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A k&n&d of deformation calorimetry is described by which the change of 
stored energy -with deformation is measured_ F&r the determination of the dynamic 
energy balance of plastic deforktion, we defork metai single crystals by tension and 
measure the applied load K(r), the effective deformation rate J?&, and the temper&re~ 
T(z) of our specimen with high accUacy during deformation- The load is determined 
by using a refercnm signal (load&xpoint), the deforxnation rate by meas of a teusio- 
meter which_records the strain directly at the crystal. Measurement of specimen 
tcmperaturc is car&d out with the aid- of xnicro-thermistors of high -temperature 
resoktion, AT zz 2 - lo-.’ K, and time resolution bt < 0,l s. ti essential fm of 
our method is the procedke developed for evaluation of the T(r)-cunxs (which are 
severely influenced by unavoidable heat conduction) using the thermoelastic 
efkcL It works by means of the response function of heat conduction which we record 
during elastic deformation of.the specimen_ Y.. 

S&me results are given on the Stored energy and its change of a tipper single 
&&taI deformed at room &&erat~re~. :_ ., - 

. 

I:&o*&,N. - ~-. _ : . . : : -y: : __ I . 

PIaGic &fomzaZ~oii 1~; cT _, _ - _. - ; 

* - ;_ A-weLI-Lno\?m experimental proc+re for the.invcstigation of tl+e deformation 
heh&io~_ of:soli&is the tensile .test, where a cyIindricai specimen is eIongated_under 
the~u~~ofaqextunalIoad.Duringthe~twtthefoadKandtheelo~~~~l-- Lo 
(Lo +-initial +!zcimen length) are me+ured @?i& la). These’measured quantitiesare 
evaluatkd for str&s CT = Ioad/crosssecrioti of specimen and &ltive strain E 7 (L -- 
Lk)iL, and repress&xi in s&es-&in c@rves (Fig. lb).. _ _; 

2;;. .~. i .There:F tw@3&Eerent kin& of defor&i~nspr o&.&‘: -.:_;_ -1_;:;_;+.~: _--., :[. -., 

L. ; . (1). -Elastic-de<ormatio& && speci&eu .&kgates pr&rtional to fhe increasing 
~.;:_; ,. c.: _-. _-__I__C . 7 i._ z -: I -_ -. ‘_..fS< ._:/.-z.“.. +.r.:-2 _ ,:_ __ ‘:’ _,-y-t > ;_: -. L’,’ _,;- .e,: .+ ;. _ m,:-z;“_-m __ ‘. ,_‘.._ 1. --. -5 _-I .A ~. 

&~~ai&*~~uihi~24-26~ 

_+r; ~,+<;-:--+. -1, __., :‘;I&:-.: :;_;--:r:;-;-:; -;‘_-_-->_ I’:.-- 
~. ..-‘-_ . .__ . 



Fk I- TcnsiIetat(a),rtreMtrainaxve(b). 

stress (ffooke's Iawj and retains its initial length when the stress is removed (reversible 
deforma.tion)- 

(2) Plastic deformation: above a certain critical stress Qc,rl the specimen begins 
to strain irreversibly_ During unloading the plastic part of deformation, which can 
exceed that of eiastic deformation by some orders of magnitude, remains unchanged. 
A simple analytic s-n relation is not available, 

The fundamental microscopic process for the deformation of metaIs and other 
crystahiue solids is the generation and movement of line-shaped imperf’ections of the 
crystal lattice, caNed dislocations The increase of lattice-defect concentration which 
is caused by plastic straining Ieads to a growing r&stance against additional deforma- 
tion_ This effect is called work-hardening 

The changes in ~ncentration and arrangement of dislocations during plastic 
deformation are associated with a change in ener_q content of the specimen, Since the 
energy Wance of physical processes is a mea.ns *a understand them, we use a caIori- 
metric method to measure r&e cbauge of enthalpy AH during deformation, In metals, 
about 90% of the work of deformation are converted into heat_ 10% remain in the 
crystal as stored energy. 

