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                            ABSTRACT
Effects of cold working on the specific heats of constantan, brass and Åëopper have been
studied e.x'perimental!y. It has thus been shown that the effect cottld not be recognized
for the above metals. The effeÅëts of cold working on speÅëific resistance, density and

thermai expansion have also been investigated for the sarne metals. Richarz's law as
well as Geiss and Liernpt's relation have been studied.

1. IntroductioR

   A number of wo'rkers have investigated the effects of cold working on the specific
heats of copper, nickel, lead, platinurn, siiver, iron and bronze. The results of these
investigations may be summarized as fo!lows:
   (1) In many investigations (1, 2, 3) it was found that the specific heat was increased
by nearly 1-"o- . But in some investigations (4, 5) the effect was found to be very small.
  (2) The experimental error of these measurements was about O.5% which is of nearly
equal order to the effect of cold working. Therefore, in order to decide the matter,
a more precise method must be used.
   The object of the present investigation is to study the problem for the case of copPer,

constantan and brass by using a precise method which is reported in the writer's
preceding paper. The" princip!e of the method is that, if an electric current of intensity
i fiows through a wire, the change occurs in !ength of the wire by joule's heat, which
determines the ratio A of the linear expansion to the time, and the specMc heat c can
be calcu!ated by the formula:

                                      12o.a
                                  C nv- J,,A , ,( 1)

where r and p are the resistance and the mass per uRit length of the wire respectively,
J the mechanical 6quivalent of heat and a the coeMcient of linear expansion which
is determlned by another separate experiment.

2. Case of constantan

   The specimen under test is of commercial constantan wire of about 2.64mm in
diameter, the constitution of whlch' is Cu 57.5% and Ni 42.5 ."-o . Two kinds of specimen
were prepared, nameiy, <1) three speclmens of hard constantan, (2) three specimens of
soft constantan which were annea!ed in vacuum for two hours at leee" and then cooled

s,{ Communicated by Frofessor S. Tomotika.
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down slowly to the room temperature. The measured va!ues of density and specific
res' istance are given in Table I. The lengths, temperatures, heat quant!ties and electric
resistance are expressed in centimeters, degrees, Cent!grade, •ca!ories and ohm res-

pectively. ,
TABLE I

Specimen

Hard ( eIgg

Soft
 No.{ No.
 .No.

'

g,

Density at le".

glggg ls.s7s

8.861 1

   glggS i s.sgg

,. 8.8941

Specific resistance at 14.6e

5.052

5.058

5.068

Å~ iO- ls.esg Å~ io-5

     '

4.9e3

4.900

4.9e4

Å~ !eha5 >4.go2 Å~ ip. -5

  -i

As will readily be seen from the above table, the hard constantan is by O.24% less
than the soft one in density and by 3.2-o•eX larger in spechic resistance.

  . The !inear expansion of the specimen relative to that of fused silica, was determined
by using a circular roller with a mirror over the range of temperature from.10e to
leOe. The results are expressed by an equation:

                          [''' ' ''t
                  l, == l,'(1 + 13. 94 x 1or"e + s.2 Å~ lo-"e2) :, (2)

{where le artd lo are the length of the wire •at 60 and'Oe resPectively, while the linear
expansion of fused silica itself is expressed by the follbwing equationee :

                  1.e = l5(1 + o.3s Å~ lo-fie+ 1.4 Å~ lo-"e2). (3)

Thus, the linear' expansion of hard cop.stantan may be expressed as :

                  le = le(1 + i4.32 Å~ lo-('e + e).e) Å~ lo-9e2). (4>

   The difference between the linear expansion of the hard constaRtan and that of soft
one was determined directly by using a circular ro!!er with a mirror. The results

'show that the expansion of the hard constantan is by e.e2% larger than that of the
soft one, the error of this' measurement being O.04%.

   The specific heat was determined with the formula(1). The results are given in
Table II and summarized as follows :

Spectac'heat
Specific heat

Difference':

of hard
of soft

O.Ol%.

constantan
constantan

at 15e•: O.09768

at 15e : e.09769
Å} oLooeos.

Å} O.OOO05.

   * The mean
(l914), and Scheel

value of the
(1921).

results obtained by Chapieus (l903), Scheel (1907), Scheel and Heuse
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TABLE II

Hard constantan

Specimen

No; l

No. 2

No. 3

Mean

Temp.

