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HOT~TORSlON EXPERIMENTS ON 

ALUMINUM AND ALUMINUM ALLOYS 

ABSTRACT 

In this study, the effects of temperature and strain rate on 

the deformation behaviour of aluminum 1100 and aluminum 2024 are 

investigated. 

iv 

The fundamentals of hot~torsion tests are bdefly reviewed and 

testing methods are explained in detail. Then two important concepts 

used in data evaluation are introduced:- critical radius and effective 

1 ength. 

In the experimental work, specimens are tested at different 

temperatures and strain rates under the effect of torsional loading. 

For both materials, temperature and strain rate are found to be 

effective not only on the magnitude of t~e flow stress, but on the 

shape of the flow curve as well. The strain~rate-sensitivity of 

materials increased parallel to the increase in temperature~ 



UZET 

Bu cal1~mada, slcakllk ve gen1eme h1.Z1.mn a1Uminyum 1100 ve 

alUminyum 2Q24 malzemelerinin ~eki1 degi~imj davran1~1 Uzerindeki et­

ki1eri incelenmi~tir. 

Slcak buru1ma deney1erinin esas1ar1 kl.saca gozden gecirilmi~ 

ve deney yontem1eri ayrlntll1 a1araR apk1anm1~t1r. Ardlndan verilerin 

degerlendirjlmesinde kullan11acak alan iki onemli kavram tan1t11m1~t1r: 

kritik yar1cap ve etkin uzunluk. 

Deneysel ca 11 ~mada i se, numunel er fark11 slcakl1kl arda ve fark-

11 genleme,h1z1ar1nda burulma yUkU etRjsi alt1nda b1rakllm1~lard1r. 

Her iki ~alzeme icjnde slcakl1k ve genleme hlzln1n sadece akma geril­

mesinin degeri Uzerinde degil, aym zamanda akma egrisinin ~ekl i Uze­

rinde de etkjli aldugu gozlenmi$tir. Slcakllk artl~l ile birlikte mal~ 

zemelerin genleme hlzlna alan duyarllllRlarl da artmaktadlr. 
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I. INTRODUCTION 

The mechanical behaviour of metals at high temperatures and 

under high.rates of deformation is a subject that has received consi­

derable attention in ~ec~nt years D .. 4}. This interest is mainly 

originated fr~m the extensi~e usage of ~ot forming processes of 

metals in industry. Many important metal forming techniques, such as 

rolling, drawing, forging and extrusion necessitate an understanding 

of the plastic behaviour of various metals and alloys for their , 

successful : forming under different working conditions., 

From engineering point of view, the knowledge of metals' 

behaviour )s of great importance when deciding upon such practical 

considerations as the selection of a machine tool and the allocation 

of available equipment for different forming processes. In view of 

research purposes, on the other hand, this is fundamental to the 

understanding of the laws and mechanisms g()verning deformation 

processes. 

Calculation of the optimum parameters for a given deformation 

and the improvement of a metal-forming technique require the knowledge 

of the relationship between flow stress and the parameters affecting 

it. From this' point of view, material flow curves (stress-strain 

curves·) are the main 'sources of knowledge that facilitates tne 



understanding of metals' behav'iour. 

Flow stress is an important parameter in mechanical working. 

This term is taken to be the true stress which initiates plastic 

deformation in a material under a uniaxial state of stress. The flow 

stress is a function of true strain, strain rate, temperature and 

the structure of the material •. Within the term "structure", many 

variaBles are incl~ded~ For example, chemical composition, method 

of production~ neat treatment, precipitates, phase~ and grain 

Boundaries and their textures, segregations, dislocation densities 

and dislocation arrangements are structural parameters. In some 

studies /5,6/, however, these parameters are assumed to be well 
' .. 

defined and do not cn'ange appreciably' during a plastic deformation 

process; hence their influence is not considered. In thjs case, the 

flow stress of a material is related to process parameters such as 

true strain e:~, strain rate E: and temperature T, in toe following 

form:-

o· ~ f( e: , E ~ T) (1 ) 

2 

It is not possible, nowever, to express tfie flow- stress in 

terms'of true strain at various temperatures and strain rates By a 

~ingle mathematical equation wfiicfi is valid for all materials. THese 

parameters must therefore Be oBtained from experimental studies : .... ,'. 

carried out at the temperatures and strain'rates that actually exist 

. during the forming operation for each material. 