Two methods are employed for measuring energy storage of plastic deforma- 
tion: annealing and deformation caIorimetry’: H&e, we report on the application 
of a new method of deformation caIorimetry2* 3_ The energy stored-in plastically 
deformed czystals, E,,, is determined by xneans of deformation-calorimetxy as the 
diEerence of t.be work of deformation EC_ and the heat Q evolved dnring deformation: 

-_ 

E,=E,-Q -_ _: .(I) 
For the determination of Q the crystaI temperature has tr, he’ measumd during the 
deformation process_ Compared with ear&x n+tds ‘of lkfoxmatio~+ah3~, 
we have developed a method which is more pecistiin all measurd ~qu&rtities and 
uses a new procedure of evaluation of the_ ternperatum curves. T@is. pro&&-e of:- 
e3aiuation enables us to reach the aaxizcy of arm&Sing L&&tet&~-l~~~ to 
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get a better accuracythan with ear-her deformation calorimetry methods The most 
important reasons to appIy deformatIoncaIorimetryinsteMofanneaXngcalorimetry 
are: _- . . __ * 

_<l) ~Deformation ~&o&etry ~-is suitable -for ana.I&ng dynamics of plastic 
deform&ion energeticaLly because all m.easured~&a&ities are determined during the 
deformation process, 

(2) By deformation calorimetry one can determ&the change of stored energy 
with deformation, e,,,, for one and the same crystal along itsentiredeformationcurvc. 

_ 

2. THEExPEWMENT 

Specimen 
Copper single crystals of nominal purity 99,997 @more Cu of Kabelmetail, 

Osnabriick) were grown 4 mm in diameter and 130 mm in Iength by the bridgman 
method in a vacuum of IO-’ torr, using crucibles of highest purity graphite (EK 600 
of Bingsdorff, Bad Godesberg). 

Quantities of akf?onnation dorimetty 

For the determination of the change of stored energy, we deform crystals by 
tension at constant deformation mte- Because the deformation is carried out only in 
very short intervals amounting to ahout 3 - 10V3, one may write eqn (X) in terms of 
differences per time interval AZ: 

AE,=AE,-AdQ (2) 

from which the rate of energy stored in the crystal, &, is calculated: 

k_=E,,-Q- _ (3) 

&, is ca.Icufated from the Ioad at the crystaI, K, and the deformation rate Lz I$_ = 
K - t, The energyexpended per time and volume unit is: - 

I& (J m-’ s-t) = c-2 (4) 

d is the rciative strain rate- measured dircctIy at the crystal. The rate of heat evolved Q 
follows from the measured rate of temperature TPrl during plastic deformation and the 
specificheatofthectystalatconstantpressurec,: _ 

~<Jm-3s-x) = cp- $& (5) 

To take into account the crystaHographic orientation of the s&cimen axis and of the 
planes in which disIocation movement takes play E and 0 are substituted by plastic 
sh& strain u and shear stress z (for the conversion formulae see ref_ 4)_ For this case 
from eqn (2) the change of stored energy with deformation, error (a), is calculatedz 
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E s,,,r, foUows by integration= _ - 
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0f & l~&‘&gnk a& 6&2ctG&y~suppressed fir rea&ns of &&tio&~+__. +&St_ _ I. -,_ ,__.. __ - .~_ - c __._. _ -. . . . _. 
the hegin@ng of the &pqi&nt’.&~~kryqal is subja%d to ~~~p~0pr&5l6Gl. At 
t = tz the dt&&matioq.is st&p& and the-4 +gins to r&kXh&~timpekture 
w aLthe bt&nning.$t+‘expe$ment is duet to the the&oelastic-efk& kter 
re+Gg the yield point, Z’@j_$scs due to extensive $stic dcf&&tion. .T@e t&p&- 
.rurc curve -2> is considerably &&ted by heat ~nd~&o~.I$&&expqiment.tiuid be 
c&i& out Completely adiabaGcally,_~e speck&n temperature &ouId r& along the 
dotted T in-Fig 2;:Th.c kgediffkrcncc between the a&batic tid- there& co& 
of-tempelatulz +kins the nezcssity of : a, kapable eva&u&on .-pr&edti for, the 
~ttmperatare-&_ ,::,i: _._- __ _:I._.--' -_ ., ._.;:- I.-. _ 1~ : 