152
l4.2

l5.4

14:6

15.6

14.0

15.1

16.0

9.4

18.4

16.2

13.6

11.8

Specific heat"

O.e9736

  9755
  on74
  9789

9769
97as
9766
9804
9719

t} .

14.5

976g
9788
9739
9789

O.09766

Soft Åëonstantan

Specimen

No. 4•

No. 5

No. 6

Mean

Temp.

13.7

16.5

l3.7

16.1

13.8

14.7

14.2

14.6

15.8

13.9

IZO
l3.9

16.1

i65
 9.9

14.7

Specific heat

O.09744

  9766
  9757'•

 ''or45

  9732

9736
9772
9743
9773
9795

9812
9760
9819
9805

9753

O.09768

3. Case of bra.ss ' -  The specimen of hard brass•wire of 5mm in-diameter was- prepared by drawing,
by which the cross-sectional area was reduced to 50% of its original value. The
speÅëimen of soft brass was prepared by annealing in vacuurn -for 3e minutes at 600".
The constitution was Cu 7fr%. and Zn 30%. ''The specific resistance and density of
                                  t.the sp'ecimens'are shown in Table llL - . ' /•' '
                                  /T.
                                TA.BLE III

Specimen

Hard ( iIgg
Soft I 6/

Iig

Density at 22s"

8.497

8.489

8.482

)8.4g9'

8.469

8.465

8.474

9as8.)

SPecific resistance at 28e

7.859 Å~

7.823

7.876

10-e )7.ss3 Å~ le-6

   J

7.285 Å~

Z325
•7.296

iO-6  )z3o2 Å~ io-s

   '

  The experimentql
expressed as follows :

value of the. linear expaRslon for hard brass was fottnd to be

le N- lo(1 + 17.99 x lo-oe + 7.o Å~ lom9e2) .

The error of this measurement was e.04Aoi. The linear expansion of the
was by e.O15f"-o larger than that of the soft one, the error being O.04%.
  The specific heat was determined as in the case of constantan. The
given in. Table lV-and summarized as fo!lows: '- '•''

hard' brass

resulbs are
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Specific heat of hard
Specific heat of soft
Difference: O.Ol-e.-.

 brass
brass

 at 23e

at 23e
o.ogo73 Å} o.ooeo6.

o.ego72 Å} e.eooes.

TABLE !V

Hard brass

Specimen

No. I

No. 2

No. 3

Mean

Temp.

23.3e

24.4

22.9

22.9

23.8

23.1

21.6

22.3

24.3

24.7

Specifie heat

O.09072

  9104
  9099
  goge
  9071

i
i

9056
9064
9e86
9115
9135

22.7

23.3

23.2

22.4

23.6

23.2

9065
9025
9e25
9038
9044

o.ege73

Soft brass

Specimen

No. 4

No. 5

No. 6

Mean

Temp.

23.s"

2L9
22.9

24.9

23.4

22.6

22.6

23.6

23.1

23.5

23.7

22.3

22.7

23.e

24.5

23.2

Specific heat

O.09030

  9088
  9052
  9028
  9073

9126
9086
9091
gege
9110

9067
9032
9086
9081
9036

O.09072

4. Case of copper

   The electrolytic copper was used. The specimen of hard copper wire of 2.9mm in
diameter was prepared by drawiRg, by which the cross-sectional area was reduced to
50% of its original value. The specSmen of the soft copper was prepared by anneaiing
in vacuum for 30 minutes at 55ee. The experiments were carried out when three months•
had passed aftqr the preparation of the specimens. The specific resistance and density
of the specimens are given in Table V below.

                                  TmaLE V

Specimen
I

I Density at 240

Hardt ilgl 2i

    kNo. 3

s.,, (N.'g: g

    kNo. 6

giggg)

s.gog J
8.907

8.903

8•910

8.9iO

l 8.908

Specific resistance at 26.9e

1.8!43

1.8144

1.g138

x lo-6  h.si42 Å~

     '
lo-s

1.7814

1.7786

1.7810

Å~ lo-6 )1.7so3'Å~

     '
10-6

   The experirnental value of the iinear expansion for the copper
expressed as:

                 ge -- lo(1 + l6.M3 Å~ lo-Ge + e).4,s Å~ loin9e2).

