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Abstract

Samples of dilute Al-Mg and Al-Zn alloys, containing a minor Sc addition, were processed by equal-channel angular pressing (ECAP)
to achieve grain refinement and different distributions of the grain boundary misorientations. Diffusion experiments were conducted on
fine-grained alloys with either low or high fractions of grain boundaries having high-angle misorientations and on unpressed coarse-grained
samples. The diffusion couples were annealed at temperatures from 493 to 848 K and the interdiffusion coefficients were determined from
the concentration profiles using the Boltzmann—Matano technique. The results show the interdiffusion coefficients tend to be higher in
fine-grained alloys having high fractions of high-angle boundaries than in fine-grained alloys having high fractions of low-angle boundaries.
The experimental data are used to estimate values for the grain boundary diffusion coefficients.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction fine-grained couples exhibited enhanced diffusivity due to
an increasing contribution from grain boundary diffusion
Equal-channel angular pressing (ECAP) is a processingand, in addition, this enhancement increased as the anneal-
technique in which materials are subjected to severe plasticing temperature was decreased. It was demonstrated also
deformation by pressing samples through a die, constrainedthat the experimental results may be used to obtain direct
within a channel, where the channel bends abruptly through estimates of the grain boundary diffusion coefficients.
an angle that is generally equal to, or very close t6,[2(®]. The first objective of the present investigation was to
Processing by ECAP has attracted much attention recentlyextend these earlier measurements to an ultrafine-grained
because it is now established that it may be used to refineAl-Zn alloy in order to obtain a direct comparison with the
the grain size of metallic alloys to the submicrometer or results obtained with the Al-Mg alloy. An Al-Zn alloy was
even the nanometer ran§f@]. Many reports document the selected for this purpose to provide some information on
use of ECAP processing to achieve high strength at ambientthe influence of the atomic size. Thus, the size difference is
temperaturepl—6] and superplastic properties at rapid strain larger between Al and Mg than between Al and Zn and it is

rates when testing in tension at elevated temperaf&rd9]. reasonable to anticipate that the size difference may influ-
By contrast, there are relatively few descriptions of the use ence the diffusion behavior especially when diffusion takes
of ECAP in evaluating the diffusion coefficients. place along the grain boundaries.

A recent report described diffusion measurements in  The second objective was based on the recognition that
an ultrafine-grained Al-3wt.% Mg alloy processed using processing by ECAP provides an opportunity not only to
ECAP [11]. It was shown in these experiments that the examine metallic alloys with exceptionally small grain sizes