-1 _ c__-__ irt, .;:,r.- ~ _ .. -.. ‘. .-_r .: _ __ _ ;: .._ . -. ‘. .R ._ 

3; EV&LUATIONOE EfuTS'R~&OX. - --- . i -y'_ .- 1:: _ _- d _ .-- -- 
._ I_ _ - .___ ‘. ~"._.. _ ._;-. . _:.- : : : ,-1 _- - _ 

The iiagrd equation for the evahufion of the remperature q~~es -:. ; :-‘ _ - -. -: . 
Heat production in the crystal and heat condu_&on to the grips of the deforma- 

tion xqachke can & described by the onedimensio~.i_~~mn~~ equation of 
&Stcond&.ionr 

_ ._ -- 

a-(x, 1) a2T(x, 2) 
a2 -- sr2- ax2 

1 = - - n(x, t) 
P.C 

I - 



function_-The corresporiding true course of tempera~ measured at the position x& 

is the response frmction 2qxo. z),,t oc n(r) of the heat conduction systek The course! 
of n(z) is &termined by the impressed time function of heai production f(z)lnl and 

the result of the boundary conditions of heat conduction and space distribution p(x) 
UnderIying the experiment_ With the aid of this function the &!ution of eqn (8) can 
be written for any f(t), but under the same p(x) and the same boundary conditions, 

in the folm of integral equafIioIls3:~ 

I- f(x,r)=-- --htz - n-dr’ 
P-c r---a> 

r=r 
1 

T(x,t)= --- 
I 

r(t?. “(;; t3 .dt’ 

p-c r’-+ -a0 

00) 

As h(z) is already ix&&d in the integration over x, this variable does not appear in 

eqns (IO) and (ll)_ 
To realize experimentalIy the response function of the known heat rate f(z)_, 

we perform a pure elastic deformation of our specimen at constant sbress ra* 6’lcsr. 

The description of the time function f(t),,, corresponding to the extemauyimp+sed 
stress rate is straighdorward- We onIy have to describe the adi&atic hoinogentiti 
case, sinct f(t) is independent of the heat conduction and spatiai inhomogeneities; 
Fii we use the equation of tbermoekstic effect for adiabatic homogeneous deforma- 
tion: 

(miaxid ‘tensile Geformatiok, constant stress rate -&_)_ This equatioti is va&.not 
only for isotropic materials but ako for ektically anisotropic cubic cxystak e T&, 
and c,, are linear extension c~~Bcient,-absoh~te temperature, and specific heat-at 

constant pressrut, respwhdy. Second, we derive the conneztion~of -f(f) with * 
N change at the position of the thermistors nx* 1): In case of hbmogekons 

_ 
adrahalic conditions, the equation of heat conduction (8) yltlds: : ! _ -5, -. ‘: 



using the stepft&tion e(z)_ (t?(z --<- 0)’ &E 

The &function makes the integration oi eqn (IO) iy 

differing from zero for t > 0. .--. 
n~o9 O‘cs, is thei measurable variaSon of temperature due to the-: th&imoeasti& 

experiment (Fig. 5). With T(xo, t),,,,, aiso h(r) is known via eqn (15). Supposing that 

the space dlstriitition df heat production, Ir(x)i is the same during plastic tid elastic 
deformation to a good approximation, the temperature variation- due b’ pla&c 

deformation, T(x,, t), wiil b= shown to &_ reprcsen~te$ in teti of h(t)- & f(t)C_t is 
fxly determined, T(x,, 2) is al.56 caIiirated_ 

-- . 