Hot torsion testing L7-14/ is an increasingly' popular method 

in determination of the flow stress at variol)s strains, strain rates, 

and temperatures. From many points of view, it has advantageous aspects 
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over other testing methods used for the same purpose~ i.e. tension, 

compression, and upsetting tests. In this method, high strains can 

be attained at constant surface strain rate and without plastic 

instability. Hot torsion testing is also a very convenient tool for 

hot-~orkability studies /15-19/. 

The purpose of the present investigation that employes hot.,. 

torsion technique can Be summarized as follows:. 

a •. to .stl,Jdy the:mecnanisms governing the defonnation process 

of aluminum~5ase materials at high temperatures; 

b. to obtain 'the flow curves of aluminum 1100 and aluminum 2024; 

c. to study- the effects of temperature and strain rate on the 

.flow stress and on the snape of U.e flow curve; .. ' 

d. to examine the temperature effect on strain rate sensitivity 

of aluminum.,.base materials; . 

e~ to observe the effects of temperature and strain rate on 

length changes of aluminum under the effect of torsional loading. 

In the following, Sectlon n is a brief review oftne 

fundamentals of hot,,:,torsion testing method. Different testing tecnniques 

will .be given in Section III. In Section IV, the jmportant concepts 

used in data evaluation will be explained. The expedmental work and 

results will be presented in Sections V and VI, respectively. Then an 

interpretation of the results and a comparison with'the previous 

studies will Be given in Section VII. In the last section, the 

conclusions of this study will Be cited. 



II. FEATURES AND APPLICATIONS OF 

ROT.,.TORSIONTESTING METHOD 

4 

The hot torsion test has been in general use since 1950's and 

several reviews 115,17,19/ ~ave compared tnis technique with other 

methods that are used to simulate industrial hot working processes. 

In recent years, mucn work has oeen focused o.n fi ndi ng new methods 
,. 

that provide high loading rates; and,:'with tne advance of new and 

sophisticated testing techniques /2,4,13/ , loading rates nave been 

extended into dynamic range. Today, not torsion tests at constant 

true strain rates in the range oflO~s to 10~ rad/s can oe carried 
, 

out up to very fdgfi strains with no plastic :·instaoility. 

, 
2.1. CHARACTERISTIC FEATURES 

In a torsion test, the mode of deformation is shear and, 

therefore, theoretically deformation should occur without any change 
: 

in dimensions of t~e sample. This means that by twisting the test 

piece at a fixed angular velocity a constant true strain rate can 

be obtained up to· the start of fracture._ From t~is point of view, 

torsion test is very convenient for testing materials at elevated 

. temperatures, when .t~e materi a l' s benavi our depends strongly on the 

strain rate. With tension and compression testing methods, on the 



other hand, constant true strainrate~ are very, difficult to obtain 

even if speci~lly shaped cams are used. 

The hot torsion test is capable of producing true strains of 

5 

the order of 20. The true strains attainable by tensile and compression 

tests are 0.3 and 2.3, respectively., In the latter methods, uniaxiality 

of stress is lost when necRing or barreling occurs. Therefore, 

complicated measuring tecnniques are required to extend the analysis 

beyond the region of uniform strain and a considerable amount of work 

is also needed in the calculation of flow stress and true strain. 

Hot torsion tests are necessary for simulation to many industrial 

metal forming processes, because the strain rates th?t conventional 

tensile~testing and compression~testing macHines givel'ar~ considerably 

lower than tho~e prevailing during these operations. 

When the shear stresses and strains are converted to equivalent 

tensile stresses and strains according to the Von Mises criterion, 

torsion flow curves are almost identical to tensjon or compression 

. floW' curves for the same strain rate and temperature. The inter-' 

dependence of surface strain rate~ effective stress and temperature 

is the same as that for compression and tension tests. 