The error of this rceasurement was O.e4.% .

was

This linear expans2on of the

found to be

hard copper
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was by e.e9.o-e larger than that of the soft one; the error being O.02-o!e.

   The specific heat was determined as in the case of constantan.                                                                 The
given in Table Vl and sumrnarSzed as follows: '
   Specific heat of hard copper at 28.50: O.e9184 tO.eOO04.
   Specific heat of soft copper at 28.5e : O.e9188 t O.OOO04.
   Difference: e.04%.

                                   TABLE VI

results

39

are

Hard copper

Specimen

No. 1

A'o. 2

No. 3

Mean

Temp.

26.s"

26.3'

28.8

27.8

3e.4

3e.9

25.9

25.9

27.5

28.5

31.0

3Ll

26.5

26.9

28S
28.8

32.0

30.4

28.5

Specific heat

e.09165

  9211
  9211
  918e
  92e8
  9203

9150
9172
9234
9153
9180
9170

9203
9155
9150
9192
9189
9190

e.09184

Soft Åëopper

. Specimen

No. 4

No. 5

No. 6

Mean

Ternp.

26.g"

26.3 '

28.0
'28.9

30.5

3-O.5

26.7

26.8

27.4

28.2

31.6

313

26.1

26.7

28.2

29.0

3Ll
30.2

28.6

Specific heat

e.09186

  9177
  9201
  918e
  9164
  9205

9201
9160
9166
9189
9206
9202

9206
919!
9172
9183
9233
9171

O.09189

5. Summary
  (1) The results for constantan, brass and copper

  TABLE VII

are surnmarized in Table VII.

Substance

Copper
Constantan
Brass

d?•

1.9 %

3.2

7.6

de g dp
i

dÅë

E

f
9 I -e.oi%

i

  - O.24

    O.23

e.og %

e

o

             Ai', dc, dp and da represent the increase of the specific resistance, the
          specific heat, the density and the linear expansion due to coJd working
          respectively. The value of increase which is within the experimental error
          is denoted by zero.

   It is weil known that the eiectrical resistance is one of the pltysicai properties which

are remarkably affected by cold working and that the change of resistance generally
increases as the degree of cold working. Kence the amount of dr in Tabie VII indi-
cates the approximate degree of cold working.
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TABLE VIII

Experimenter

Regnault (6)

Kahlbaum, Roth
 & Siedler (4)

Gaudino (2)

Jaeger, Rosenbohm
 & Bottema (3)

Kind of working

Hammering

Hammering

Stretching

Stretching

Increase of specific heat
 due to cold working

1.4 %

very small

1.5 %

1xa!e The effect decreases with the
 lapse of time and vanishes at last.

  <2) As will be seen evidently from Table VII, the changes of the specific heat for
copper, constantan and brass are not larger than the experimehtal error. The results
of investigations by other authors for copper are summar!zed !n Table VIII for
comparisoR. There are large discrepancies among the resu!ts. Regnault and Gaudino
reported considerably large effects in compar!son with that of Kahlbaum. It is not
considered however that these discrepancies are attributable mainly to the kind and
degree ef working. The writer could not see the time-effect such as reported by Jaeger.
The investigations for constantan and brass have never been published so far.
  •(3) Ge!ss and Liempt(7) deduced the following relation and verified lts validity
for nickel and tungsten:

                           cic - c' = (RRhS, - 1)COaB,

where ck and Ric are the specific heat and specific res!stance for metals worked respec-
tively, cr and Rr are the specific heat and specific resistance of recrystallized metal,
co and B the specific lteat and temperature coeMcient respectively for recrystallized
meta1 at Oe,and cr is the ternperature coeMcient of resistance. It is verified that this

relation is not valid for copper, constantan and brass by adopting the va!ues of Ar
and dc in Table V!il and the usual exlsting data of G and cr.
  (4) The fact that the specific heat of metals increases with decreasing amount of
their density, is known as Richarz's law (9). Schlett(l) verified this relation experi-
menta!!y using platinum and nickel. As will readily be seen from Table VII, this re!ation
is not applicable to constantan and brass, however.
  (5) Jubitz (9) reported that the coethcient of thermal expansion of metais belonging
to cubic system is not affected by cold working. The resulbs of the present experiment
show that the results for constantan and brass are in good agreement with Jubltz's
resulbs, but in the case of copper there occurs an increase of about O.1ie!e,contrary to
Jubitz's results.
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