SoIutibn of the integral equafion by nzems of a *meter representation - 
The numerical calculation of the integral kernel f(2) (reqxtively af/Gt) for 

giXKltemperaturCcUllEs 2.(x,, t) and h(f) is difficult, In general,: a stro&y os+lating 
function f(t) res& since T(1) and h(2) are affected by.noise. This beha*our of such 



intcggil apatiom is kno.~~~‘~_-As an altemative to their &&ra.~&titm we start 
fkom a pammekr mprescntation of f(t). The introduced paranietcrs are cakulatai 
using Icast squares anaiysk The parameter representa@nisb&do~thekex~ 
tdiygivensi~on Asthecrystaldeforms plasticaIlya.nd~~duri‘n‘g&experi- 
men% the heat rate of the specimen consists of two parts:- :i:: .’ f. ._., :I:- ---_; -_~. 

or equivalently: 

+(x* 2) = ~&x** t) -i- Pg&&*, t) . 

. 

.. -_ __ 

The adiabatic plastic and thermoelastic temperature changes am easily derived from 
the course or stress G(Z). Because the deformation is perforkxi at constant rate, the 
heat production during plastic deform&ion is written proportional to the course of 
stress, CT(~)_ Thus, we get for t 3 I,: 

s = b - [ul + & - (t - tr)] - o(t - t,) 
, I 

b and t, are unknown parameters_ For the course of stress and the meaning of kIr &a 
seeFig6_ 

Tbe thermoelastic change of temperature results from the stress ratt, 6(z)_ 
From eqn (12) WE get: 

Again &functions are introduced to ,ouarmee that the slope 6; appks for 0 < z < t, 
Whereas Zz is effective for 2 >, t,_ The 0nIy simpl&ation corsists in representing 42) 
by two straight lines Since the crystal is never deloaded be&vet% two measurements, 
yield point phenomena are negligible- Thus, the straight lines are good approxima- 
tions of a(z) excebt for times close to II (Fig. 2) 

For the application of-&e integraI equation (10) i-“<x,~ I) ii multiplied by p - c 

and differentiated yielding 2f/& The subsequent integration is nearIy as simple as in 
the previous case: 

T-(x0, t) = Lb - cl i- E - &-- - h(t - tl) i- E - kz - lb(t) - h(t T tJJ •i- 

Using ieast squares analysis the parameters band tI are de&&&.by m&i& 
T P_ (x0, t) tk optimal approximation of the rnezur& teulpe-mtme cc& T(J&. i)_ 
From b the tempcrahxrc rate of plasti defknation, which is the&m of the evaluation, 
canbcc&c&ted: -. 

_- . .-. : 

$$ (+,, t = -tJ = b --a, -.I _( -: -- _, .;!-.~.--:(17) I 

. 



.__-___. ._ _ 
T%ede/ormation mache -. _,- .: __. 

F&ret 3 shows the block diagram of the w&o@ aplp8ratus..In the deforr&ion 
x%&ine, bar-shaped crystaIs can be d&ormed under f_“s’o” Crystal&d load cell are 
katcd in a v+axuxn cihamber to suppress heat conv~on. We s$&&~~i%&&&g 
a m of rather high mess. %he spring con&it *&the whoI= &para~i 

including load ceil and all nece+q’ joint elements ofa real mea.surement, ar@ount+ 
104:N mm~‘, This eqiz& the.s- of .the ausshead’of an I&on deformatioti 
machine (&xx mod% _ I 1 --B&L) without l&d ceU and joirit eIe&&_ _ .!Y _ _l_.-_ _ _ 

.,--. _- : 

A$easw&t of load 

Systematic errors of load measure I&& resuii from &e temperature drift of the 
bridge amp&x and from changes in cable capa&ance~By means of a reference 
sig& named load-fixpoint, the infiuenaz of such disturbances coufd be elimina&d_ 

For this purpose, the strain gauges of the-lo@ @I_ are operated as,a half-bridge. 
A further half-bridge consisting of wire re&a~ces is connected in pa&!eI (Fig- 7): 
With sdvitch S, it is p&sibEe to change from Itiad-ceU to load-fixpoint. Sinceail disturb- 
ances outside the unit consisting of loadcell and reference half-bridge cause the same 
error signal, these inGuences are eliminated if the load is measured from the ioad- 
f%~point Using this &point we gain at least one order of magnitude in accura&y of 
load meastimenf mainJy long time drift is suppressed in this way_ 

