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EVA'highly_sensitive'resistance measurement apparatus was set up to
efobserve the effect on the'electrical resistance of alloyiné copper with
t alumlnum and to observe recovery at low temperatures after cold work.

'fnThe electrlcal res1stiV1ty Po was shown to be proportlonal to the square

7,fof_the scattering charge'z,of the alloying element. An increase in

resistance was detected in specimens annealed at 90°K-» and 113°K.
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T, INTRODUCTION

The electrical resistance of a material is important in a metallurgical

S

sense because it can be employed to analyze the stages of recovery,

the purity of a specimen using the resistivity ratio method,5 the

T

| degree of ordering,6 the degree of cold work' and many other properties.
v_Resistance measurement is most commonly used in studying recovery phenomena
and is the most effective and reliable method in.this most important
area, although interﬁretation of results even with this method can be
quite difficult when many‘processes of annealing are involved simultaneously.
The scattering'ofvelectrons reSulting in en‘increase in resistivity
can be caused by several types of disturbances of the lattice: by
temperature vibration (phonon scattering), by imburities (both substitutional
and interstitial) and‘by mechanical deformation (which produces vacancies,v
.n,interstitiglssand dislocetions). The object of this study was to measure
some of the effects due to the latter two causes‘of scattering. One
'1’method of making a highly sensitive electrical resistance measurement
E Wiil.be presented along with some of the merits and drawbacks ef the
method. | |
The'edditive'nature of the several sources of resistivity has been

known for some time and is essential to any analysis of resistiv1ty

data. Called Mathiessen 8 Rule it can be written

(1)

P 1::'o‘t'z—3,lv= pfztem.perature te impurities to deformation

1P necessary the value for p tetel can be lengthened to include the

additional resistivity produced by irradiation and quenching.
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The basis for the behavior of metals according to Eq. (l) is
contained in the nature of the scattering process itself. - This can be

shown by closely examinlng the concept of mean.free path of the electron

is defined in Eq. (2).
= v(2t) - (2)

"5;where X'is the meangiree-path of'the electron, v is the speed of the
i}'5i5‘ electronvend<ﬁ:is_the:relaxation time betweendcollisionsi '?he mean
‘gfree path is_defined as the average value of the'distance between'collisions
for all trajectories of the electron. For a group of electrons passing
through the lattice in the x direction, the’ number dN(x) that make a
collision in’ some length of path dx at position x 1is given by

Mg

' dN(x) = =

WhereI\T(x) 'i‘g-".t‘hefvnmnbér of ele'ctr'ons which st111 nave to make & collision
;:‘et positionix,: k'in‘Eq. (3) is merely a term used to satisfyvdimensional
v’re'quirement:s”“‘but 1g e.ctually' identical to » in Eq. (2). Eq. (3) is
based on the premise that an electron has the same probabillty of colliding'f

in each increment dx.v Integrating Eq. (3) gives the number of electrons.

”,;,remaining in the group»after:itmhas trawelled a distance x,

: =x/A
N(x) = N, e
. where N 18 the number of electrons in the group initially. Since.

N(x) drops to (l/e) th of its original value when % takes the value- X,

':
i




- the parameter A is the averége disfénce between c0ilisions (i.e. the
mean free paﬁh). | |
All independeﬁt 5cattéring processes can easily be considered.
Sufpose the precesses taking‘placé are temperature scéxtering with a
mean free path NP’ impufity scattering with d mean free path XI and
- deformation scattering with a mean free path xb.' The number of collisions

can be expressed

_ N(x)ax  N(x)dx - N(x)dx ()

B e e

The- solution of - the equation is

(a4 g IR - (5)

‘N(ﬁ) =N e

. :Thevtotal mean free>path is given by

>l
-
>’IH

7} ’M% (6)
‘The r‘elaxatioﬁ time 7= A/2v can bé written
'}= (L 2 Ay, 2 _
>‘T Mo T T Ty (1)
| Thé.resigtivi£§ p:CQH be ‘expressed
¥ m* m*. o . o (8)

P = Na& = Tazr_." Nzt t Tazr
Nq =2 Ng&t,. " Nq27, = Nq&i,



ke

where m%‘isftﬁe éfféétifengSS'of the élgctfoﬁ aﬁd g is the charge on
the.eléctrop;; Tﬁe Férhé_oh.£ﬁé,right aie,LreébeptiQéij,upi,ipI and pD.'
Thus, the .a.dd:.iigive”r.iat'ui'e’ of the total resistivit& is established.
Substitutiﬁg;thé appropriate vaiues'into‘Eqd (8)‘yields a total
relaiatioﬁ time-fof.pure éoppef at room ﬁemperature of about 2 x 10 1%
sec, The vélocity of the electron in copper is'about‘l.6 x 10%® em/sec.
Substituting ﬁhese twd‘vélués into Eq. (2) yields };;3 x 10° em, or

