sample. The migration 
distances were found to be 55 ~tm at the interface, 
decreasing to 25 rtm at a depth of 15 I~m, and attaining 
7 pm at a distance of 75 pm below the Zn/A1 interface. 
It should be noted that the region enriched with zinc 
did not represent some sort of surface precipitation, 
because even heavy etching procedure did not remove 
them from the surface of the specimen. The results of 
EPMA analysis for the boundary shown in Fig. 5 are 
presented in Fig. 6a-f. The measurements of zinc 
concentration along lines A-A, B-B, C-C, D-D,  E-E  
and F - F  give profiles across the alloyed zone at 
depths of 5, 15, 30, 40, 60 and 75pm below the 
electrodeposited zinc layer, respectively. The profile 
taken along the dotted line X-X gives the variation of 
the zinc content within the alloyed zone as a function 
of the depth below the sample surface (Fig. 7). An 
asymmetric shape of the zinc profiles is visible for all 
the sections presented in Fig. 6. The maximum zinc 
content corresponds to the final positions of the 
boundary and it decreases with increasing distance 
from the coated surface of specimen. This is in agree- 
ment with the zinc profile presented in Fig. 7 where 
appropriate cross-sections are marked by dashed 
lines. 

Therefore, the investigation of cross-sectioned bulk 
specimens allow two basic kinds of process to be 
distinguished. The first one, observed over the whole 
temperature range, is characterized by the small mi- 
gration distances with extreme depth to which migra- 
tion occurs. The changes of migration distances along 
the depth are rather smooth. Zinc enrichment close t o  
the surface of specimens is ~ 4.0-5.0 wt%, with a 
maximum at the final positions of the boundaries. The 
solute content gradually decreases with increasing 
depth both at the initial and final position of the 
boundary. 

The second kind, termed turbulent, is attributed to 
the higher annealing temperatures (above 450 K). In 
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experiments. In such cases, the zinc content would be 
influenced by the aluminium matrix beneath the allo- 
yed zone and these regions were not subjected to EDX 
analysis. Therefore, the presented result is one of a few 
exceptions where EDX analysis could be made cor- 
rectly. Some zinc content detected outside the alloyed 
zone may have been due to the presence of zinc atoms 
which diffused into the surface layers of the aluminium 

Figure 5 Scanning electron micrograph of an A1-Zn bulk couple 
annealed at 455 K for 10 days. 

this case, the migration distance close to the surface is 
much larger than at the sample interior. The shape of 
the migrating boundary is not smooth. Close to the 
sample surface, the zinc content is twice as high in 
comparison with the previous morphology. Then, it is 
observed to decrease with increasing depth, attaining 
3.0-5.0 wt% Zn for migration distances typical for 
laminar morphology. 

The region swept by the boundary in Fig. 5 shows 
grooves which are a result of etching rather than a 
jerky motion of the boundaries. On the other hand, for 
some oblique samples (Fig. 8a), the areas left behind 
the moving boundary were definitely filled with ghost 
lines. It is expected that after initial movement from 
position 1 to 2, the boundary started to oscillate, 
marking successive locations by ghost lines. The final 
position, denoted by 3, corresponds to the maximum 
of zinc content (Fig. 8b). Another maximum cor- 
responds to the maximum migration distance 
(position 2). 

Fig. 9a is a TEM image of the alloyed zone close to 
the edge of the foil annealed at 455 K for 10 days. 
Fig. 9b is a concentration profile taken along line A-A 
using energy dispersive X-ray analysis. The beam step 
increment close to the boundaries of the zinc enriched 
zone was 0.05 ~tm. Sharp discontinuities are observed 
both at the initial and final positions of the boundary. 
The maximum zinc content is at the final position, 
which agrees well with the EPMA results. It was very 
difficult to find a region which would be suitable for 
EDX analysis. Most of the zinc-enriched regions were 
in the shape of a wedge which was found by tilting 
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Figure 6 Variation of zinc concentration along lines (a) A-A, (b) 
B-B, (c) C-C, (d) D-D, (e), E-E, (f) F-F,  within the alloyed zone 
showed in Fig. 5. 
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Figure 8 (a) Light micrograph showing DIGM process in an alu- 
minium sample zincified at 475 K for 24 h. 1, The initial position of 
the boundary; 2, the maximum migration distance; 3, the final 
position of the boundary. (b) EPMA analysis across line A-A in 
Fig. 8a. 

substrate during annealing of a B type sample. An- 
other possibility may be connected with errors during 
collecting the zinc spectrum close to the detectability 
limit of the EDX method. 

