
QUANTITATIVE DIFFERENTIAL THERMAL ANALYSIS FOR DETER- 
MINING THE STORED ENERGY OF COLD WORKED COPPER* 

By means of quantitative differential thermai analysis, it is possibIe to measure 
the stored energy of coId worked met&_ Comparative measurements on standard 
copper sampies, performed by various iaboratories, show that it is most probable 
that the measuring accuracy of the caIorimeters depends on the sampIe shape. A 
systematic i~v~~~o~ of the effect of foreign atoms showed that the stored energy 
can increa!x or d(xrease according to the type of atom added- The examination of 
sarnphzs rolled and stressed by torsion in various ways showed a strong dependence 
of the stomd energy on the details of the deformation process. 

DifkrentiaI thermal analysis (DTA) has for a Iong time been a standard method 

of investigation in metaiiurgy_ To the present day, it is principally employed in the 
elucidation of the phase. diagrams of metallic systems, i-e_, alloys, Indeed, even some 
45 years ago the quantity of heat converted in a sample was determined from the 
area between the measured curve and the basehne {according to ref_ I)_ However, 
in generai, quantitative investigations showed large deviations since this area was 
strongly dePendem upon the sample parameters and the design of the measuring 
apparatus. An important step in the d%xtion of quantitative DTA was the inclusion 
of the detection thermocouples in a fixed component of the apparatus, eg., the 
sample or reference sample container, respectively, that is, their removal from the 
sample material 2_ In this way it was achieved that the density and thermal con- 
ductivity of the sample had hardly any effect on the area of the measuring peak- 
Equally important was the realizafion of heat-tram&r conditions witbin the apparatus 
which depend in a ~pr~u~~~e way on the ~rn~~tu~ &one_ 

*Resentedatchc2ndSymposiLml0fthcGanlan society for Tbamal Analysis hdd at the Unkrssty 
of Konstaa~ fm 5-6 July, 1976, 
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W& the aid of quantitative DTA enthaipy changes AH are measured via 
anomalies in the specific heat c of the sampIe: 

AH s ldQ = jc(T)dt (I”= tempexSure) 

Since tie dinz$ mcasm-in~ procedure for heat quantities Q exists, one measures these 
Iatter using ternpzmture di%rences AT which produce a thermal fiux dQ/dr on 

ilowing through a thermal resistorrr 

AT- de/at (i = time) 

With this AH can be caIcuIaied from the area between baseline and the AT(f) curve: 

AN = K(T, - - -) j AT(Qdr <K(T, . l .) = calibration facror) 

In the apparatus for quantitative MA_ differential thermoeIements are connected 
between sample and re&rence sample container, which measure the difference in 
Zhe&ermai fi ux from the furnace to these two containers as a thermoeketric potential. 
The heat transfer between furnace, sampIe and reface sample need not beaccurately 
known, but it does have to be exacziy reproduciiIe and onIy dependent on temperature. 
OnIy &en can an apparatus or calibration factor K(T) be associated with each 
temperature, provided the remaining experimenti conditions stay the same (e.g., 
type of gas and gas pressure). Since the heat-tnmsfkr conditions in a practiced 
measuring device are extremeiy complex, partic&riy at boundary surfaces, no S.&S 

ci@Iy a@* metb~ eZs!s by which K(T) may be calculated*_ For this reason 
the reIationship between the peak area and the heat converted in the sampIe is 
established experimentally in every ease, i-e_, K(T) is determined by caIibration 

measurements, 

SORED ENERGY OF COLD WORKED METN..S 

Metals may be cold-worked by hammering, rolling or other means of de- 
formation- Here deformation work has to be expended- The greater part of this work 
is aIrtady converted into heat during the deformation, a smail portion, about loo/, 

remains stored in the metal. This portion is denoted “stored energy”; it is the inherent 