“about 100X the latticevéonstant of copper.
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IT. EXPERIMENTAL APPARATUS

The_assemblyyof fhe e1ectrical équipment was désigned so that a
highly sensitivé.resistance measuremeht'could be made on specimens of
various shapes. The instruments used fof making measurements of this
nature were assembled as seen in Figure 1.

The layout of the equipment was designed so that one potentiometer
could be used tolmeasure the volfage drop across both the specimen and
the standard resistor. The advantages of using one potentiometer are
a more easily portable set-up and a more economical one. Using two

iﬁotentiometers makes it poséible to make more rapid readings because one
. potentiometer can ﬁe set to the voltage drop across the standard resiétor,
“which fluctuates only slightly from reading to reading or not at all.
Since current'deviati§ns'were, at most, only slight, the voltage drop
across the_sﬁandard resistor need be measured only every 5 minutes,
thus, allowing between this @;;;ﬁre;ent, a constant monitoring of the
'voltage drop across the specimen.‘

“A thermal compensator (see Figuré 2) was used to cancel any thermal
- EMF produced in the potentiai leads extending from the specimen to the
potenﬁiorﬂeter° Low thermal solder was used at all connections and high
purity copper wire (99.999%) was used in the circuitry. its max imum
voﬁtput is 10 QQﬂ.sufficient to cancel any thermal EMF's"eﬁcountered
provided care is‘taken in attaching the potentigl leads.to the specimen.

No thermal_cbmfensator was employed in the leads from the standard

resistqf to'the_poﬁentiomeﬁer because of the relatively good stability

- of the ehvipénment.bf the standard resistor as compared to that of the



SeEgl T

| | SPECIMEN

.| sTanDARD |
—{ RESISTOR

7

- PRECISION
CURRENT

SOURCE

A

| THERMAL
COMPENSATOR

t 7

POTENTIOMETER -

DIFFERENTIAL
-~ AMPLIFIER

~ NANOVOLT

STANDARD: .
CELL

5 —r
" 16 VOLT

0 |BATTERY . |

Sl o
s e

NULL DETECTOR

'.; T FIG | 'Block.,diagram'bf‘éomponents'used in Ihaki'ng‘é. fgsistgnce measurement



coo Mercury
S ‘battery |
1004 - S
Helipot .
ccw

12 kO

—— AN . - To

]_

To specimen b

. v

e LT S e
- S g " binding posts'

 —— High-purity
. copper

o . Low-thermal
. solder

)

Fig. 2 Circuit diagram of precision thermal compensator

potentiometer



R AT

specimen. fThe environment of the standard resistor was'set up once and ’
then was’ not ‘altered. whereas the surroundings of the speclmen were
altered each time a new specimen was used,‘thus, necessitating the need
for the thermal compensator. AThe standard resistor was housed in an
oil hath to minimize'thermaitfluctuations in its environment. The bath
temperature varied < 0.1°C in 10 hours.

During a series of measurements the.thermal compensator was initially
adjusted to balance out,any thermal EMF's and then was kept constant.
Since nothing was done to change the potential measuring c1rcuitry

after connecting the spe01men, any additional EMF measured after the

",1nit1al adJustment of the compensator was a result of .the alteration of

the specimens internal structure.

"A "make before break" switch vas included in the circuitry s0 that

© the current through the specimen could bebswitched.to zero and the
chéck for thermal EMF's could be made. The "make before break" provision-

- was necessary in order tonmaintain a relatively constant output level

for the precision current'source. This was accomplished by diverting

‘the current flow through copper wiring of approximately the same resistance

~as the specimen.

The precision current source (Figure 3) can be set:to maintain a

v current in the range O-- 2 eamps. - Higher currents up to 1O amps are
‘possible but cause exceésiﬁe heating of the'transistors in the source
and an accompanying decrease in the constancy of output. The current

© source was set to maintain a current of approximately 1 ampere and at

this output the precision was * 10 p.p.m. Its ability to level out
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'in diameter, varied approximately 30 nQ/ C)

L -l0-. .