:.-. . 
clamp rrop 
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Measumnenf of deformafibn rate . 
The dekmination of the deformation rate (kesp. strain), which is effectiVe in 

the &iddle. part of the crystal. suffkrs from large uncertainties. The elasticity of the 
deformation machine and the influence of the grips cause a loss of external deforma- 
tion veiocity of about 10% (though our machine is a rather hard one). To avoid such 
errors, we measure the deformation rate directly at the crystaf by means of an appro- 
priate tensiometer_ The tensfometer is given sckmaticaHy in Fig. 8. Its essential 
ftatures are: 

(1) Near its c+re of mass, it is suspended cardanicalIy and free in translation 
~di4xIart.o thecrystal, 

(2) Two cross-joints transmit -the- &on&on towards. a. Ii&r diffmntial 
transducer- These spring jdints are free df mechanical play, 

(3) For attachment to the crystal two ciamps ti forced apart by micro-motors, 
After &loading of these clamps the crystal is held elastically_- :. 

For comparison with externaJly mezured -strain,--We +ed ~_the_&&&xit 
shown in Fig- 9, To get quantitatiyti resuks, we call AL;,, the el6ngation x&e&red at 
the grips, AZ the-elongation measured‘directly at the ciystal. Lo anti Z0 ;h&&lh&_- 
corresponding reference lengthr The extemal and true strai&aregivkn by: .- .- 

&, = 
ALat Al -,I, ,_ -- 

L, 
G&z- 

z, --. 



IfLOCff would turu out to be constant a could be caiculated from the ey 

measured elongation A&,,, using E = AL&,& a. However, Fig, IO shows that there 

exists no constant effective ays+_+ngth- Rep?% i;s the ratio Lo &go- [ 2TJ as a 
function of relative straiti 'fox..two c&qkc c&t.als oriented for kugle -glide_ These 

results can be expiaincd as follows: Near ihe‘grips, &e cry& de&ins less than in ik 
middle part The deviations a% most ~rouou&d at the beg&&&of th& defokatioi 
They are not ~re&ducibIe in the Iow deformation region, since the c&al has tk 

adjust to the grips. 
Because the stored energy itself amounts only to X0% of the expend& vycrk, tfie 

measureme& of deform&on rate must n ~ybeperformeddireetIyatthecrystai 

This holds for all deformation calorimetry methods. Otherwise systematic errors of 
100% may arise iu the determiuation.of stored energy- :- 

Measurement of temperature 

To determine the heat evoived during pk+ic deformation, the temperature is 
measuredbymeans of ntc-resistors (Siemens K19). They Consist of a small glazed 
semiconductor bead, about _0,4 mrq in diameter prith MC-leads of diameter 20 e_ 
To measure the tcm~ratur&tbe &sistau~ of the thermistor b&g attached to th& 
&ystaI is de?&ned v&h the aid of a WheatstonZ~dobridge coutai&g a chopper 
stabilized pm-amplifier, 

: 

Teehnolo~ of &ahlis&g the&contact between &rmistor~and crystal. The .* 
main problem in ~&blishing thermal ioritaet between crystal and- thermistor arises 
from the deformation of our specimen This defo_rmation _c% r&h 50 % for a ter&e 

deformed sir@ &-y&L Our meZhod of at$@ing&er&stors to the q&$-is iihtskt- 
ed id FGg_ II_ FuSt, the Iead wires are glued* near the -resistor bead _by an adhesive 
(‘UHU Universaf) which does not harden compieteiy and- therefor& adheres to the 

- crystal even at large plastic strain Second, the thermistor is wholly embedded in 
Siheon paste (Waeker Chemie, Miiucheui paste K12). It has .vauishing eIectrical 
conductivity. Brzause of its Iow viscosity (at room temperauxre) the thermal contact 
remains une@cted by plastic deformation, An estimate of the heat +acity Ctola, of 
thermistor a& beqt~oruiuction paste amounts to Croul = 5: 10~~JR-l_Thiseqals 
the heat &+i.city of about l-5 - lo-’ gCu,Becauseourcrystalshave.aaof15g 

