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ABSTRACT

Corrected Nordheim's law has been applied to Al-Mg, Al-Cu and Al-Zn solid solution avoiding
the effect of G.P. zone or cluster by appropriate reversion treatment. Obtained resistivity increase per
unit concentration of cach solutc Ap has been employed to correct the effect of deviation from Matthi-
essen's rule (DMR) on previously proposed relation between resistance ratio and resistivity.  Scat-
tering of previously reported Ap values is discussed on the view point of effects of the second order
term of concentration according to Nordheim's law and of the DMR as dependence of the Ap on
temperature.
keywords: Al solid solution, resistivity, concentration effect, temperature effect, resistance ratio.

I. BACKGROUND, MOTIVATION AND AIMS
J.O.Linde corrected the well-known Nordheim's law to fit high concentration solid solutions
consisted of noble metal-multivalent metal, for example Cu-Zn, Ag-Al, etc. [1], as:

pSSp= PPURE,+ ApXn X (1 -V X) (1),

where pPURE, is the resistivity of ideally pure solvent metal at T, Ap¥ is contribution to resistivity
per unit atomic fraction X of a solute and v is a non-dimensional constant. Later, Komatsu ct al
independently found that the correction can be applied to Mg-0 to 9at. (9.7mass)%Al solid solutions
[2].

The eq. (1) can be approximated in dilute solid solutions as

PSS, = PPURE, 4 ApX, X
or  pPSSy=pPURE.+ Ap,, (C/at.% or mass%) (2).

It has been proposed by Komatsu ct al. [3, 4] that the relation between resistivity at 77K, p35;,,
and resistivity ratio, R= P,/ p;; can be written as:

pSS5;= (PPURE M pPURE, ) /(R- ) ),

where 1 is ratio of Ap at 300K and 77K, Ap,;y/Ap,5, which deviates from unity when deviation
from Matthiessen's Rule (DMR) exists. ~ Komatsu ct al. [3, 4] have determined cmpirically the
cq. (3) for many dilute solid solutions and utilized to detect or to average the error in size factor
mecasurement, for example in Al-Mn system having the most negative DMR [5]. However, in solid
solutions containing more than 1 at% solute (or X >0.01), eq.(1) means that the Apy; decreases with
increasing solute concentration.  Therefore, determination of the ApX is necessary, especially in the
case of high concentration solid solution, to correct the effect of DMR on the relation between p4; and
R.

In aluminum based solid solution, the order of solute showing large maximum solubility will
be Zn (X =0.665), Mg (0.189), Cu (0.025), Si(0.0159) and Mn (0.0047) [6].  However, perhaps
because of small Ap, a little difference of Mg contents in specimens for chemical analysis and for
resistivity measurement and effect of impurities in dilute alloys, in Al-Mg solutions below 4at%Mg,
the negative curvature of X -p curve could not be clearly detected [7] .

In this report, the eq. (1) is applied to Al-Mg, Al-Cu and Al-Zn concentrated solid solution
alloys to determine the ApX at 300K and 77K avoiding the cffect of G.P. zone and to examine valid-
ity of the ¢q.(3).

2. EXPERIMENTAL PROCEDURE
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0.5mmtX 3mm» X 180mm! specimens were sheared from finally 92% cold rolled plat
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0(0), -0.47(0.52), -0.93(1.03), -1.45(1.61), -1.89(2.09), -2.87 (3.1B), -3.79(4.19), -5.05

6.00(6.62), -7.15(7.88), and Al-8.10(8.91)mass(at)%Mg alloys.

Al-Zn plates are shown in Table 1.
and 0.001 mass%, respectively.

0.00Imass%.

(Tgy) for Al-Cu and Al-Zn alloys. Tepor .
5.1at%Mg alloy quenched from 723K shows resistivity increase after 60ks aging at 293K.

present Al-Mg alloys were annecaled at 623K for 3.6ks. ) . C
and quenched-in vacancy and also the rate of G.P. zone formation which will elevate the re,
should be lower than the case of ref. [10].