but also to utilize samples having different distributions of
mspondmg author. Tels1-213-740-0491: grain boundary misorientation .angles so that, as outlined in
fax: +1-213-740-8071. a recent reporfl2], ECAP provides a valuable tool for use
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having different grain boundary character distributifi]. for a period of 3.6ks (1h) at temperatures of 903K for
This approach is based on detailed experimental observathe Al-0.1% Sc alloy, 883K for the Al-3.3% Mg-0.1% Sc
tions showing that, for pure All4] and a wide range of alloy and 913K for the Al-2.1% Zn-0.1% Sc alloy, where
aluminum-based alloy4 5], the fraction of high-angle grain  these solution treatment temperatures were selected so that
boundaries (HAGB) increases with the increasing strain im- they were essentially at, or very close to, the melting tem-
posed in ECAP. peratures of each alloy. Following the solution treatments,
In practice, the distributions in the boundary misorienta- the average grain sizes were determined 22 mm for the
tions may be significantly changed by selectively rotating the Al-0.1% Sc and Al-2.1% Zn—0.1% Sc alloys ar@.2 mm
individual samples between each pass in repetitive pressinggor the Al-3.3% Mg-0.1% Sc alloy.
through an ECAP die. Thus, an array of high-angle bound-  All of the ECAP was performed at room temperature using
aries is generally produced most readily when using process-a solid die having a channel bent through an angle af
ing route B to large numbers of passp$] whereas a high  90° and with an additional angle af ~ 20° representing
fraction of low-angle boundaries is formed when using pro- the outer arc of curvature at the point of intersection of the
cessing route C to a small number of pagd4&518], where two parts of the channel. It can be shown from first principles
routes B and C refer to the procedures of rotating the sam- that these values ab and ¥ lead to an imposed strain of
ples around the longitudinal axes in the same sense by 90 ~1 on each passage of the sample through the[2¢
or by 180 between each pass, respectivil]. Accord- Repetitive pressings of the same samples were performed up
ingly, the present investigation was designed to compare theto totals of either 8 passes using route & 2 passes using
effect of the distribution of grain boundary misorientation route C where these two procedures were used to produce
angles on the diffusion characteristics of Al-Zn and Al-Mg arrays of grains having high fractions of either high-angle
alloys. boundaries or low-angle boundaries, respectively. For each
It is important to note also that ECAP processing pro- pass through the die, the sample was coated in a lubricant
vides a significant advantage over many other processingcontaining Mo$.
techniques for the fabrication of ultrafine-grained materials  Following ECAP, small blocks with dimensions of
for use in diffusion experiments because grain refinement3mm x 3mm x 6 mm were cut from each sample for
is achieved in ECAP without the introduction of any resid- use in the diffusion experiments. On each block, one of
ual porosity. Thus, unlike materials processed using conven-the 3mmx 6 mm planes was mechanically polished fol-
tional powder metallurgy techniques, processing by ECAP lowed by electropolishing in a solution of 10% HGO
leads to ideal materials for diffusion studies because there20% GHgOs, and 70% GHsOH. After polishing to a
is an absence of any spurious effects that may arise duemirror-like finish, two blocks having different composi-
to the occurrence of rapid surface diffusion within residual tions were then placed together at their polished surfaces
pores. to provide two separate diffusion couples having the fol-
lowing compositions: Al-0.1% Sc/Al-3.3% Mg-0.1% Sc
and Al-0.1% Sc/Al-2.1% Zn-0.1% Sc. Prior to coupling,
2. Experimental materials and procedures the couple containing the Al-Zn-Sc alloy was immersed
quickly in a solution of 40% HSOy in order to remove any
Three different alloys, Al-0.1% Sc, Al-3.3% Mg-0.1% surface oxide layer. Each couple was mounted in an outer
Sc and Al-2.1% Zn-0.1% Sc, were prepared through melt- window-frame made of stainless steel and then subjected
ing and casting processes to dimensions of 20:nBmmx to diffusion annealing at selected temperatures in the range
120 mm, where all alloy compositions are given in at.%. from 493 to 723K for different periods of time. For com-
Scandium was used as an addition in the Al-Mg and Al-Zn parison purposes, some additional diffusion couples were
alloys because it is known to inhibit significant grain growth also prepared from the initial coarse-grained material with-
during annealing at elevated temperat28. In addition, out using ECAP. All of the diffusion couples were polished
scandium-reinforced aluminum alloys are currently attract- on a plane perpendicular to their interfaces for electron
ing considerable attention because of their high strength, probe micro-analysis (EPMA) and the interdiffusion coeffi-
their beneficial characteristics in welding and their good cor- cients were determined directly from the concentration pro-
rosion resistancf21]. files using the well-established Boltzmann—Matano method
The three cast ingots were homogenized for 86.4ks [23,24]
(equivalent to 24 h), at temperatures of 873, 753, and 853K, Microstructures were observed before and after diffu-
respectively, and then cut into billets with dimensions of sion annealing using an Hitachi H-8100 transmission elec-
18mm x 18 mm x 120mm. These billets were swaged tron microscope (TEM). The orientations of grains within
into rods having diameters of 10mm and cut to lengths the samples, including the relative fractions of the vari-
of ~60mm for processing by ECAP. Differential scan- ous grain boundary misorientations, were determined using
ning calorimetry was used to measure the incipient melting electron back-scattering diffraction (EBSD) analysis with a
temperatures of the three alloys as 933, 883, and 913K,JSM-5600 scanning electron microscope equipped with a
respectively. Prior to ECAP, the rods were solution-treated TSL-EBSD system (OIM-400SPS).
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3. Experimental results structure when using routeBin Fig. 1(a) whereas the

