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ABSTRACT

Accumulative reciprocal rolling and one pass rolling of letter "U" type specimen were applied
to pure aluminum, Al-Zr, Al-Cu, Al-Mg and Al-1.0%Si solid solutions. Excepting the solid solutions
showing obvious cffects of G.P. zone formation or precipitation, scparation of contribution to resis-
tivity of dislocation increased by the rolling from that of vacancy was attempted through room tem-
perature holding for 86.4ks to 15Ms. Higher solute concentration leads to a larger increase in resis-
tivity due to dislocation for a same rolling true strain. Al-Mg solid solutions up to 8.10% were
rolled to various true strain and showed work hardening and resistivity increase due to dislocation
both of which are larger in higher concentration of Mg.
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1. BACKGROUND, MOTIVATION AND AIM.

Starting from Matthiessen’s rule, Komatsu et al. [1, 2] induced a relation between resistivity
ratio R=py/P,, and p5,.  Under correction with deviation from Matthicssen’s rule (DMR), empiri-
cal equations expressed as P;,,=0/(R-m)+f have been obtained for many solid solution systems,
where o and B are constants and 1 represents the ratio of contribution to resistivity per unit concen-
fration of solute atoms Ap at 300K and 77K, Ap;/ Ap;;. In binary solid solution, & can be writ-
ten as PPURE,  qpPURE " where pPURE s the resistivity of ideally pure solvent metal at temperature of
suffix. However in ternary or more complicated real solutions, the best way is to determine the o
and B empirically by annealing the specimen of which precise size factor can be measured.

Utilizing these DMR corrected empirical equation (DMRCEE), one can cstimate the p,; from
the R of specimens difficult to measure the size factor. This method has been already applied to
1050 aluminum alloys and has detected Si precipitation during holding at room tempcrature (RTH)
for 86.4ks, 1 day after cold rolling [3].

In a series of studies on dependence of resistivity of Al-Mg alloys on solute Mg concentration
[4] and annealing, Komatsu et al. [5] observed that the work hardening by 92% cold rolling showed
a parabolic increase with Mg content whereas the increment in resistivity showed a lincar increase.
Moreover, the relation between the resistivity increment and the amount of work hardening, or differ-
cnce in proof stress of the 92% cold rolled state from the 623K-3. 6ks annealed state, fitted well to the
relation, 80, ,/MPa=263(8p/n2m)'72, where 80 =0 , R0 ,ANN and dp=p,;R-p;,ANN [5].

Hirsch and Mitchell [6] proposed the relation between dislocation density and work hardening
as o= Gb(NPISL)2 where o is a non-dimensional constant from 0.5 to 1.0, G is the rigidity
modulus, b is the Burgers vector and NPISL s the dislocation density. ~Writing the contribution to
resistivity per unit density of dislocation as ApPISL one can obtain NDPISL= §pDISL/ApDISL and
b= Gb(ApPISL)-12]+[( pDISLY12].  Employing ApPISt=3 X102 Qm?3 [7], o for Al-0 to 4%Mg
was estimated as 0.59 [5], which seems to be a reasonable value.  This fact suggests that the dislo-
cation density increased by cold rolling well corresponds to the resistivity increase after RTH for
more than 10-30Ms.

In above case of the fixed reduction of thickness to 92%, the tendency, larger work hardening
in higher solute concentration, was obvious. The next investigation should aim to whether this ten-
dency appears in other solid solution than Al-Mg and for Al-Mg alloys whether the above tendency
appcars in various rolling reduction.