3.2. M i g r a t i o n  r a t e  
Fig. 10 shows the variation of the velocity of GB 
migration measured at the surface of oblique sections 

of A type samples annealed in the temperature range 
395-535 K. As can be seen, the migration velocity 
increases with increasing annealing temperature up to 
maximum at 475 K, then gradually decreases, at- 
taining at 535 K a value comparable to that at the 
lowest temperature of annealing. GB migration was 
not observed below 395 K and above 535 K in spite of 
a considerable number of experiments. 
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Figure 9 (a) Transmission electron micrograph showing the 
DIGM process after annealing of a B type sample at 455 K for 10 
days. (b) The zinc colacentration profile taken along line A-A in (a). 

Figure 11 Scanning electron micrograph of Zn-A1 Zn foil couple 
annealed at 455 K for 10 days. EPMA analysis was performed along 
line A-A. 

3.3. Grain-boundary diffusion 
In order to determine the grain-boundary diffusivity, 
the zinc concentration profiles were measured using 
EPMA on the samples of B type. Fig. 11 shows an 
example of such a specimen annealed at 455 K for 10 
days. The corresponding zinc distribution along the 
line A-A is presented in Fig. 12, together with other 
results obtained in the temperature range from 
415-495 K. As can be seen, zinc profiles adopt a 
U-shape with the maximum zinc content close to the 
A1-Zn interface and the minimum in the middle of the 
diffusion couple. The increase of the annealing temper- 
ature leads to an increase of Cm~ x from 1.3 wt% at 
415 K to 3 .6wt% at 495 K and Cmi . from 0.5-2.2 
wt %, respectively. The profiles were analysed by sol- 
ving Cahn's [24] equation, showing the solute dis- 
tribution C(Z) for the DIGM case 

cosh (Z A) 
c ( z )  = Co (1) 

cosh (S A/2) 
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where A = (V/KDb)~) ~ Z is the distance measured 
from the centre of a specimen in a perpendicular 
direction to its surface, Co is the zinc content at the 
edges of the alloyed zone (i.e. for Z = + S/2), S is the 
thickness of the specimen, V is the velocity of GB 
migration, and KDb)~ is the diffusivity at the migrating 
boundary. 

The equation was fitted to the experimental points 
using a statistical procedure and the final choice is 
shown by solid curves in Fig. 12. The A values which 
were thus obtained are given in Table I. Resultant 
values of diffusivity were calculated using the V values 
reported in Table I and S values shown in Fig. 12. 

4. Discussion 
At the beginning, it is necessary to consider whether 
the investigated process may, or may not be called 
DIGM. Arguments "against" were introduced by 
Varadarajan and Fournelle [21]. They did not ob- 
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Figure 12 Zinc concentration profiles across Zn-AI-Zn thin foils 
annealed in the temperature range 415-495K. (O) 415K, S 
= 24 gin, A = 1.9 x 105 m-Z; (0) 435 K, S = 16 gin, A = 1.8 
x 105 m-Z; ([]) 455 K, S = 16 ~trn, A = 1.41 x 105 m 2; (11) 475 K, 
S= 14gin, A= 1.5x105m-2;(A)495K,S=12gm,A= 1.73x 
10 5 m -2 .  

serve any of the microscopic features, such as bound- 
ary bowing or S morphology, normally associated 
with DIGM. Another argument was that the calcu- 
lated driving force was very small and of the same 
order of magnitude as the driving force for normal 
grain growth. 

In our study, the S mechanism was observed via 
SEM. Also, Tashiro and Purdy [19] found similar 
evidence using TEM. It should be stressed that the 
DIGM process does not require the presence of the S 
mechanism. As reviewed by King [25], the boundary 
topology which develops during DIGM is highly 
stochastic. In fact, in the present study, some bound- 
aries migrated monotolithically in a single direction 
while others formed bulges into both grains. Many 
boundaries remained stationary. 