grains tend to be elongated kig. 1(b)after only 2 passes
3.1. Nature of the microstructures after ECAP and in route C. After processing using routezBthe average
diffusion annealing grain size was measured a$.4um which is of the same

order as the grain sizes 6f0.45 and~0.27um reported

Representative as-processed microstructures are showmarlier for Al-Mg alloys containing 1 and 3wt.% of Mg
in Fig. 1 for the Al-2.1% Zn-0.1% Sc alloy after (a) 8 [25]. It is apparent fronFig. 1(b) that the grain size was
passes through routecBand (b) 2 passes through route C. less well-defined after processing with route C and there
These microstructures were taken on the plane perpendicwere many indistinct boundaries and large numbers of in-
ular to the longitudinal axis of the ECAP samples, where tragranular dislocations. Detailed inspection suggested the
this plane is generally designated tkeplane in investiga-  average grain size in the samples processed using route
tions of ECAP[18]. Both of these micrographs reveal ar- C was comparable with that attained using route d@d
rays of ultrafine grains but the larger number of passes, andthis conclusion is consistent with extensive earlier mea-
hence the higher imposed strain, leads to a more equiaxedsurements on pure Al showing that similar grain sizes are

Fig. 1. Microstructures in the Al-2.1% Zn-0.1% Sc alloy after ECAP through (a) 8 passes using goatel§b) 2 passes using route C.
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achieved when using different processing roJtss. Es-
sentially similar sets of microstructures were observed also
in the Al-0.1% Sc alloy and in the Al-3.3% Mg—0.1%
Sc alloy and the average grain sizes of these two alloys
were measured after ECAP a£).7 and~0.2um, respec-
tively. -
The EBSD analysis was conducted after processing and
diffusion annealing and typical orientation images are shown
in Fig. 2 for the Al-2.1% Zn-0.1% Sc samples after (a)
8 passes through routecBand (b) 2 passes through route
C, where both samples were subjected to a diffusion an-
neal at 523K for periods of time of (a) 1.73Ms (20 days)
and (b) 432ks (5 days), respectively. The differences in the “S=§
microstructures are now more fully revealed by the varia- ;’. P,
tions in the color distributions in these two EBSD patterns
since each color corresponds to the precise crystallographic & 4
orientation of an individual grain as defined fig. 2(c) b
It is apparent that the sample taken through 2 passes using ..
route C inFig. 2(b) contains grains of fairly similar colors
aligned in a banded configuration lying along a preferen-
tial direction whereas ifrig. 2(a)the sample taken through

8 passes using routecBexhibits an essentially random ar-
ray of equiaxed grains with these various grains displaying ,
wide color variations. In addition, the appearance of these g
two microstructures shows that the overall extent of grain
growth is fairly limited in both samples following the diffu- \
sion annealing experiments. Thus, the measured grain sizes
were~1.2 and~1.9um for the microstructures iRig. 2(a)

and (b) respectively.

Through a detailed analysis of the EBSD data, the dif-
ference in microstructure is revealed in a more quantitative
manner inFig. 3 where the number fractions of each mis-
orientation angle are plotted, in increments of°2 &gainst
the measured misorientation angle for the same two sam-
ples of the Al-2.1% Zn-0.1% Sc alloy after diffusion
annealing following processing by 8 passes in route B
and 2 passes in route C, respectively: in plotting these his-
tograms, the confidence interval (Cl) was set at >0.05 and