2. EXPERIMENTAL PROCEDURE

1.0mm or 0.5mm' X 10mmW X 150mm!" plates obtained by cold rolling were formed within ni-
tride steel mold to letter “U” type by sawing and filing as schematically illustrated in Fig. 1. Solute
content and constants in the DMRCEE are shown in Table 1 with heat trcatment to determine the
constants and Py, after anncaling or reversion before the rolling.  The rolled specimen was im-
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sed into a liquid nitrogen bath immediately after leaving the roll, within 1s. — The total tim,, ., -
irtlfl:rrtS f)(fi ?ﬁiorolli(r]lg till thcgimmcrsing into liquid nitrogen was less than 15s, in the hand drivey, rlrc(ip'
lling. . .
s }r;::cau%c the resistivity very quickly decreases at room temperature immediately after the rq,
the resistance at 300K, 5, is firstly measured after 86.4ks (1 day) holding at room tempcmmrc_
Until the room temperature holding (RTH) for 86.4 ks, only £2,, was measured to follow the Chypge
by the RTH. We call the resistivity at 77K calculated from the DMRCEE and measureg R=
Q00/7 a8 Py to distinguish from the measured resistivity using density method size factor, B
Other details of the procedure to obtain Matthiessen size factor M.F. and py;; immediately afte, the
rolling [3] are shown in Fig. 2. Accumulative reciprocal rolling (ARR) :\{nd repeated RTy give
only a rough information about vacancy concentration and dislocation d_c‘ns]ty 1‘r‘1dt’1’ccd by Tolpg-
No rolling of spot-welded four terminal leads is the important point ()‘f‘ t]”lylb letter U type SPCCimC“
method. Therefore, one way and one pass rolling is possible f.()r the “U” type specimen hzl\'lng rc-
rolled four fingers end [8].  Same procedure to obtain change in the py,; as the ARR can be applied
also to the one pass rolling.
Al-Mg specimens rolled and shaped to 0.5X3X 80mm were measured the py,,, aftc;r the RTH
for more than 11 Ms, then tensile tested at room temperature with strain rate of 6.7 X104 s-1. “g,.
cause specimens have no chucking part, or have uniform cross.sectlonal area for full length, thig fen-
sile test does not fit to any industrial standard. = However, in our experience, the value of proof
stress is not affected largely by this form of specimen.

4 terminals

ling:

Table 1. Solute content, constants in the DM
//\;‘i—",, j corrected empirical equation p4,=0/(R-n)+3

= heat treatment to determine the constants ang
Py after annealing or reversion before the
rolling.
Constant of DMR corrected equation ;
pu/mAm=a/(R — ;)
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Q measurement

+
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o - r 1 CR~373K
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] 12019 +2.222 e s
Qny, Q5 41 Sk Cysasks Si 2428 10.282 106 | 1T 0K/ Gks), CR~ 1931 75
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v
9} wrr=Q 7‘; X MF
Fig. 2. Procedure to estimate the resistivity

immediately after rolling and its change during
room temperature holding (RTH).

3. WORKING HYPOTHESES AND RESTRICTIONS. _
Fig. 3 shows a result of the ARR applied to an Al-Zr specimen. ~ RTH for 86. 4ks .lonk\\"

enough to saturate the decrease in resistivity which is assumed to correspond with annihilation 0!

point defects, perhaps mainly vacancy, produced by the cold rolling.  In other words, total increasc
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in p within 1 s after the rolling can be divided into two parts, SpTOTAL=8pDISL}§pVAC. g illustrated
schematically in right hand side of the Fig. 3.  The residual increase after the 86.4ks RTH should be
an overestimation of maximum 30%, which one can read in left hand side of the Fig. 3 from decrease
by the RTH for 14.1Ms after 90% ARR.