' deViations 1n current to a constant value was’ aided by employing a

differential amplifier. The amplifiers function was to. equalize any
differences in voltage between the reference voltage and the bank of

resistors (see Figure 3)
An electronic nanovolt null detector with excellent damping ability
and quick response was used for null detection.

The sensitivity of any measurement of resistance vvas + 0.1 uv

- providing the specimen was'housed in a constant temperature environment.
The stability of a reading is heavily dependent on thermal fluctuations

'+ of the specimen (e g ‘a8 Cu—Al alloy,. 0.1 At. % Al, 10 cm long, 0.056 cm

",'_1'/‘

The best: environments for maintaining good sensit1Vity were found

'to be baths which boil at room temperature (liquid oxygen or liquid
'r_nitrogen) and inert gas enviromments in which a range of temperatures"
"are produced by reSistance heating the speCimen Maher8 has employed

o the latter technique successfully by using the dependence of the res1st- S

ance ‘on temperature-to achieve a certain temperature of,quench or anneal. .

- However, this technique'is limited to materials:that have their'temperature
f‘¢£,vs. resistance'dependence accurately known. Therefore, the Cu-Al alloy
mentioned earlier’ could not be annealed in this manner until its temperature

-;'jvs. resistance dependence was'determined

Baths composed of two phases of a material ‘in equilibrium at the .

-'solid-a liquid transition temperature were found to be inadequate.
rfWith the exception of isopentane mixed with liquid nitrogen the temperature

"would fluctuate * 2°C even with vigorous stirring and was sensitive to



| the additlons of liquid nltrogen..‘The‘llqnid.nltrogen wasrused to.

-vcool the bath down from room temperature to the transition temperature.‘tdd:

fj, The most critlcal step in malntalning low thermal EMF effects and f7
n_hlgh sens1t1vity is the attachment of the potential leads to the spec1men

"td Care was taken to avoid Junctlons of dlssxmllar metals and metal to

A;fdmetal ox1des.t¥'}jhir-f4‘ | | |

| . Spot Weldlné”was fonnd to be the nost successful method for 501n1ng

?dthe leads. to the spec1men.‘ No problems w1th thermal EMF s were encountered t:cd

lf;providlng the leads were stripped of thelr ox1de coatlng The leads ‘

i

‘”fwere 99 999% copper, 0. 016 1n.d1ameter and they extended from the

2f¥§;thermal compensator to the specimen in order to av01d any unnecessary

‘Z{VJunctlons.ijll_external'wirlng was shlelded'and.groundlng-points were_,

B m]fcarefullypchosen;'uThe thermal compensator'andvall conneCtions in the . .

. “fluctuations were controlled to within * 2°C. =

‘Hd'measnring,circuitiwerebhOusedxin‘styrofoam'and.the room temperature




III : ED(PERD’[ENTAL PREPARATIONS

° The specimens used in the investigation were O Ol6 in diameter
hard drawn copper wire (99 999%) and O. 023 in diameter. annealed Cu-Al
.alloy (o 1 At.9 Al) prepared by nelting 99. 999% Cu with 99.999% Al in
"an induction furnace._ The alloy was fabricated into wire form by
swaging from l/h in. rod as obtained'from the : graphite mold down to the
0. 023 in diameter of the’ specimen No’intermediate anneal during 5waging a
ﬁi was necessary.l After the final swaging the sPec1mens were cut into 12 cm.
Aﬁ!'lenéths,“placed in an evacuated qpartz tube'under 1x-10°® m Hg, and -
o annealed for 1 hour at MSO C. o | o

The specimens were mounted on an Instron tensile testing machine

'34'as shown in Figure h The lower grip was designed S0 that it would

' -f'hang free from any contact with the frame when the load was removed

after elongation, 'This development eliminated any change in the electrical '
t;.resistance due to a varying=load on the specimen. The current &nd
potential'leads were'coiled.near the ends to eliminate any possibility

.of them contributing to the stress on the specimen. Polyvinylchloride

. -was used in the support frame to minimize the thermal shock to the

o " annealing bath when the'temperature'of deformation was changed to the

annealing temperature.
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* IV, EXPERIMENTAL PROCEDURE .

The specimehs Qeréfeipngated lo%iin teﬁgioﬁ at T7°K. After élongation
the load wasvéqmpletely_femoved except for the smallhtensile loed exertéd
by the lower "grip;"-The specimen was then h'el_c} for at least 5 minutes
at T7°K to see if aﬁy aﬁheéling occurredland theh was submerged in the
annealing_bath}i

The electriéalAresiétance was measured at lgas£ once per minute and
more often if fime allowed. During;the éxperi@ent:somg of.the bath
liquid would evaporate.and 50 smali'édditions had'to belmade to the bath
to keep the level‘constént} The tgermal compenéator was,adjustéd Before

. deformation and immediateLytafter submersion in the annealing bath.
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" V. RESULTS.