-_ -__ 
s*cim Thermistor- .~ 

.- ; -- -“T-;: 1-Y 

.~- 

~, :-;,;.: ._yz-:-* S-f’ ;-___-_ _ _I_. I- 
.,- ._ 

,I rtk 11. .T -?fk -,_ : : ; : ._:_; : 1 _- : .I” 
d-&.&A&+& cQ&&atwecp crystal a&&&+&;T.,,:.;- I. 1. _;$ 

(_ . . -i- .z--_Y. -_ _ ._~___ 



e_ (a), g(a) and es-, (a) are represented as functions of mcg shear strain a in Figs. 12 
(a) instead of the‘mcasured energies per t&e 

_ 

(I) The trivial proportionality of energies per time to the defbkatiod rate is 
sep&ed_ The Iatxer statement, however, does not m&n that e,,, q and es,, are 
independent of strain r&e d- 

(21 e,, (0) tums out to be identical with the resolyed shear stress z(i), thus also 

q(o) =d es,, (4 w me related to this well-knoti~physical ~uautity, q(a) and eslo;(ri) 
arestrese&too_ 



Fm 14. Stored sa-gy Z&w; large wmlxds mark resuks of Gotetch W75). - 

_. .--. 

79 measurements were performed, divided into 6 sequen&s. In Fig. -12 the 
division in sequencesis marked by shortverti~ Ii&s. GbviousIy, the se&e&es join 
each other. Because everY sequence & wholly independent of the &her (two sequences 
n&an two. independen_t: _temper+re calibrations, tw$; independent tensiotietex 
attachments and so ox& the good f3 of succes&e sequences demonstrates the re&o. 
duciiiiity of our: measu rements. Figure 14 showj the; ?&al tiered ener_&i E,,, 

~+atedbY summ&on bf the measured change& of .&&d .energy~ e&&z). see eqn 
(7). For comparison with anneaXing &lorimetry, &as&eme~nts & comparabIe single 
crystals of Gottstein’ are also give&~Obvi&siY, our a&uracY.tif determining stored 
energies is better than that of a&eahng calorimetry. One of the main reasons may he 
inthefactthatourm easurements wxre gained at one and the same crystal whereas 
every value of stored energy determined by annealing n ecessxily belongs to another 
specimen. 

The resubs of measurement of stored energies by different authors using various 
apparatus differ appreciably. In particular, the use of different methods, annealing 
and deformation calorimetry, led to quite distinct results- Representative for these 
discrepancies is a comparison of the numerous deformation cal0rirnetr.Y resuIts by 
Wolfixtdensg g and results of annealing caIorimetryzo. The store&energies of poly- 
crystals measured by Wolfenden’ are larger, up to a factor i0, than the results of 

.- SteEen’“. A convincing physical explanation for such a large difference has never 
been giml, systematicurperimen tal errors excluded. The order of m&itude of the. 
res@ts of Steffen and Gottstein was verified by a comparative measurement*’ using 
different annealing caiorimeters but specimen which were cut from one and the same 
(beavilY) deformed cr~staI. Fi_urc 14 shows that our stored energies and those of 
&ttstein 5re of the same order of magnitude. By this the large discrepancies between 
amxaling and deformation c+orimetry seem to be o\ercom~-As to the deformation 

calorimetry rn&urements of Wolfe&en, possibly&y fail in the exact evaIuation of 
m&s&edtemper&recurvCr. Wolfenden see& neither to evaluate the whole curve 
(he useCa_ certrdn ~um*mI=+re); 
to z&cxh&h~ieat con~yti6IL 

nor-to give a deCti\;t tithed to take in- 
: 

. . . . I 
-_ -. . ,c. --- . -. 
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The ph$kal discusion of these results tog&her with &ks at a @kj-ay&= 

wiIlfKpubEsh&linrcf. 12 4, i .L i 
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