There are many exceptions of this assumption. Fig. 4 shows the change in py,, of Al-
3.02%Cu and -4.04%Cu alloys during long period RTH after the one pass rolling.  The G.P. zone
formation seems to occur even during the rolling within a few seconds and continues through the
RTH. = The py; increases, in contrast to the decrease in Fig. 3, for 10 and 30% rolling. ~ Another
exception is Al-1.0% Si alloy in Fig. 5. Because the equilibrium solubility of Si to Al at 300K is
extrapolated as 3.5~6.0>X10-mass%, even in a 1050 aluminum alloy containing only 0.09%Si the
decrease in pPy7; by the RTH exceeded the increase by cold rolling [3].  This excess decrease in p
appears more obviously in Al-1.0%Si solid solution and one can observe in Fig. S that the py,,, be-
comes lower than the value before rolling from 12.8% cold reduction.  For the Al-3.79%Mg alloy,
the py,7 increases by the RTH for 180s up to 22% of the ARR, as shown in Fig. 6.

; STQ—RTA-86.4ks—Reversion-473K—RTA

PReliaon MYRIe Y. © 86.4ks STQ=*RTA-86.4ks—Reversion-473K—~CR—RTA
(.20 203040 50 60 _70_80 90
).2 Wﬁ:“gv T 5 0.4 v
Al-0.117%2Z | ! e S & 3.02% 4.04%
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r,:.)u 3 s 8 GC (pmvy) VoY
< SN ; I £]5 £ 0.3H to%ca .
i 01 § oS- o k- 55 30%CR
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H o, (]
20.05r| - i N K £ 0.2
1 }» & Al-Cu
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Fig. 3. Change in py; of Al-0.117%Zr with i |[R '
the accumulative reciprocal rolling and during a =
room temperature holding for 86.4ks (left) and L oko
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various reduction.



994 Proceedings of ICAA-6 (1998)

Though the maximum increment is not so large, only 0.01n%m in 3.79%Mg alloy and even in
8.10% Mg alloy that was 0.05n2m, corresponding 1 to 2% of total mcrc{:}ment respectively, the ARR
of “U” type specimen was applied to only alloys containing below 1.45 %Mg, below 1.959, o, Al
Zr alloys and 4N, 5N and 6N pure aluminum in present work. The one pass rolling was APplied 10
more concentrated Al-Mg and Al-Cu alloys.

4. RESULTS AND DISCUSSION.

4.1 EFFECT OF SOLUTE CONCENTRATION ON RESISTIVITY INCREASE BY
ACCUMULATIVE RECIPROCAL ROLLING. - .

Fig. 7 shows relations between rolling true strain, E, and resistivity increment in puy,
num by the ARR. The resistivity increases parabolica}ly with true strain. i For € aboyc 1.0
crement by rolling is obviously larger in less pure specimens. A long period RTH slightly
the residual increase in the p,, of 6N-AL . )

Fig. 8 compares the decrement by the 86.4ks RTH to the residual increment after the
a function of . Both changes in p;; are parabolic to the € and are large in high concentratig, golid
solution. Fig. 9 shows log-log plots for the dpPISL and e. In dilute solutions, the Plog gives
fairly good lincarity. Table 2 shows constants A and n in regression according to dp/nQm< Ag® for
both pPISL and §pVAC.,  The exponent n for dpPISL varies from 0.4 to 0.8, however, the Copgtant A
clearly increases with solute concentration. ] .

Using constants in Table 2, the 8pPISt at 50% reduction (e=0.693) is calculated for various
systems and compared in Fig. 10 as function of solute concentration in at. %, except pure alyminum
specimens of which purity is given only in mass%. It is clear that the prISL_ at a same rolling, ¢rain
increases with solute concentration.  Plots of each group give good straight lines which can be writ-
ten as log(dpPIst) = logh+ulog(C/at%, or mass%). Table 3 shows constants A and w g, four
groups.  The exponent  is larger in Al-Cu and Al-Mg systems than in Al-Zr and pure alympinum
systems. The whole plots in Fig. 10 secem to make a broad band having shape of inyerge 1.
dpPISL by the ARR was larger than that by one pass rolling in more concentrated alloys, ¢ ¢ Al-
3.02%Cu and Al-3.79%Mg alloy, because of effect of G.P. zone formed during the repeateq RTH.
Value of SpPISL after about 50% one pass rolling and RTH for 0.86Ms was plotted also in . Fig.
10.  Perhaps because of log scale, the coincidence to the results of ARR is fairly good.

alumi-
, the 1N~
l()wcTCU

RTH as

4.2 WORK HARDENING AND RESISTIVITY INCREMENT. )

Though alloys containing more than 1.89%Mg showed increase or stagnation of decrease in
resistivity, the alloys up to Al-8.10%Mg were rolled aiming to 50, 75 and 83% reduction getting
0.5mm as final thickness. C .