energy of ttre lattice defects created by cold working. For deformation at room 
~peratuxe we are chiefiy concerned with dislocations. These dislocations may be 
removed from the metal again by heat treatment, they “heal” and their inherent 
energyisreleased_Auewstructun: of undtformed grains is then created. The d&ing 
fonz for th% process (denoted “recryst.aIIization”) is the stored energy. After ne- 
crystauization the orighaily deCormed meti is in an uncoil state of lower 
enthalpy- The stortzd e&rgy, reIeascd during reerystaUization, is for copper of the 
order of 0-f to 1.5 J g-‘_ The stored energy is thus a factor 102 to 103 der &an 
thz heat ga~erally obsmfcd in chemkzi reactions. Thus, it is not very surprising that 
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the vaIues given in the Iiterature differ strongI$_ The deviation% of comparable 
measurements are often much huger than the errors of measurement quoted by the 
authors, In the foIIowing, using certain chosen, more recent resuIts, it shall be shown 
what evidence is avaiIabIe today on the stored energy of deformed copper, obtained 
with the aid of quantitative IXA measurements. 

~MPARA-I-IVE m OF THE STORED ENERGY 

To compare the experimental resuks of various laboratories, rolled and torsion 
copper samples, respecCveIy, produced by one laboratory in each case, were sent 

to four different faboratories4_ For the measurement of the stored energies, scIf- 
made and commercial apparatus were used- The results are shown in Fig. I_ In the 
cast of the rolled copper sampIe three of four results are in excelfent agreement; 
this vafue may be taken as the “true” vaIue of the stored enerm_ The measuring 
values of the torsion samples were scattered more uniformly about the mean value 
than was the case for the rolled samples, For the number of measurements con- 

sidered, this value may be regarded as the me*” value with an error limit of + 33 %. 
The essential reason for the scatter of the measured vaiues of the various 

laboratories is considered to be that the different calorimeters require diverse sample 
shapes- Hence, the most suitable measured samples had to be produced using the 
standard sampIe suppIied_ This was not possible for calorimeter No. I for the rolled 
sample for instance, and for this reason the error of measurement and the deviation 
from the mean vaIue here was particufarly Iarge_ From the torsion standard sampIes 
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more or Iess saG&ctory, though not always optimum, &nptes couId be produced 
for all calorimeters; this was expressed in uniform scatter of the measured vaIues 
about the mean valnc, 

These’expcriments show that comparative measurements with different calori- 
meters arc of limited vahze even when using “standard sampIes’*, sinaz the sampIe 
shape can af&ct the measuring accuracy- 

THE EFFECT OF VARIABLES ON THE AMOUHT OF STORED f%ERGY 

‘The amount of stored energy depends on the deformation conditions and the 
chemical composition of the metal, 

Numerous experimental resuIts are available3 which were obtained for various 

metaIs deformed in different ways. Whether an unequivocal relationship exists 
between the amount of stored energy and the parameters defining it, and what 
character it would have, is to this day unknown_ One reason for this is that, even 
for simple types of deformation (e.g., tension), the relationship between the density 
of Iattice defects and the degree of deformation is onIy known for small degrees of 
deformation_ For high degrees of deformation as well as for complex types of de- 

formation (e.g., roiling), this rciationship is unknown. Another reason is that the 

effect of foreign atoms on the density and arrangement of lattice defects is hitherto 
unknown_ A 6rst step towards the expIanation of this effect was the systematic 
inves*gatioo of the influence of small quantities of foreign atoms on the stored 
euergy of rolIed single crysMs of high purity copper, using quantitative DTA’_ 

Thereby it was discovered that the stored energy can increase or decrease according 



80 90 95 

Rolling reductim I %I - 

Fig. 3, Stored angy of rmmsaily and croswoIlcd abppcs as a function of the rolling reduction. 

to the type of additionalfy alloyed foreign atoms. For exampIe the stored energy 
decreases on addition of silver (Fig. 2). 

In addition to the purity of the metal, the type and degree of deformation have 
gmat infhrence on the amount of stored energy. Some more recent measurements 
of the stored energy of rolled and torsion copper shah be presented in the following. 