\ . 

The main problem in torsion testing is the non~uniform variation 

in strain and strain rate across tne specimen cross section, where 

they increase from zero on the axis to maximum values at tne surface. 
" 

It is the surface values whicn are commonly reported. This variation 
, ',", 

giVes rise to problems of interpretation, Because the surface work 

hardens more than the .core and tne mechanisms of deformation may be 

different. The use of tubular specimens largely avoids these difficulties, 
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but gives ris:e to otflers'. If the wall thickness is reduced too greatly, 

the specimen will fail by buckling ratner than By torsion., 

In the course of a torsion test, if tne stationary end is free 

to move in axial direction, tfle specimen may cflange lengtfl~ giving 

rise to cnanges in torsional strain and strain rate. Tfle dilatation 
" may eitfler be extension (aluminum), or contraction (most materials 

including~ls~ and, for certain materials and conditions, may 
\ '. . 

reverse as the teJt proceeds Il!5":,] ~;2~/. Thi s 1 ength cflanges can be 

taken into accoun't in tfle caJculation, althougfltfle extra effort 
'~ , 

spent in measurement and analysis is seldom worthwnile. If tfle 

stationary end o'f the sample is not free to move axially, induced 

tensil~ or compressive stresses arise and alter the stress state. 

While these longitudinal stresses are usually small compared to tfle 

shearing stresses and can be ignored, tfley may be lmportant in 

influencing the torsional strain to fracture. In tubula~specimens, 
\ 

longitudinal compressive stresses are accompanied By radial bulgi.ng 

of tfle gage section. 

Like all other testing tecflniques and processes, heat is 

generated during torsional deformatjon and nence temperature cflanges 

occur. If tfle deformations are applied slowly, sudj as in quasi-static 

loading conditions, the neat is conducted away from tne deformed 

regions and the entire body is essentially in an lsotnermal condition. 
. . 

,At the other extreme, when deformations are rapidly applied by the 

high velocity impact or explosive l~ading~' tfle process is essentially 

adiabatic; ,the generated heat does not fi"ave time to redistribute. For 

intermediate rates of deformation~ however, it is' important to consider 

both .. the heat genera ti on and tfle heat conducti on. Di fferent numeri ca 1 



techniques have been employed /21 ... 23/-for calculating radial and axial 

tempe.rature distribution during torsion testing. 

2.2 . APPLICATIONS 

Torsion test at high temperatures is a widely used method for 

hot workability studies /~5-191 and for simulation to industrial hot 

working processes 124-28/, s~ch as extrusion, drawing, forging and 

rolling. 

Hot workabi.l i ty is the abi 1 i ty of a metal or alloy to be 

deformed under conditions of high temperature (0.5 Tm, whereTm is the 

melting temperature in degrees Kelvin) and relatively high strain 

rates (10-1 to 10 3 
S ... ·l). The two characteristics that govern hot· 

workability are strength a.nd ductility. Byusing hot torsion testing 

method, these two can be determined from torque-twist angle data and 

number of twists to failure, respectively.--Tne superiority of the 

method is that high strains can be attainable at constant surface 

strain rate. Additionally, this method provides close control tif 

variables, ease of determining optimum conditions for new materials, 

and a possibility for relating the structure to properties dete:rmined. 

A simulation between industrial processes and hot torsion test 

can also be settled, on condition that the ranges of temperature, 

strain, strain rate, and intermittent deformation cycles of interest 

is reproduced. For example,. processes such as extrusion" or rolling 

where the total strain is applied in one operation is simulated by 

stopping the test after a predetermined number of revolutions. 

Simulation of interrupted deformation can be carried out oy programming 
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an electromagnetic clutch in the driv~_system. A further variable in 

such operation~ is temperature because, in general, the temperature 

of the metal decreases continuously due to the large increase in area 

and consequent heat loss. In laboratory hot torsion tests, artificial 

cooling must be used to simulate the practical conditions. 

Hot torsion test data may also be used directly to derive a 

suitable constitutive relationship for a material 15,17,29-39/. 