@ et

10.00 pm

Defining high-angle boundaries as those having misori-

entations of>15°, it follows from Fig. 3 that there are

~62% high-angle boundaries aré88% low-angle bound- ©

aries after processing using route B8 passes) whereas

these numbers change #82% high-angle boundaries and

~68% low-angle boundaries after processing using route C

(2 passes)ig. 4shows a similar but larger difference in the

Al-3.3% Mg-0.1% Sc alloy where the fractions aré0%

high-angle boundaries and40% low-angle boundaries af-

ter processing by routedfor 8 passes and diffusion anneal-

ing for 20 days at 523 K and'21% high-angle boundaries

and~79% low-angle boundaries after processing by route C Fig. 2. Orientation images for the Al-2.1% Zn-0.1% Sc specimens after

for 2 passes and diffusion annealing for 5 days at 523 K. All (a) 8 passes through route-Bollowed by a diffusion anneal at 523K for

of these measurements reveal very significant variations in1-73Ms (20 days) and (b) 2 passes through route C followed by a diffusion

the grain boundary misorientation distributions after using 2""¢a at 523K for 432ks (5 days); (c) colors in the crystallographic
;i . . i triangle depict variations in the local orientations.

these two different processing routes and different imposed

strains.

001 101
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Fig. 3. Distribution of grain boundary misorientations in the Al-2.1%
Zn-0.1% Sc alloy for specimens prepared by 8 passes using reute B 2.5
2 passes using route C; the samples were diffusion annealed at 523K for L Al-0.1%Sc/Al-2.1%Zn-0.1%Sc
either 20 days (route & or 5 days (route C). 2 ) i
e X 4
3.2. Diffusion measurements ?—% 1'5_
T .
All of the diffusion measurements were conducted on o |

samples prepared by ECAP processing using either ragite B 0.5
through 8 passes or route C through 2 passes where the mi-

crostructures of these two materials are described in detail , ! o . . .
in the preceding section. It is important to note that the sam- -4 -3 -2 -1 0 1 2 3 4
ples processed through route B an imposed strain o£8 (b) AMx10"ms™"?)

contained an essentially equiaxed microstructure whereas
the samples processed using route C to an imposed strain O‘Fig. 5. Concentration profiles of the solute atoms plotted against the
~2 contained grains that tended to be elongated. It is shown>Cl2mann parametep, for (a) Ai70.1% SC/AI-3.3% Mg=0.1% Sc dif-

) g_ . . g ) fusion couples and (b) Al-0.1% Sc/Al-2.1% Zn-0.1% Sc diffusion cou-
by calculation inAppendix A that the diffusion distances pies prepared using ECAP through 8 passes with rogtdF&-High), 2
in the present experiments were significantly larger than the passes with route C (FG-Low) or coarse-grained samples without ECAP;
average grain sizes so that, accordingly, the minor differ- all couples were annealed at 523K.
ence in grain shape was not significant in measurements of
the diffusion coefficients. } . . ) .

Fig. 5 shows examples of the concentration profiles USing route C to give a fine-grained structure with predom-
measured across the diffusion couple interfaces for (a) theinantly low-angle boundaries (designated FG-Low) and
Al-0.1% Sc/Al-3.3% Mg-0.1% Sc diffusion couples and coarse-grained samples in the solution-treated condition
(b) the Al-0.1% Sc/Al-2.1% Zn-0.1% Sc diffusion cou- but without ECAP (designated Coarse). The diffusion an-
ples prepared from samples fabricated using three differentn€aling was undertaken at a temperature of 523K for each
procedures: ECAP through 8 passes using rouge t@ couple and the Matano plane indicatedrig. 5denotes the
give a fine-grained structure with predominantly high-angle ©rigin of the diffusion distance. The plots show the Mg or

boundaries (designated FG-High), ECAP through 2 passesZ" concentrationCug or Czn, as a function of the Boltz-
mann paramete#,, wherex representst—1/2 wherex and

t are the distance from the Matano plane and the total time,

0.7 ' AI-3.3%Mg-0.1%5¢ respectively. It should be noted that the plotsFiig. 5(a)
< 06 —— 8 passes | and (b)specifically employ the time-compensated distance,
2 05f m— 2 passes | A, in order to compensate for the differences in the total time
2 0.4 associated with the three couples. In practice, however, the
8 03 use of in place ofx is justified from earlier experiments
E oo where it was shown that two distinct concentration pro-
=z 01 files, obtained for diffusion couples prepared from samples
0 processed by ECAP after annealing periods differing by a
0 10 20 30 40 50 60 factor of two, may be exactly superimposed by plotting the