In .all cases measurements made in the.interval from‘30.sec'te 25
minutes after removal‘of the stress show no annealing taking place at
TT°K. |

A pure copper speCimen.was annealed at O°C (see Figure 6) to observe
if any change was produced in the residual resistance by the deformation
at T7°K. An increase in the resistance of about 2% was introduced by
the deformation. The recover& curve has a uniform decline and a.leveling
. off after 40 minutes. After returning the specimen to'77°K, 506 of the
re81stance change 1ntroduced by the ‘deformation had recovered.

The isothermal recovery curve for the Cu—Al alloy at 90°K presented

in Figure 5 exhibits a pesak occurrlng at about 9 mlnutes_and then a

;rather uniform decline to a constant value after 125 minutes. The recovery

cur&e at 113°K also shows a neak occurring this time at 3-1/2 minutes.
Again the decline of the resistance occurs without the presence of any
significant plateaus | The peak value is much 1arger in the case of the
113°K anneal and at about 100 ninutes recovery is_cemplete; Recovery
of the additional resistance of cold work is about 6% complete after
the annealing at ll3 K and less than l% complete after the anneallng
at 90°K.

Slight temperatufe variations (t O.l°C).were observed during the

annealing at ll3°eresu1ting in some scatter in the curve. These

5 . varlations were probably caused by the slight additions of ligquid

3;.nitrogen to the bath. During all tests rapid movements in the vicinity

. of the measuring apparatus would result in slight shifts in the reading.
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: The figures'cited for the amount of recovered resistance of cold
work were arrived at by first subtracting the res1stance 1ncrease, ARD,
due to the increase in length and the decrease in cross sectional area
-of the specimen from ‘the total resistance increase, AR&, due to 10%
elongation, then flnding the percentage of this value which remained
after annealing. ;The errOr in‘this value_could,be'as large as * 25%
."due to the inaccuracy'in the measurements'of the gage lengths and the

~.diameter of the_specimen.?"

" Linde??'° nas fOundha'correlation between the incrase 'in resistivity,_'

. Py of noble metals caused by the mixing of - l% of an alloying element and .
“the valency of the latter (see Flgures 7. -and 8) -Linde.finds that

7596 is proportional to z2 where z + 1 is the nnmber of electrons outside -

?“tlof a closed d shell in the alloying element

| These results of Linde have been given a rather 51mple theoretical
- ekplanation by Mott. f The nucleus of a solvent atoms has a pos1tive
vcharge,+e. The nucleus of the dissolved atom_has a positive charge

- +(z+1)e, greater by ze than for an atom of the solvent element. The

. extra resistivity powmust.be regarded as being caused by the field of

”?fthis extra charge producing the scattering of the electrons. The Ruther-

.'.”_ ford scattering lan states that the intensity of scattering is propor-

tional.to the square of the scattering charge and, hence, to z2, From

"'. this proportionality of p to z2 follows.

Included Jin Figures 7 and 8 are the results for aluminum in copper.

'Of course the value,for z_of aluminum could not be evaluated strictly

- j'according to Linde's verbal definition. However,-his numericaleéfinition,{'f
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/ ; N - 11 wheré'N iéTthe'number 6f electfons ogtsidé:an'inert gas
sheil,-could'be used yieléfng a &alue of 8 for the z of aluminum,

The Cu;Al alloy used in this investigation had only 0.1% Al but
by employing.the réaltionship'of Mott and Joneslo,éhowing a linear .
dependence of ré's'isti\'r;tty on.percent alloying element the values ﬁor 1%

"aluminum could beAdétéfmined.
. \ 3 N
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" VI. ‘DISCUSSION.:
'; The initial'resistivity increase upon annealing'at”126°c observed

by Cattaneo and. Germagnoli12 in a quenched gold—nickel alloy has been

f}33‘~-‘ ,explained as being ‘caused: by an impurity—vacancy interaction. Another