Calculation of the deformation of metals subjected to stresses between 

yield and fracture requires constitutive. relations valid at large 

plastic strains. Many such relations connect a, E , ~ , T in a 

differential or closed analytical form. The values of material 

parameters appearing in these expressions depend on the thermo­

mechanical history of the material. Tnerefore, some or all of the 

variables rJ, E·;" €;' and T may not satisfy "the requirements for state 

varia51es of tf'ie system. Rowever, tneir usefull ness in computations 

or their accessibility to experimental measurements often overrides 

fundamental objections, resultlng in constitutive relations v~lid for 

a restricted range of material histories and deformation conditions. 

In recent times, many advances nave been made in numerical 

analysis methods":,, sucn as finite element technique":,, /40,41/ as a 

means of solving metal forming pr05lems. The success of tnese methods 

depends very much upon the avai1a5i1ity of 5aslc material-property 

data~ For hign strains, these data are supplied from hot torsion test 

results. 



III. TORSION TESTING METHODS 

During the torsional deformatlon torque M is registered as a 

function of the angle of twist e . The accurate conversion of the 

torque-twist data into eq~ivalent strain-equivalent stress data is 

required for reliable formability predictions, particularly at large 

strains. 

,The conversion process consists of two stages. Firstly, the 

shear stress ~ is calculated from the torque M and the shear strain] 

from the angle of twist e . Then a yield criterion is used for 

calculation of equivalent strain and equivalent stress. 

For the first stage, it is usually assumed that'the following 
. -

conditions concerning specimen geometry and material are fulfilled 

/42/ : 

i) The specimen does not have any notch; 

ii) The material is i?otropic, homogeneous, and incompressible. 
" 

Therefore, a proportionality can be considered between shear .. 
strain and the radial distance r (Figure 1) : 

r e 
L for O~ r~ R (2) 



where L is. the gage length and e is the angle of twist. 

As can easily be seen, the shear strain varies from zero at 

the axis of the specimen to maximum at the surface: 

R e 
L. 

Here, R is the specimen radius and L is the gage length. 

The strain rate varies in a similar manner: 

0-
r 

r e 
L 

• 
, 

where a is the rate of change of twist angle. 

L 

Figure 1 - Scheme of Torsion Test on Solid Specimens. 

At any instant during twisting, the shear stress ~ which 

~epends on both ~ and i will be an unknown function of r. The 

calculation of shear stress from the torque is rather difficult 

(3) 

(4 ) 

10 
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since th~ torque only gives information about shear stress through the 

integral equation~ 

, ., fR 2 , M = 2 !If z;; r dr (5) 
,0 

where M is the developed torque, R is the radius of the specimen, and 

r is the local radius inside the specimen. 

The existing evaluation techniques of equation (5) are reviewed 

below. 

3. 1· NADAl'l S METHOD 

This well~known method requires that the shear stress depends 

only on the shear strain /43/. Therefore its use is restricted to~; 

strain rate insensitive materials~ Accordingly, it cannot be applied 

at elevated temperatures, where tne rate sensitivity is no longer 

negl igi bl e. 

All tile assumptions made are given below: 

i) tllema teri a 1 is nomogenous and i sqtropic;' 

ii) snear stress js a function of only snear strain; 

iii) tile relative rotation of cro~s.,.sections is proportjpnal to 
.... 

the di stance oetween the'm; 

i~) radii remain straight; 

v) plane sections remain plane during twisting. 

If the varia5ler in equation (5) is changed into '6 by using 

tne relationships (2) and (3): 
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:I oR" '2 

M 2 '/T,R . ( ) = --.;;--, f )'" ,0 0 d 0 
o 3 0 '" 

R 

(6) 

Since the function 1;.,= Z; (0) is not known, this integration 

cannot be carried out. In this case, a- mathematically rigorous: ,.: .}' 

determination of shear stress is only possible for a singular radial 

distance, the ,surface of test piece.' That is, if M is considered only 

as a function of oR' equation (6) can be differentiated with respect 

to ° R and the following equation, known as Nadai's formula, is 

obtained: 

ldM 
z; = r; (oR) = s· (3M +oR --) 