The calculation of' the driving force made by Vara- 
darajan and Fournelle [21] was based on the assump- 
tion that the only source of the driving force was the 
coherency strain stored in the zinc concentration pro- 
file ahead of the boundary. This results from the 
estimation of volume penetration distances, Dv/V, 
ahead of migrating boundaries which were more than 
one order of magnitude larger than the interatomic 
distance. Here Dv is the volume diffusion coefficient 
and Vis the velocity of boundary migration. However, 
the question remains of whether the interface is re- 
laxed enough with respect to volume diffusion so that 
no chemical driving force acts on the boundaries. 
Suppose that there is a small compositional gradient 
(0.5 at %) just at the boundary. Such a gradient could 
be a source of chemical driving force of 19 J m o l - t  at 
455 ~ for an ideal solution model. This value is much 
larger than the value reported by Varadarajan and 
Fournelle [21]. Therefore, it is believed that the coher- 
ency strain existing in the diffusion zone ahead of the 
migrating boundary does not have to be the sole 
driving force. We presume that a mixed driving force 
may exist with both strain and chemical contribution. 

On the other hand, the accuracy of the criterion 
Dv/V should be discussed. The question is whether it is 
rigorous and certain or gives us only a superficial view 
of the tendency of the changes. The DIGM process is a 
near-surface phenomenon and perhaps the ratio Dv/V 
fails to give an accurate representation of diffusion in 
such a case. In our opinion, the arguments yielded by 
Varadarajan and Fournelle [21] are not sufficient to 
deny the occurrence of D IG M in the A1-Zn system. 

Before discussing the results of chemical analysis 
and migration rates, some comment concerning the 
occurrence of the D IG M process is required. It is 
supposed that a continuous supply of the solute atoms 
from an outer source is necessary to cause the bound- 
ary to move. The number of solute atoms at the 
migrating boundary depends on two factors: the first 
is the rate of boundary diffusion which controls a 
transfer of solute atoms down the boundary; the 
second factor, migration velocity, controls the flux of 
atoms normal to the boundary. Mutual contribution 
of these two factors to the DIGM process results in 
more solute atoms left behind the boundary or more 
solute atoms diffusing further along the boundary. 
The boundary migration rate can also be modified by 
a significant amount of volume diffusion occurring 
ahead of the moving front. This leads to a slowing 
down of the migration process due to a reduced solute 
flux at the boundary and a small solute concentration 
gradient across it. 

Based on this comment, we will discuss the results 
obtained in the present paper. The investigation show- 
ed the existence of zinc-alloyed zones typical for the 
DIGM process. Taking into account the maximum 
migration distance and zinc-enrichment level, D IGM 
areas were divided into two kinds, laminar and turbu- 
lent. Analysis of the chemical composition performed 
using EPMA showed zinc enrichment at the final 
position of the migrating boundary. Such behaviour 
was expected to lead to a reduction of the boundary 
velocity because the diffusion process was not fast 
enough to relax the "pinning" forces acting on the 
migrating boundary. The significant depth to which 
migration occurs could also be due to this low migra- 
tion rate. In this case, most of the atoms were not used 
up by the boundary migration, so that a larger flux 
may diffuse down the original boundary for a larger 
distance. The "step-like" changes of zinc-content are 
within the spatial resolution of the EPMA and it is 
not possible to draw any quantitative information. A 
more sophisticated test performed by means of the 
analytical electron microscope (Fig. 9a,b) offers the 
spatial resolution two orders of magnitudes better. 
However, even during this test, the diameter of the X- 
ray interaction volume calculated using Monte Carlo 
simulations was found to be about 20 nm. This indi- 
cates that the examination could not detect whether or 
not the volume diffusion occurred within the matrix in 
the immediate vicinity of the boundary. Therefore, it is 
supposed that some volume diffusion takes place 
ahead of the moving boundary but the role of that 
process is not as important as was expected. The 
volume diffusion should facilitate a relaxation of the 
"pinning forces". Calculation of the penetration dis- 
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tance of volume diffusion, Dv/V, where Dv (Table I) is 
the volume diffusion coefficient and V is the grain- 
boundary migration rate, indicated that the effect of 
volume diffusion should be more pronounced at 
higher annealing temperatures. Dv values were taken 
from the data of Hilliard et al. [26-1 for the zinc radio 
tracer diffusion in diluted A1-Zn solution. An increas- 
ing effect of volume diffusion leads to retardation of 
boundary migration, because the compositional gra- 
dient at the boundary is reduced and the chemical 
contribution to driving force is eliminated. Because V 
has much lower temperature dependence than Dv, this 
process is favoured by high temperatures. 