.-

. possibility is that the increase was caused by vacancies clustering about °
n'f; the impurity atoms;' Still another explanation is the breakup of vacancy
clusters into single vacancies, If this were the case then the resistivity
; rise should be observediin pure metals also., -Since the resistivity of |
f*"multiple vacancy clusters and vacancy—impurity complexes is not known,
‘zwiand since few experiments have been carried out on the kinetics of these
feffects, further discussion is notvpossible at.this time.
" The increase ‘in resistivity has also been observed by Dawson’ in a
;C:gold + L6l at.% c0pper alloy The rise begins at 20°C and peaks at
'about"l25°C for a 5 min 1sochronal enneal. This rise has been attributed -
"to an increaee in short range order. “The limited sensitivity of the ‘
T - equipment used'did not allow careful observation of thevannealing at
i,temperatures siightly'above T7°K and, thus, Dawson reports no evidence
:of any riae in'resistitit& at:ll36K.' The higher activation energy required.
?for short range ordering would rule out the possibility of it being the
:i:rate controlling process at 113°K. A more likely explanation would be
.the breakup of muitiple vacancy clusters or impurity—vacancy complexes.
The additional resistivity introduced by the addition of 0.1 at.% Al
}hto copper'is in good,agreement with the previous uork on the effects of

fsmall~percentages of.alloying‘elements.;
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SR £ - CONCLUSIONS

Much vorkvremaine-to be done ‘in identifying the:annealing processes

of cold work induced'éointwdefects in both pure metals and alloys. The

: anneeliné.of interstitials 1s usually,too:rapid to be detected., But,
.};;,with only a small differenee between the deformetion.tempereture and the _i
:: anneeling temperature and a method which will rapidiy heat the speeimen
fi~to the annealing tempereture; the'interstitiais might be detected. The

.~ resistance heating,enneal offers the best cnance to observe the annealing
"ot ‘interstitials.

..Much controVers§)exists over'whichlvacency mechanism‘is dominant at
“;any narticuler time.,‘Many-investigetors have-detected.a resistance riee '
"in the annealing curyes of alloys which is said to te due to an increase'-
fﬁin short range order‘tut which has not oeen_systematically investigated.
v.Careful work mignt possibiy'shou‘that tne‘oreakup of vacancy clusters is
accounting for tne:riée in_resistance. A éood constantltemnerature
ennealing environment with'the ability to rapidly change from tempereture "
1{to temperature used in conjunction with a resistance measuring unit |
similar to. the one described herein could help identify some of.tne
processes of anneal ;

. For the Cu-Al alloy the annealing at 90°k'and 113°K.shows a reeistence.if
"_'rise before a fairly uniform decline to a constant Value. The annealing
.of nure copper at 273°K was too rapid to detect the rise in resistance.
JAThe annealing was uniform and was 50% completed after 1 hour. B

‘ The addition of 0 17 aluminum to copper follows Rutherford'

g{fscattering law which‘states polis proportional to z2,



W R E . o

-2l

i

AcmothDcM'ENT.. B
This reséa.rch._wa.s cond;ucted as part of the activities of the Inorganic
Mat';erials Research'i)ivision of the La.wre_ncé Radiation Laboratory of |
the Universit'y»of California, Bérkeley, and was done under the auspices

of the U, S, Atomic Energy Commission.




2 6.

e

»;CCattaneo, F ‘and Germagnoli E., Phys. Rev, 12h

Lo ese

 REFERENCES .

Moleﬁaar,'i. and Arts, W, J.,'Nature“166'.69o (1950).

: Druyvesteyn, M. J. and Manintveld J. A, Nature 168, 868 (1951)
" Jaunot, F. E. and Savatzky, A., Acta Met L, 118 (1956).

‘Dawson, H, I., Acta Met '13, 453 (1965)

N\

 Van Torne, L I., The Electrical Transport and Mechanical Properties
-i;of Tantglum-Molybdenum Single Crystals, Ph.D, Thesis, University.of
»:Callfornia Berkeley, January, 1965. o

:{Jaunot F. E. Jr., and ‘Sawatzky, A., Acta Met, h 127 (1956).

‘Pry, R, H. and Henning, R, W., Acta‘Met;.gJ 317 (1954),

Maher, f.:M.,.Invéstigatioh of Lattice Vacancies in Copper under

“vNonequilibrium Cohditions, Ph.D. Thesis, University of California,:
.LfBerkeley, May, 1966 ' -

‘;Linde, Ann 4 Physik‘\IS, 219 (1932)

" Mott, N, F. and Jones, H., The Theory of the PrOperties of Metals

. "and_Alloys, Dover New York, 1936.

*, Mott, N. F., Proc. Camb Phil. Soc., 32, 281 (1936)

hlhv(l96l).ﬂ



_ This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