2 R ' d'lf IT, oR 
(7) 

This famous equation can also be written in the following form:. 

z; = z; (e ) ...::.., ' '1 (3M +e~ ) 
21fR

3 
de ' 

(8) 

According to the Nadai's formula~ the flow curve of a material 

can be found from its torque-twjst curve by using a graphical method. \ 

As can easily be seen from Figure 2, the following relationship exists 

between the vari abl es, T and e, and the graphical values : 

(9) 

Therefore equation (8) will take the final form: 

- ' , "1 ' 
~ = (3AP + CP) 

2'/T ~ 
(10) 



./ 

M 

M=M(9) 

"'"...:. ,I 

'" '" 'I 
",'" ,? I C 

B,'" , ' -- ----t-

o 

I 
1 

, I 
I 

M 

I 
IA 

r---------~-------L----~ __ g 
9 

Figure 2 ..,. Torque ... Twist Angle Diagram. 

A cu~ve', fitting computer program can be used to obtain the 

13 

equati on M =:M(8); then "wj th tfie use of another, program shear stress 

can be calculated from equation (10) .. 

Since it fias the' advantage of a grq'phical solution, Nadai's 

method has been extensively used at room temperature studies /44-46/. 

This metfiod can also 5e extended to give the shear stresses 
, " 

in tubular spedmens •. For this purpose, an approximation of the form 

of equation (8) is suggested /47/,: 

(11 ) 

where A and B are constants. In order to find suitable values of A 

and B, elastic and fully-plastic solutions for the shear stress: are 

used as boundary conditions; Taking Ri as the inner diameter of 

tubular specimen, elastic and fully plastic solutions are given in 

the following forms, respectively. 



z.;= 

z.;= 

2 R M 
4 '+ 

7T (R -Ri ) 

3 M 
3 3 

27T(R -R.) 
1 

14 

(12 ) 

(13) 

Inserting the values of ~ from equations (12) and (13) in 

equation (11), with 8 (dM/d8) equal to M and zero respectively, one 

obtains two simultaneous equations for A and B. Solving these, " 

equation (11) becomes ~ 

", _ 1 '[ '3M " AR 
z.; -- 3 3 +.(, 4 '+ 

27T R - R . R .,..R. 
1 1 

"3' ',"~] ~ 3 ),8 
R ""R. d8 

1 

(14 ) 

This equation is, of course, only an approximation; But it is clearly 

an exact solution for the elastic and fully' plastic situations. It is 

also exact for th~specja1 case of a solid specimen since it reduces 
I 

,to equation (8) wfien Rj is zero. !hjs solution ill so , tends to be tne 

correct solution for tllin-:wal1ed'tubes because it always lies between 

the upper and lower Bound solutions for a strainnardening material 

C 1. e. dM/d 8 > 0). 

3.2 THE- METHOD OP FIELDS AND BACKOFEN 

Nadai's metfiod requires modification for high temperature 
\ ' . , , 

,applications since it is based on tile assumption tnatthe stress is 
\ 

independent of strain rate. An analysis developed by Fields and. 

ISacRofen (48( considers tfie strong strain rate dependence of flow 



stress at hi gh temperatures and is bui 1 t on Nada'i I s method. 

Assumptions made in the der~vation of Fields and Backofen 

formula are given below 
I 

.i 
i) material is homogenou~ and isotropic; 
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ii) relative rotation of cross-sections' is proportion~l to the 

distance between them; 

iii) radii remain straight; 

iv) plane sections remain plane during twisting; 
j , 

v) ~hear st~ess ~ is a unique function of the current shear 

'.' strain ~ and shear strain rate '0 :, without regard to the 
, ) 

detailed history of the test, that is, to the twist and 

twist rate paths followed. 