During annealing above 450 K the new kind of 
DIGM, termed turbulent, occurs, which is associated 
with an excess of solute atoms flux close to the surface 
of the specimen. This favoured migration of the grain 
boundary (Fig. 5) could be identified as some kind of 
diffusion-induced recrystallization (DIR) if it were not 
for the fact that it was difficult to separate particular 
grains, in spite of a number of attempts with various 
etching mixtures. Therefore, it is supposed that a new 
grain enriched with zinc develops from the original 
position of the grain boundary (OGB). This new grain 
nucleates at the junction point and the boundary 
starts to move. Once motion begins it must be sus- 
tained by diffusion of zinc from a reservoir to the grain 
boundary and then down the boundary. The largest 
flux is expected to be close to the surface where there is 
direct contact with the solute source. As a result of this 
large flux, a relatively sharp change of zinc concentra- 
tion, ACzn, forms at the interface between the alloyed 
zone and aluminium which forces the boundary to 
move. During migration, some of the zinc atoms are 
deposited behind the boundary and a reduced number 
can move further along the boundary to the interior of 
the diffusion couple. The number of solute atoms used 
to move the boundary decreases with the depth of the 
material. This was confirmed by results of EPMA 
analysis, showing that ACzn decreases from 8.0 wt% 
Zn close to the solute source (Fig. 6a) to 5.5 wt% at a 
distance of 40 ~tm (Fig. 6d) and then to 0.4 wt% Zn at 
a distance of 75 gm (Fig. 6f) from the solute source. 
This concept is also confirmed by a rough estimation 
of the migration rate at various depths below the 
surface. The rate, calculated as a ratio of migration 
distances to the time of annealing, decreased several 
times with increasing depth from 5-75 gin. 

The decrease of solute content along the migrating 
boundary diminishes the driving force for the process. 

At a certain distance below the surface, the driving 
force disappears and no symptoms of DIGM are 
observed. It is not clear why the distance of GB 
migration (Fig. 5) does not decrease monotonically 
along the depth, showing rather sharp steps at 10 and 
25 gm below the surface. A change in GB structure 
precluding dislocation climb according to the 
Baluffi-Smith [27, 28] model, is a possible explana- 
tion. It is not definitely obvious whether the diffusion 
of zinc atoms is impossible down the original location 
of the GB. A network of dislocations left there forms a 
small-angle boundary which could act as a relatively 
easy path for diffusion. However, a supplementary 
experiment is necessary which would allow variation 
of solute concentration at the original position of the 
GB for a series of annealing times to be detected. 

Relatively sharp change of zinc content at the 
boundary between matrix and alloyed zone suggests 
the serious chemical contribution to the total driving 
force of DIGM. A chemical origin of the driving force 
is also expected in the case of oscillatory movement. 
This movement leads to a homogenization of solute 
distribution in the alloyed zone. 

The investigation of sections of Zn-AI-Zn samples 
(B type) allows large changes of migration distances 
with depth below the surface to be eliminated, because 
the solute gradients are levelled out by overlapping 
the concentration distribution originating from two 
opposite Zn-A1 surfaces of the sample. In such a case, 
the velocity of GB migration is independent of the 
distance from the surface. It should be noted that the 
measured GB velocity in cross-sections of B type 
samples was comparable to that measured at the 
surface of oblique sections of an A type sample. There- 
fore, the values of GB velocity reported in Table I were 
used to calculate the diffusivity at migrating GBs. The 
calculated KDb)~ products are graphically presented in 
Fig. 13, together with other data on the diffusion at 
the migrating boundaries [29-31]. It can be seen that 
KDbL values are comparable-with the diffusivities at 
the stationary grain boundary in pure aluminium or 
diluted (2 at% Zn) AlZn alloy reported by Haessner 
[32]. The calculated diffusivities are slightly higher 
than those estimated based on the Tu-Turnbull 
model [33] for the discontinuous precipitation and 
dissolution in A1 22 at % Zn alloy [29]. At the same 
time, the diffusivities of DIGM are approximately ten 
orders of magnitude higher than the volume diffusion 
coefficient (see Table I) multiplied by the grain-bound- 
ary thickness, L (assumed to be 5 x 10- lO m) and the 