Solute contents of A

S of Al-
(5.58), -

l‘CU anc

Fe, Siand Cu in the Al-Mg alloys were below 0.007 7 -

Fe and Si in all of Al-Cu and Al-Zn alloys werg’
Table 1 also shows G.P. zone solvus (T gp) [8, 9] and temperature of rq
It has been reported by Osamura and Ogura [10] th;

In Al-Mg alloys, resistivity was measured w

ks or at least 3.6ks after water quenching from 623K and no reversion treatment was carried it
Each specimen was mounted loosely on a frame made of silica glass rod by SPOt-Welging 1
0.5mm¢ wires of four nine aluminum wound on the frame and all heat treatments and mcasurcmzn;\
were carried out with this specimen assembly. )
Resistivity, pj,, was measured at 77K and 300K by direct current four contact method ;i
factor obtained by density-mass method.

sity for Al-Cu and Al-Zn alloys measured on 3mm' X 30mm™ > 180mm'- plates. .
ously reported ApX values are rather small especially in Al-Zn allqys and .thcn CITOTS in - yensit
measurement cffect severely on the measured py, valucs, the density obtained by regreggion

Fig. 1 shows relation between concentration

measured values shown in the Fig. 1 was employed to determine the py,.

Table 1. Solute contents, G.P. zone solvus
temperature T p/K, reversion temperature
Tyiv/K, solvus temperature Ty, /K [6] and
temperature of solution treatment Ty

of

Al-Cu and Al-Zn alloys.
solute \mass% | at% | T, Toey | Tsor | Tt 2.82
0.46 |0.196 | 358 | 363 | 593 | 623 2 80
1.01 |0.431 | 403 | 393 | 647 | 673 o
Bt TP Tg2.78
1.52 |0.651 | 440 | 433 | 680 | 723 &h
Cu — L — B o e
1.92 [0.837 | 461 | 453 | 701 | 723 oS~
3.02 | 1.31 | 473|473 | 742|773 Q2.74
4.04 | 1.76 | 482 | 483 | 772 | 813 272
0.80 |0.332 | 226 300 | 623
Sl b 2.70
1.63 |0.679 | 253 340 | 623 0 1 2 3 4 5
- B Cu 7 )
. 2.42 | 1.01 | 271 | ---- | 360 | 623 C™", C""/mass%
n oo e llE IS B
_3_'L9ﬁ Rl el Ll il s Fig. 1 Relation between solute concent
4.47 | 1.89 |306 323 |400 623 | and density measured by
el v method.
i 5.95 | 2.54 | 322|353 | 420 | 623
3. RESULTS

3.1 Al-Mg SYSTEM ] )
Fig. 2 (a) compares relations between pyyyg, OF P77 and atomic fraction X of Mg or X (1-v\

The v was varied and chosen to give correlation factor r closest to unity.

when v=1.
2(b) and

72:
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The difference of measured resistivity, pp, from regressed value is plotted in Fig

The negative curvature of X -p curves 1s clarified by cxpanding_thc concentratio
range to 8.91at%Mg, as shown in Fig. 2(b) and (c). The Ap¥;,, and ApX,; are obtained as 550.6 i
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527.5n92m. mintheeq. (3) is 1.043.  Fig. 3(a) compares the relation of eq. (3) for N=1.043
and 1.  The technique similar to Fig. 2(b) and (c) is applied and the difference between measured
and regressed values are shown in Fig. 3(b).  The systematic deviation from linear relation in the
curve for m=1 is clearly decreased to +0.4nQ2m by using m=1.043 and is changed to a random
scattering. It has been already pointed out that the solid solution having positive DMR shows a
positive curvature in the relation between 1/(R-1) and p,, [3].
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Fig. 2 Relations between atomic fraction X 1/(R-1.043) or 1/(R-1)

of Mg or X(1-vX) and measured resistivity at : :

3()()Kg and 77K) (a), difference bctw}éen Fig. 3 Relation between pr3 Py, and

measured and regressed values at 300K g)) measured Py, for Al-Mg solid solution
I

and at 77K (c), for 623K-3.6ks anncaled employing m=1 and 1.043 (a), diffcrcncc?
Mg solid solution. between measured and regressed values

compared for n=1 and 1.043 (b).