Fields and Backofenls formula given Delow 

(3+._8_ .~) 
M d8 

(15) 

is identical jn form to equation (8), i.e. Nadai IS formula, but it is 

not restricted to rate-insensitive materjals. In the light of the last 

ass~mption stated aDove, tne twist momentM can be considered as a . 
unique function of the amount of twist a and twist rate 8 • In this 

case any' current value of the twist moment t~ (for a given{31.) obtained 
i • 

from an actual test at constant twist rate ~l can also De reached by 
, 

a suitable special test conducted at an increasing twist rate given 

by e ::= S\e ,where91~ 81 /8 1 (Pigure 3) /49/. Because of tlieassumed 

history independence of tne material, a complete torque-twist curve . 
for constant 8 can De constructed from suitaBly cnosen data points 
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taken from the series of special tests.conducted at decreasing values 

of Sl. For the 1 a tter type of test, the 1 as t term of equa ti on (15) can 
/ 

be expressed as 

: . 8 'dM 
(-)-

. 
- (l)(~f ) i: (+j(a~ l ) ~ 

MaS ~ ~ Mas 8 de 

w 
::> 
o 
0:: 
o 
I-

M dS 

TEST AT CONSTANT 

p..~- ~ 
I 8 - 8, 

TEST AT CONSTANT 
,I .. 

II ~ 8=81 

/1 I: ~ 
/ I / TEST AT CONSTANT 

/ I /' .. 
/ I / . ~ • .B. • .fh. 

//) 8 82 

/ /1 
// / I 

. / ,// 1 
/ ./ I 

,'~ ~ I 
-'_~ I 

81 82 

,TWIST 

(16 ) 

Figure 3 ~ Torque~twist Curves Obtained by Torsion Testing: 
at a Constant Twist Rate (Full Line) and at a 
Constant Twist Rate to Twist Ratio (Broken Lines) 
[49/. 

and since eeIS)= constant = (d~lde): this, equation becomes 

.. 
'(-~ i ~.= a 1nM 1. of a lnr~ I _ n .. m 

M de. a 1 ne sal n6 e 
(17 ) 

wlieren and mare tlie s·train liardening exponent and tlie strain rate 

sensitivity index, respectlvely. Thus, for, tlie special test, equation 

(15) turns into tlie following form, which is the famous formula of 

Fields and BacKofen : 



(3intm) (18 ) 

However, for engineering materials, the special tests are unnecessary 

for the reason outlined above, and equation (18) can be applied 

di rectly to the resul ts obtai ned at constant 8. 

At low temperatures, the m values are of the order of a few 

thousandths, and therefore can be overlooked in the calculations of 

shear stress. At high temperatures, on the other hand, n is negligible 

for the same reason. For intermediate temperatures, both nand mare 

significant and should be taken into consideration. 

Fields and Backofen's formula can Be extended to give the shear 

stress values for tile hot:'"tors'ion of tuBular specjmens /50/. Assuming 

that 

where 

and 

, 
,~m '< n 

r;; = K i ~ 

'0= 
r 8 

L 

. . 'r 8 
'0= 

L 

(19 ) 

(20) 

(21 ) 

" and replacing shear stress r;; in the moment integral, equation (5), by 

its va 1 ue in equa ti on (19), one oBtai ris : 
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(22) 

where Rj ' is the internal 'radius of the tubular specimen. Integration 
, 

of this equation gives ~ 

2n' 
M= -' --- (23) 

3imtn 

where 1;;,:,denotes the sheqr stress at the internal radius' of the tube .. 
. 1/ 

Thi s equa ti on' j s genera 11 y used 111/ in tfte fo 11 owing mod j fi ed 

form . 

',' 'M( 3fmfn) , 
1; = 3 3 
, 2"'CR .... Rji 

(24 ) 

. Sample calculations show that /11/ the use of equation (24) 

results jn'errors of 1 to 3 percent in 1',; • Hence, equation (24) is 

employed :in data analysis rather than the more complicated exact 

express·i on (23). 

In some investigations 116/, however, oy consjdering strain 

and strain rate across the wall of a tfdn""walled tube to be constant, 

a simpler expression for converting torque to snear stress is employed. 
" , 

In thi s case, tne snear stress ~ at any \1 nstant wi 11 be constant 

. througnout tne tUDe : 

, R 2 
t~ = 2 7T 1',;! r dr 

R. 
l 

(25) 
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This integration giyesthe shear stress as 

(26) 

Then the corresponding shear strain and shear strain rate will be :. 