T A B L E I  

T ( K )  V ( 1 0 ~ l m s  -1) D v ( m 2 s  -~) Dv/V(m) A ( 1 0 - S m  -2) KDbk(mas -x) 

395 0.10 1.10• 10 -22 1.10• 10 -1~  - - 

415 1.34 6.16•  10 -22 4 .60•  10 -11 1.9 3.71 x 10 -22 

435 1.82 2.94 • 10 -21 1.62 x 1 0 - lo  1.8 5.61 • 10 -22 

455 3.24 1.22 x 10 -2~  3.77 • 10 -1~  1.41 1.63 • 10 -21 

475 4.63 4.50 • 10 -2~  9.72 • 10-  lo 1.5 2.06 x 10 T M  

495 2.80 1.49 • 10 -19 5.32 • 10 -9  1.73 9.36 • 10 -22 

515 1.40 4.52 • 10-19 3.23 • 10 - s  - 

535 0.20 7.61 • 10 -19 3.81 • 10 -7  - - 
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Figure 13 Arrhenius graph for (O)  the D I G M  process in Z n - A 1 - Z n  
diffusion couples annealed in the temperature range 415-495 K. 
Data on diffusivity at ( - - - )  a stationary grain boundary 1-32], 
discontinuous precipitation in A1 15 at% Zn 1,30, 31], AI 22 at% Zn 
alloys 1-29] and discontinouous dissolution in AI 22 at% Zn alloy 
1,29] are also reported for' comparison. 

segregation thctor, K (taken as K = 1). Therefore, it is 
concluded that the DIGM process is controlled by the 
diffusion of zinc atoms along the moving grain 
boundary. 

The level of enrichment is much lower in samples of 
B type. No explanation of this can be offered at the 
present moment. One can only speculate that there is 
different proportion between migration and diffusion 
in very thin samples. 

The possible differences between the diffusivities 
calculated based on the measurements performed for 
the thin foil and for the bulk specimen can be estim- 
ated using a modified Cahn's relation for the bulk 
specimen 

C(X) = Coexp[ - X(V/KDbX) ~ (2) 

Transforming this equation to 

1 
log C(X) = log Co - (KDbX)I/Zlnl 0 Vi/ZX (3) 

it is possible to calculate the diffusivity from a slope of 
log C(X) versus X drawn based on Fig. 7. Assuming 
that the migration rate reported in Table I is valid for 
the near-surface alloyed layer, the diffusivity was 
found to be 5.27x 10 -22 m3s - i  at 455 K. This is 
almost one order of magnitude smaller than data 
listed in Table I. Such a result suggests that the 
method of sample preparation and the thickness of the 
sample may have serious influence on the kinetics of 
the DIGM process. 

5. Conclusions 
Based on the present investigation, it seems that the 
process observed during annealing of A1-Zn diffusion 
couples can be identified as DIGM. The following 
features relevant for this process were found: 

1. the formation of two different kinds of zinc- 
enriched zone, termed laminar and turbulent; 

2. an asymmetry of solute profiles with the 
maximum zinc content at the final position of the 
boundary; 

3. a relatively sharp change of zinc concentration 
across the boundary (ACzn = 3 wt% at a distance of 
50 nm); 

4. the diffusivity at the migrating grain boundary 
during the process is comparable with the diffusivity 
at the stationary grain boundary in AIZn alloys of zinc 
content corresponding to the level of zinc enrichment 
in the DIGM zone. The diffusivity obtained in the 
present study is slightly higher than during discontin- 
uous precipitation in A1 22 at % Zn alloy. 

The laminar kind of DIGM occurs over a wide 
temperature range (415-515 K) and it is characterized 
by a small migration distance and a large depth of 
migration. The zinc enrichment at the sample surface 
is 4.0-5.0 wt% and gradually decreases with increas- 
ing depth. The migration distance exhibits the same 
tendency. 

The turbulent kind of DIGM is limited to annealing 
temperatures above 450 K. in this case, the width of 
the alloyed zone is much greater close to the surface of 
the sample and then dramatically decreases, showing a 
behaviour similar to the laminar morphology. The 
zinc content at the surface of the sample is 8.0-9.0 
wt%. 

The abrupt change of zinc content at the moving 
boundary and the Db/Dv ratio around 1 x 10 i~ indi- 
cates that a chemical contribution to the total driving 
force of DIGM exists. 
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