Misorientation Angle (degree) concentration profiles using in place ofx [11].
. o . _ N Inspection ofFig. 5 shows that the diffusion distance
Fig. 4. Distribution of grain boundary misorientations in the Al-3.3% . . . .
Mg0.1% Sc alloy for specimens prepared by 8 passes using raste B 1S longest for the FG-High couple, intermediate for the
or 2 passes using route C; the samples were diffusion annealed at 523 KFG-Low couple and shortest for the unpressed Coarse cou-
for either 20 days (route & or 5 days (route C). ple and this same trend is observed in both the Al-0.1%
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Fig. 6. Profiles of the Mg concentratioByyg, plotted against the diffusion *  Rothman etal. (1974)
distance,x, for Al-0.1% Sc/Al-3.3% Mg-0.1% Sc diffusion couples g X Moreauetal 1971
prepared using ECAP through 8 passes with route (BG-High) or 10 1 15 p)
coarse-grained samples without ECAP; all couples were annealed at 848K T—1 0-3 K-1
for 1h. (x1 )

Fig. 7. Arrhenius plots of the impurity diffusion coefficients of Mg in
Al obtained from Al-0.1% Sc/Al-3.3% Mg-0.1% Sc diffusion couples

Sc/Al-3.3% Mg-0.1% Sc and the Al-0.1% Sc/Al-2.1% prepared'using ECAP through 8 passes vyith route (BG-High), 2
Zn-0.1% Sc diffusion couples. These results demonstrate,gi;fi;‘évr'\t?a Ir(:)lé)ti?ltg ;fflr';g‘l’j'()j;; Z%irif(;gag;iﬂ;aergpé;;;’é'é?“t ECAP;
therefore, that the contribution of grain boundary diffusion

is significant to the overall diffusion and, furthermore, this

contribution becomes more dominant in the FG-High cou- p _ Do exp<_g) 1)
ples than in the FG-Low couples because of the higher

fraction of high-angle boundaries.

At higher annealing temperatures, the experiments
showed there was no significant difference in the mea-
sured diffusion distances. This is demonstrated-ig. 6
for Al-0.1% Sc/Al-3.3% Mg-0.1% Sc diffusion couples
prepared from FG-High and Coarse materials. These two
couples were diffusion annealed for 1 h at 848K and the
results are plotted in the form @hg versus the uncompen- T L L B
sated diffusion distance. It is important to note that the C,,=0at%
experimental temperature of 848K is significantly above 10712E S
the temperature required for the onset of grain growth for ;
both the Al-0.1% Sc and the Al-3.3% Mg—0.1% Sc alloys
[20]; the results from earlier static annealing experiments
indicate grain sizes of the order of several micrometers in

whereDg is the preexponential facto®), activation energy
for diffusion, andR, gas constant. The values estimated for
Do andQ from these two experimental plots are summarized
in Table 1together with the appropriate error bars for each
separate value.

these alloys after annealing for 1 h at 848 K. <10

Using the Boltzmann—-Matano technique, the values of Ng " )
the interdiffusion coefficients), are plotted against the re- - __._ Eg:ﬂ'}%\t‘
ciprocal of the absolute temperatureT lfor the Al-0.1% 1Q ' & Coarse
Sc/Al-3.3% Mg—-0.1% Sc couples iRig. 7 and for the _163 > Minamino et al.(1982)
Al-0.1% Sc/Al-2.1% Zn—0.1% Sc coupleshiy. 8, in prac- 10 F - Erdelyi et al.(1978)

Beke et al.(1977)
Fujikawa and Hirano(1976)
Peterson et al.(1970)

tice, these values correspond to the impurity diffusion co- i
efficients in Al because they were obtained by taking plots -