'0 '" R' +. 'Rj e 
2 L 

(27) 

(28 ) 

The disadvantage of tubular specimens is that they tend to 

buckle at relatively low strains and the madn advantage of the torsion 

test is 'lost. The wall thickness of a tubular specimen should be so 

chosen as not to cause Buckling. But it should be as small as possible 

at the same time, because in sUCrt a case only ~ canoe considered 

as a constant value throughout tne wall~thickness. 

Because of its relaUve s,ilT!pl icity, Fields and Backofen method 

is widely used, particularly for carrying out rolling simulations. It 

suffers, nowever,from threelimitalions /49/ : 

The first kind of llniitat~oncan oe attributed to the ,hypothesis 

of history independence. That is, tlie sliear st,ress I;; is not, in general, 

a uniqu~:functionof '0 and i ~ As shown in Figure 4, if at a given 

strai nof,o'l" tlie strain 'rate js suddenly, increased from ~ 1 to i2. , 
the resulting flow cur,ve remains oelow tne curve determined by testing 

o. .,' 
'ati continously. TniJs~ two values of stress, I;; and ,I;; , are defined 

'2. 2. 2. . 
for tne same conditions C'O. ,'0 ) and it is appearent that ,,1;; is not 

, .. 1 2.' 
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•. 
a ~nique function of 1 and 0 ~ The inaccuracy-induced by the hy~othesis 

• 
~ = ~(T,o), however~ is almost always within a few percent. 

I/) 
I/) 

ILl 
0: 
l­
I/) 

(0)' _--- Y" -----_ ... 

, 
:'1. 
STRAIN 

Figure 4 "" Typical flow stress J)ehaviour of a rate sensitive 
work hardening' material. At a strain rate of:ii and 
a strain of 'II (curv~ . (a:)) ,the sample is suomi tted 
to a sharp increase in 'strain rate to f (curve (b».· 

. The, resulting' floW'~stress ~i 1S lower·tfian the flow stress 
'~2 -~-~' .. develo~ed· at o:.~;,when straining is continuous . 
at O2 (curve (~)). [4~1 ~ . . 

The second Rind of inaccuracy is due to .the formalism itself 
.1, \ 

and is of considerable importance Because its effect increases with 

the strain. In short~'-lf equation (18) is directly applied to an 
\ . . 

experimental torque~twist'curvewhich.exhiblts a normal amount of 

scatter, tne. stress..,..strain curve oBtained will shoW' an increasing 

scattering witfi strain (Figures. 5' and 6)~. Tliis is because of the 

increasing relative inaccuracy inherent jn the Fields and Backofen 
. ~ , . ". . 

formula. On the other. hand,·wfien an initially smootned torque-twist 
. "." .. -

curve is used, smooth stress~strain curves' are, of course, o~tained. 
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Figure 5- Torque-twist curve ootained using a computerized 
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experimental scatter due principally to noise in 
the measuring circuit 149/. 
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Figure 6 ":"" Shear stress - shear strajn relation calculated :" 
from the'data of Figure 5 oy the method of Fields 
and Backofen. The width of the scatter band . " 

" increases with strain because of the increasing 
relative inaccuracy inherent in the Fields and 
BacRofen formula /49/. 

The third limltation inherent in this method lS associated 

withthe·manner in wfiich the slope of the In"Mversus lna curve is 



" determi ned. For a gi ven value of M and (d M/ a e >I • ' the slope 

alnM I. 
a ln a a. 

- a 
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.(29) 

lis strogly influenced by the value of e ,;which may not be available 

if the prior loading history is not known. -.--, 

3.3 DIFFERENTIAL METHOD 

This technique requires two tests to be. carried out at the 
.. --

same twist rate with samples of radii· Ri and R2 close ,to each oth.er. , 

The difference oetweentwist·moments, M2..- M1, required to twist the 

two samples at a constant a can o~ considered as the torque required 

to twi st a tube whose thi ckness j s the same as the di fference in 
, ., 

radii of thoe ~wo .samples 1.49,51/. 