After RTH for 11Ms the rolled specimens were finally measured the resistivity and (ensile
tested.  Increment in proof stress from the annealed state at same € showed a tendency to jpcreasc
with the Mg content.  However, the increment of 8pPISL was rather scattered with the Mg content.
because too short specimens, only 80mm compared to 180mm for Py, measurement, wWere used.

Results are shown in Fig.11 as the relation between (8pP™St)12 and 80y ,.  The solid ine in
the Fig. 11 is previous result obtained from 92% cold rolled plates containing up to 3-79%Mg [5].
There is a tendency that the plots for higher concentration alloys give larger work hardening and re-
sistivity increase duc to dislocation, just same as result for 92% cold rolling. Moreover, alloys con-
taining more than 5.05%Mg deviate lower side of the previous result up to 3.79%, which can pe ex-
plained by the overestimation of 8pPISL through G.P. zone formation during the RTH or somew hat
short period (11 Ms) of present RTH.

5. CONCLUSIONS.

Though repeated the accumulative reciprocal rolling and room temperature holding for 86. 4ks.
20 to 30% overestimate the resistivity increase due to dislocation density increased by rolling, it is
suggested that the higher concentration of impurities or solute atoms leads to higher dislocation den-
sity at a same rolling strain. ]

Evidence of G.P. zone formation during room temperature holding or aging af_tcr rolling has
been obtained.  In the Al-3.78%Mg alloy rolled 50%, the maximum increment of resistivity is onls
0.01n€2m which corresponds only 1% of total increment by rolling. In Al-4.04%Cu alloy, the re-
sistivity continues to increase until for longer 1 Ms aging at room temperature up to the increment 0f
0.35nQ2m.
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Table 2. Constants A and n in 8p/nQm= Ae"
for 8pPISL and §pVAC.,

solute pDISL:pHﬂD_DSTQ pvm:pcn_pnno
/ mass% AnQm n AmQm n
6N-Al 0.027 0.174 2 -
5N-Al 0.046 0.396 0.041 0.610
4AN-Al 0.073 0.716 0.040 0.358
op 047 0.185 0.648 0.048 0.272
S 093 0.367 0.646 0.072 0.379
1.45 0.579 0.656 0.093 0.361
0 0.075 0.631 0.040 0.419
0.029 0.078 0.717 0.028 0.608
. 0.059 (0.071) (1.109) 0.037 0.521
N 0.086 0.094 0.592 0.044 0.407
0.117 0.119 0.797 0.045 0.382
0.153 0.127 0.687 0.046 0.484
0.46 0.124 0.589 0.053 0.397
5 1.01 0.202 0.521 0.063 0.376
O 152 0.318 0.456 0.087 0.618
1.95 0.417 0.408 0.100 0.640

5% * (P -pRS) /NQm

=5 =A-e"
= 4N-Al Mg/mass%  piMQm A n

N + 4N-Al 2.26 0.07 0.69 |
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e 093 7.63~7.75 0.37 0.65

i 0 1.45 30.4""10.6 J0,58 0.66
=3 -2 -1 0 1

Ine [=In{In(t/ )}

Fig. 9. Log-log plots for the 8pPISL and €, ac-
cording to the relation 8pPISL =Agn,
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Fig. 11. Relation between éf‘)p[’lSL)W and 80,

for Al-Mg alloys rolled to
92%.
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