3.2 Al-Cu SYSTEM

Fig. 4 shows change in pp,,, of Al-4.04%Cu with room temperature (RT) aging and reversion.
Unrelated to RT aging time, all specimens show an almost same value after 0.3 to 0.6ks reversion at
483K.  Because all other Al-Cu alloys and Al-Zn alloys containing more than 3.19%Zn show a
same behavior, the corrected Nordheim's law is investigated using the py, after reversion.

Fig. 5 shows simillar relations to the Fig. 2 for Al-Cu solid solutions.  In Al-Cu system
below 1.76at%, the negative curvature due to X2 term in the eq. (1) appears.  The best fit v is 5.64.
The ApX,,, and ApX_, are 772.1 and 798.6n2m and the m is 0.967, showing a negative DMR.
The relation between 1/(R-n) and py,,, is compared in Fig. 6 for n=1 and 0.967.

Because the m of solute Cu is close to unity, difference between m=1 and 0.967 is hard to
recognize in Fig. 6(a).  Differences between measured and regressed value are plotted in Fig. 6(b).
The negative curvature characteristic to solution systems of negative DMR [3] is corrected by employ-
ing m= 0.967 and the systematic deviation in case of employing n=1 is changed by n=0967 to a
random scattering ranging #0.02nQ2m.
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3.3 Al-Zn SYSTEM
The measured values in Al-Zn gqid
lutions are handled similarly to aboy.¢,

shown in

Fig. 7.
v=3.21, the systematic deviation ig
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lated and random scattering after the (e

tion is shrunk to=®0.02n2m.
ApX,, of solute Zn are 240.1 and 244
and the m is 0.983.

solute Zn in Al is
that of solute Cu.

is the smallest in solid solutions of peser

Apx

3

00 dle
€2
The value of 1 1

more closer to unity tha
The effect of ¢orres
tion of the relation between 1/(R-1) ang p .,

work, as shown in Fig. 8.

4. DISCUSSION

Table 2 compiles experimental]y o
tained constants in the eq.(1).

perature dependence of Ap¥ is rather small.
However, when the 1 deviates more than 0.04 from unity, the measured resistivity P, Shows

This can be seen in the case of Mg and Cu, Figs. 3 and 5. -
As Linde [1] has already noted, the ApX in eq. (1) corresponds to the Ap in eq. (2) extrapolged

infinitely dilute binary solid solution.

will come from neglecting the effect of X2 term in eq. (1) and rather small but innegligible DMR.
Fig. 9 is comparing previously reported Ap values of Cu and Zn in nQmeat% ! with prese

work as function of the temperature at which the resistivity was measured.
Interesting to study on causes of these wide spread values. Y
cffect of G.P. zones or impurites in case of very dilute alloy and smaller values will be due to usit:

Larger Ap

concentrated alloys and neglecting the corrected Nordheim's law.

Table 3 shows constants in the DMR corrected empirical equations (DMRCEE), which are the <

(3) written as p,,/nQm= a/(R-n)+B.  According to the eq. (3), the & equals to pPURE,,-m pPU

It should be ve
values will come from ¢

’th' en

[ 3

innegligible systematic deviation from straight line of regression just as predicted previously |

Therefore, the scattering of previously reported Ap valuc
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Table 2 v, pPYRE/MNQm and ApA/nS2m in the

cq.(1).
conc. pP\’R};/an Ap\/nnn‘ \
solute | range v i - LY I
(at%) 300K ’ 77K | 300K ‘ 7K |
| Mg | 0-8.9 | 172 |27.66 | 2.319 | 550.8 } 527.5
R ! O |ttty Bl M O T
\ Cu [0-1.76 | 5.64 |27.47 | 2.320 | 7721 ’ 798.6
| zn |0-2.05| 3.21 |27.42 | 2.265 | 240.1 | 244.2

Using pPURE values in Table 2, this relation gives o values for Mg, Cu and Zn as 25.24, 25.22 and
25.19, respectively.  These values are in fairly good coincidence with the empirical o in Table 3.
It is necessary to remember that these DMRCEE are only applicable to binary and  random solid
solutions. A large volume fraction, to say more than 1 vol.% in concentrated alloys, of precipi-
tates increases the measured resistivity ppy,, deviating from these DMRCEE.  However, onc can
cstimate quantitatively the volume fraction of precipitates from the deviation of pyy7;. . _

Writing pPUREA, _qBp PUREA__ =B for an A-B-C-D--- N clements solid solution consisted of
solvent A, solute B, C, D ----, the ¢q. (3) was rewritten (4) as

N
pSSpy=l AP+ 3 ClApi(i)YRN®) ()
i=C

where Ci, Api,; and ni are solute concentration Ap at 77K and m of “i’th clement, respectively and B
is the m of second clement or first solute. When C and other constants of C to N element are knew,
the ideal relation between R and pSS;; can be predicted.  The deviation from eq. (4) suggests the
existence of trump clements or precipitates.