Polycrystahine copper (purity 99.997%) was robed to various degrees in two 
different ways. First it was reversally roiled, i.e., the sample was turned 180” about 
the sheet normal axis after every reduction step before rolIing was continued. Then 
it was cross-roiled, i.e., the sample was turned 90” after every reduction step. The 
stored energies of the reversahy and cross-rolled samples are plotted in Fig. 3 as a 
function of the rolling reduction (roiling reduction is the reduction of the initial 
thickness of the rolling strip in %). The stored energy initiahy increases with the 
rolling reduction and levels off to a constant value for high rolling reduction. The 
result for relatively impure copper, that cross-rolled samples store fess energy than 
reversahy rolled sampless, was confirmed here for purer copper at higher rolling 
reduction. It is surprising for so complex a method of deformation as rolling, and 
for such strong deformation, that neverthehzss systematic diEerences are caused in 

the stored energy by various types of rolling (reversal or cross-rolling, respectively). 
This statement also applies to the results obtained for the examination of torsion 
copper samples. Here, stronger stii than for robing were the difhxences observed 
in the stored energy after unidirectional and cyclic torsion, respectively. At Srst a 

cylindrical sample was deformed by unidirectional torsion (i.e., with unchanged. 
direction of rotation) up to fracture, Then the sample was cut into discs and the 
stored energy of each disc was measured (Fig. 4). It was obsemed that the stored energy 
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Fiis_ 4_ Position dqmdaxaz ofstorai am-gy ofa copper qIindcr, fracttuai by amdhstkmal torsion. 
F-&tarrca &&No_ I andNo_I;m+tofadiscabomt i s aauracy of-t _F c?g; 
linear dinacmions in mJn, 

is unevenIy distributed throughout the sample length. Those sampIes which contain 
+s fraaure su&ce show a higher stored energy. However, this inhomogeneity only 
setinanterthesarnpIehadbtendeformcdforuptomorethaq80% of itslifeexpectaney~ 
in this phase cracks are gexxrated at the Mace which continuously dccreme the 

effective sampie cross-se&on, so producing increased deformation within the sample 
buik, and which finally lead to fW Even at 80% of the& life expectancy, sampI& 
showed no longitudinal ~orn~~~ outside the error limit (Fig_ 5). Thiswas 
hecause hcnethesamplecrossecti on which takes up the torque! was not yet reduced 
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Na of the sompte 

Fig.6. Position dqmdaXc ofstod energy of a copper cylinder, fi-zkctd by cydic torsion_ Angle 
of torsion r4: 84”; fracture between disc No_ f and No_ I; accuracy of nxasmt 2 3v%; Iii 

by cracks at the subsequent fracture site, and so the average degree of deformation, 
and with that the stored energy of the inidividual discs, remained more or less constant. 

Furthermore, copper samples were examined which had been fmctured by 
cyclic torsion (turning to and fro at a certain angle)_ No pronounced Iongitudinal 
i~homog~ei~ was found for these sampIes. The stored energies are very small, 
they amount to fess than 20% of the stored energy rz&ased by the sampIes stressed 
to fracture by unidirectional torsion, Thus, for various modes of torsion the stored 
energies differ much more strongly than is the case for various rolling methods. 

coNcLusIoM 

The accuracy of modern devices for quantitative I3T.A shows one to begin the 
systematic investigation of the dependence of the stored energy of cold-worked metals 
on the chemicaI composition and deformation conditions_ In order to understand 
more clearly the effect of diverse modes of deformation on the amount of stored 
energy, one shouId have more data available on the dependence of defect structure 
on the mode of deformation_ The same hohIs for the infiuence of foreign atoms. 
Since these data are lacking for higher deformed me&Is, to this day the measured 
values of the stored energy can oniy be related to other integral material characteristics 
(e.g., hardness, electrical resistivity, texture). In spite of this -limitation, the stored 
energy plays an important role within the scope of the present concept of the de- 
formed state and mcrysMhsat.ion behaviour of metals. 

AcKNowLEDGE3a3rr 

FinanciaI support by the Deutsche Forschungsgemeinschaft @FG) is grateftiy 
acknowledged. 



44 