> 4 0 +

of the interdiffusion coefficients determined as a function of F ~ Ceresara et al.(1966)

Cwmg andCz, and extrapolating t€yg = 0 andCzn = 0. It 1ol ° Hiliardetal.(1959)
is apparent fronkig. 7 that the relationship is linear for the 1.5 2
Al-Mg system over the entire temperature range covered in T (% 107° K‘1)

these experiments but for the Al-Zn systenfrig. 8the lin- _ _ S N _
earity breaks down for the FG-High couples below73 K Fig. 8. .Arrhenlus plots of the impurity diffusion coefflc':lent's of Zn in

d for the EG-Low couples below523 K. Within the lin- Al obtained from Al-0.1% Sc/Al-2.1% Zn-0.1% Sc diffusion couples
an ; . . p . - ) . prepared using ECAP through 8 passes with route (BG-High), 2
ear portions, the diffusion relationship may be expressed in passes with route C (FG-Low) or coarse-grained samples without ECAP;

the conventional form of experimental points are included also from published (&ta-37}
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Figs. 7 and 8include also numerous datum points ob-

tained from experiments conducted on coarse-grained ma-

terials in a series of earlier investigatiof6—37] Inspec-
tion shows these additional points lie on, or very close to,
the single straight lines determined in this investigation for

the coarse-grained specimens in both alloy systems, thereby

confirming the general reliability of the present diffusion

experiments. It is apparent also that there is a tendency for

diffusion to occur most rapidly in the FG-High couples, then

in the FG-Low couples and slowest in the coarse-grained

couples.

4. Discussion

The experimental results provide a clear demonstration

of the potential for using ECAP processing to determine
the variation of the diffusion coefficients both with different
grain sizes and with different grain boundary character dis-
tributions. It is evident fronirable 1that the activation en-
ergies associated with the interdiffusion of Mg in aluminum
decrease from a high value of 128+ 2 kJmol ! for the
coarse-grained alloy to lower values-ef115+ 7 kJmol!
and~ 100+ 3kJ mot? in fine-grained alloys containing a

preponderance of either boundaries with low-angles of mis-

orientation ¢79% of the total distribution) or boundaries
with high-angles of misorientation<60% of the total dis-
tribution). Thus, these results confirm the potential for using

ECAP to make changes in the grain boundary character dis-
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T (x107°K™)
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Fig. 9. Arrhenius plots o8$Dg, for Mg diffusion in Al.

also in the earlier investigatiopil] that Eq. (2)is consis-
tent with the Monte Carlo simulation developed by Belova
and Murch[39].

In order to make use oEg. (2) the values ofd were
taken as the mean values of the grain sizes measured after
diffusion annealing of the fine-grained alloys employed in
the diffusion couples. Since it is difficult to obtain reliable
values ofs ands for the present alloy systems, the values of
the combined ternssDgyp, are plotted inFigs. 9 and 1Gor
the Al-Mg system and the Al-Zn system, respectively; also

tributions and thus to make use of the general concepts ofincluded inFig. 10are the linear trends reported earlier for

grain boundary engineering.

A simple procedure may be used to provide a direct es-

timate of the grain boundary diffusion coefficients for each
alloy. As demonstrated earli¢t1], the classic relationship
for the effective diffusion coefficient introduced by HE38]
may be manipulated to yield the following relationship:

diffusion of Zn in Al by Beke et al[40]. For both alloy sys-
tems, it is apparent that the valuessdidgy, are higher for the
alloys containing a preponderance of high-angle boundaries
but the individual trends are different. In the Al-Mg system,
the individual values fall approximately on two straight lines