5. SUMMARY

The contribution of most important alloying elements in aluminum, Mg, Cu and Zn, to resis-
tivity has been clarified. ~ This is the starting point to many investigations evaluating quantitatively
the fotal amount of precipitates, change in dislocation and grain boundary density and so on.  The
relation between microstructure and macroscopic properties will be made clearer by these investiga-
tions.
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Table 3 Empirically obtained constants in the
eq. (3) written as
977/an=a/(R—Tl)+B

solute range of N i B
P,,/nm

S

Mg | 2.3-42.7 F.043 25.26 | 0.0019

FCu 2.3-14.8 | 0.967 |25.19 | 0.0039
[ Zn l 2.3-8.0'7‘.6.983 25.11 0.01'@

(max ato)

® Present work(2 34)
& Robison etal(l 61)
a Alley &Senn(4 2)

Osamura ¢ al (10°0)

(max.al%)

— e, WRIOR O

A

]

v

O Brown o
[

A

1

K
rese ork(l 76 Giruner e u
: i(’(;[’,”:?;(,:; c’: ,:1 0 l",‘} (V) i-:“‘w": ,_.(l :l‘(“ 43) W Takamura(0) 42) Klophin(t 042)
] l A Tymball et al (225) @ Kedves at al (0427) z ;.iudnu et I.al g:h(\:\umnulul al (4 76)
] % 085 Fukan(cal ) Cotke et al (020
S Fuaial ) 2 kot 5] 3.2 He Kedweseral 0 08)

- 10} Al-Cu A 3.0 L 2 Al-Zn -
il 28 4
= 9k 5 o

2.6 A 4
Egl g reentvork Ep4p e MR G
= o
=N 8
s P = |
A L =20k ®
6 < a ® A
1.8 A-- =]
5 | 1.6 1 | o R ! 4
0 50 100 150 200 250 300 0 50 100 150 200 250 300

T/K T/IK

Fig. 9 Comparison of previously reported Ap
values in Al-Cu and Al-Zn solid solutions.

A part of this investigation is supported financially by Light Metal Educational Foundation Inc. Osaka.
Japan. Allofy ates were prepared by courtes)\é of Drs. H. Kosuge, Y.Nishimura and
Y.Nishikawa o ippon Light Metal Co. Lid. ~ M. Eng. Y.Tabata and B. Eng. S.Kitahara aided
laboratory work.  Authors wish to thank their great support.

REFERENCES

H J.0.Linde: Helvetia Ph{_sica Acta, 41(1968), 1007.

S.Komatsu, M.Ikeda, T.Ikoma, T.Usunaga, T.Shinya and H.Uchida: J. Japan Inst. Light Metals
JILM), 45(1995), 27.
3] i{)((;)gr)lat;g, M.Ikeda, K.Kamei and T.Sugimoto: Technology Report Kansai Univ. N0.35,

4* -Komatsu and S-1.Fujikawa: J. JILM, 47(1997) , 396.

5] S.Komatsu, M.Ikeda, K.Komoda, M.Nakaji and M.Matsuo: ed. K.Hirano, H.Oikawa and
K.Ikeda, “Science and Engineering of Light Metals”, JILM, Tokyo, (199D, 875.

[6] N{.‘;IS%nscn and K.Anderko: "Constitution of Binary Alloys”, 2nd ed. McGrow-Hill, NewYork,

7] S.Komatsu, M.Ikeda, Y.Tabata and T.Gouda: J. JILM, 44(1994), 164.
8] E.Hornbogen: Aluminium, 43(1967) , 115.

9] C.Panseri and T.Federighi: Acta Met., 8(1960) , 226.

10] K.Osamura and T.Ogura: Met. Trans. 15A(1984) , 835.