-18
(Deff — Diat) 10 L R R E I B B B
$8Dgp ~ dT 2 i ]
wheres is the segregation facto$; grain boundary width; 10—20;_ _
Dgn, grain boundary diffusion coefficiend, grain size; and _ i 3]
Dest and Dy, effective diffusion coefficient and the lattice '
. . . . . . . ™ + B
diffusion coefficient, respectively. In the present investiga- £ 10723 2]
tion, the values oDes andDj4; correspond to the experimen- \D _ [ _I
tal values measured using the fine-grained couples and the o 13
coarse-grained couples, respectively. It was demonstrated R 10k .
f —e— FG-High
f —#— FG-Low E
Table 1 1028 Beke et al. (1987) ]
Values of Dg and Q for interdiffusion of Mg and Zn aCyg = 0 mol% E 1:LAGB
and Czn = 0mol% L 2:HAGB 1 . N
E 3:HAGB 2 Znin Al E
Do (M?s) Q (kImor ) 10—28' P R R SR S T R T R T
1.5 2
Mg in Al (Coarse) (75730 x 1075 128+ 2 T (x103 K
Mg in Al (FG-High) (9.9 x 1077 100+ 3 ( )
Mg in Al (FG-Low) (L1759 x 1075 115+ 7 ) ) o ] )
Zn in Al (Coarse) (1-8*822) % 105 120+ 2 Fig. 10. Arrhenius plots 085Dgp for Zn diffusion in Al, including the

experimental trends reported by Beke et[4D].
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Table 2
Values of &Dgp)o and Qqp for boundary diffusion of Mg and Zn in Al
at Cmg = 0mol% andCzy = 0 mol%

Finally, a direct comparison dfigs. 9 and 10suggests
there is a greater sensitivity to the average grain boundary
misorientation in the Al-Zn system than in the Al-Mg sys-
tem. This difference is probably due to the smaller atomic
size of Zn by comparison with Mg. Thus, it is probable that

($Dgp)o (M?s™Y)  Qgy (kImol?)

Mg in Al (FG-High) (3473%) x 10744 88+ 8 ¢ T, i

Mg in Al (FG-Low) 4.2+ 5 1015 84 + 20 the Mg atoms, having a larger atomic size than Zn, diffuse

Znin Al (FG-High) (>573K)  (39%3%) x 10711 122+ 4 less easily along the grain boundaries. Furthermore, the re-
Znin Al (FG-Low) (>573K) (167539 x 1011 123+ 30 sults suggest also that this effect may be especially signif-

icant at lower temperatures and when the grain boundary

having similar slopes within the limited range of tempera- misorientation angle is reasonably high.

tures covered in this investigation. By contrast, the Al-Zn
system shows only a limited linear region at the higher tem-
peratures above-573K. It is reasonable to conclude that
the difference in the diffusion behavior between these two
alloy systems is due to the difference in the atomic size of
Zn and Mg with respect to the Al matrix.

Defining the preexponential factor and the activation en-
ergy for grain boundary diffusiorDogr andQgn, through
the expression

5. Summary and conclusions

1. Equal-channel angular pressing was used to produce
fine-grained Al-0.1% Sc, Al-3.3% Mg-0.1% Sc, and
Al-2.1% Zn-0.1% Sc alloys having different fractions
of high-angle and low-angle grain boundaries. Diffusion
couples were prepared from these fine-grained alloys
and the interdiffusion coefficients were measured from

QOgb - - - ]

D = Do(gh exp<——) (3) the concentration profiles across the interfaces. For com

parison purposes, similar measurements were also made
it is possible to use these data to estimate the individual  using coarse-grained alloys.

values of &Dgp)o and Qqp. These values are summarized 2. The results show the measured interdiffusion coeffi-

in Table 2for the two alloy systems shown iRigs. 9 cients tend to be higher in fine-grained alloys having

and 10 The value of Qgp ~ 84-88kJImoat? for grain high fractions of high-angle boundaries, intermediate in

boundary diffusion of Mg in Al is consistent with the value
of ~87 kJ mot! reported earlief11] and, sinceQgp, is typ-
ically of the order of~2/3 of the value for lattice dif-
fusion, it is consistent also with the activation energy of
~130kJ mot? reported for lattice diffusion of Mg in Al
[29] and with the predictions from a molecular dynamics

fine-grained alloys having low fractions of high-angle
boundaries and lowest in coarse-grained couples. The
values of the grain boundary diffusion coefficients were
estimated from the interdiffusion coefficients.

. The results provide a direct example of the potential for

using ECAP processing for the preparation of samples

simulation using an embedded atom metipd].

Fig. 10includes three lines based on the results obtained
by Beke et al[40] where these lines, designated 1, 2, and 3,
denote the values obtained for low-angle grain boundaries
(LAGB) and high-angle grain boundaries, respectively, with
a larger fraction of high-angle boundaries for line 3 than Acknowledgements
line 2. Inspection of-ig. 10shows that the measured values
of s8Dgp, in the present investigation are a little lower, by We thank Mr. Takayoshi Fujinami for experimental assis-
about two orders of magnitude, than those reported earliertance. One of us (T.F.) is grateful to the Japan Society for the
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the higher temperatures are similar to the slope of line 1 ship for Young Scientists. This study was supported in part
for low-angle grain boundaries thereby suggesting that grain by the Japan Aluminum Association, in part by the Light
boundary diffusion along the low-angle boundaries tends to Metals Educational Foundation of Japan, in part by the US
be dominant at the higher temperatures. As the annealingArmy Research Office under Grant No. DAAD19-00-1-0488
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from the presence of high-angle boundaries, thereby giving
rise to the experimental deviations from the straight lines.

Confirmation of this trend is evident also when it is noted that Appendix A. An evaluation of the significance of

the deviation occurs at a higher temperature in the couplesusing microstructures with either equiaxed or slightly
containing a larger fraction of high-angle grain boundaries: elongated grains

thus, the deviation occurs at a temperature~&f73K for
the FG-High couples but at a temperature-&23 K for the
FG-Low couples.

having different grain boundary character distributions
for use in evaluating the concepts of grain boundary en-
gineering.

It is apparent from the microstructures shownFig. 1
that the samples prepared by ECAP through 8 passes using
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route Bc have essentially equiaxed microstructures whereas SinceEq. (A.2) is valid within any array of grains in a
the samples prepared by ECAP through 2 passes using rout@olycrystalline matrix regardless of the average grain shape,
C contain grains that are slightly elongated. This topologi- it follows that, for materials having similar grain sizes, there
cal difference occurs in addition to the marked variation in is no change in the average grain boundary area, and thus
the grain boundary characteristics where the samples pre-o influence on the diffusivity, even when the grain shape is
pared using route Bhave a high fraction of high-angle grain  slightly elongated.
boundaries and the samples prepared using route C have a The present analysis confirms conclusively that diffusion
high fraction of low-angle boundaries. It is important, there- occurs in these experiments in the type A diffusion regime
fore, to evaluate whether this difference in grain shape hasand the different topological characteristics are not signifi-
any significant effect on the results obtained when these twocant in affecting the nature of the diffusion measurements.
types of samples are used in an analysis of the diffusion be-On the contrary, the present results lead to measurable dif-
havior. ferences in the diffusion coefficients for the three sets of

Harrison[42] classified the diffusion regimes for a system samples either processed by route \Bith ultrafine grains,
of parallel grain boundaries into three distinct types, termed processed by route C with ultrafine grains or not subjected
types A, B, and C, where type A was delineated specifically to ECAP with a coarse-grained structure. The results with
as the diffusion regime occurring in the limiting situation the coarse-grained microstructure are consistent with ear-
where the diffusion temperature was high and/or there werelier published datg26—37]and the differences between the
very long annealing time and/or the grain size was very samples prepared using routes &1d C are due exclusively
small. Under these conditions, the volume diffusion length, to the differences in their grain boundary character distribu-
defined ast)Y/2, is significantly larger than the separation tions.
between the grain boundaries, defined as the graindsize
where D is the appropriate diffusion coefficient arids
the total time for the diffusion annefd3]. Thus, type A References
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