By assuming that the shear stress is near~y constant and 
. \.. \-\ 

equal, to or; in the thin layer (R 1, Rz), the torque difference at 
, 

a given twist will be given as 

Tflerefore the shear stress value wi 11 Be 

3(M;- M i) 
27T(R3 

_ R
3

) 
- 2 1 

(30) 

(31 ) 

/ and corresponding shear strain and shear strain rate values will be 
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" 

,Ri f:', R2 '. R +,R • e ..,... 
1 " ·2 e 0= . '0"= (32) , 

2 L 2 L 

In' this technique, t~e advantage of using thin-walled tubular 

samples is combined with that of using solid samples. 

-The inaccuracy inherent in the calculation of ~. from equation 

(31) is" hi gh if the di fference between twi st moments M2- Ml is small, 

that is, at small strains or when the radius difference is small. 

When applying differential method, care should be taken in 

machining the specimens to the required tolerances. Furthermore, a 

good reproducibility should be 'Obtained since scatter in torque 

measurements is magnified in determination of shear stress. 

The number of specimens used in this method is twice the 

number of those used in the method of Fields and Backofen. 

3.4 SURFACE SHEAR STRESS METHOD 

This method is based on the assumption that the shear stress 

at\ a radius r is affected only oy the history of thjs particular 

location, and not by the developments at neighboring locations, nor 

in the extreme by the history of the outermost layer of the material. 

Namely, 

1;; = 1;; (r) =1= 1;; Cr ,R) (33) 



other assumptions in this analysis are /49/ . 

i) radii rema~h straight during testing; 

, ii) no length changes take place; 

iii) no flow localization occurs. 
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Under these conditions, the derivative of the moment integral, 

equation (5), with respect to the radius R, at a given twist, twist 

rate and radius r can be 'written as ~ 

(34 ) 

Here r ~si,the radius value at which the slope of the torque-radius 

curve is calculated for a given e and ,-e. It is evident from equation 

(34) that the precise value of the current shear stress at r can be 

determined from the knowledge of the slop 5.ce,e) of the torque-radius 

curve at this radius. 

The values of the corresponding strain and strain rate are,_:, 

. 'Y' e 
0=-'-

..: 'r S· 
0=-- (35) 

L L 

The experimental procedure is the following: 

Experiments are carried out on specimens of increasing radii, From 
, 

'the set of torque-twist curves obtained, the torque.,...radius relation 

is determined for each' twi stva 1 ue' of j nterest .. (Fj'gur.e-7) . 

.. 
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Figure 7 ... Method of calculation of the slope (aM/aR) l:- • 
(a) At a given twjst at ,:- a.:set·: of torque§':~radius 
data is abstracted. from the results determined on 

. samples of increa?ing radii~ 
(b) A smooth curve is fitted to the torque ... radius. 
data offjgure 7 ... (a), from whicfl.the slope (aM/aR)la e 
is calculated. ' 

-
Each of these curVes is then fitted By means of a log M versus R 

polynomial. The degree of the polyno'mial has a marked effect on the 

local slope. Tfle slope S(a,e) is then. calculated by taking the 

derivative of this polynomi~l at a certain R value. Substituting this 

into the equation (34), one obtains the shear stress value for this 

strain ~nd strain rate. 

Tile accuracy of tflj s metllod is. di rectly 1 inked to the accuracy 

with wllich the slope can be determined. In other words, it depends on 

the number- of specimens of different radii .. Tfle use of only two 

specimens for a given strain rate and temperature leads to tfle least 

accuracy. In sucft a case, equation (34) will be modified to : 

(36) 

}QGAZi~i UNiVERSiTESi KUTUPH~NtS\ 
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The surface shear stress method shows accordance with the 

method of Fields'and Backofen at low strains and with the differential 

method at large strains. 

, 
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IV. EVALUATION OF TORQUE .. TWIST DATA 

The torque-twist data recorded during a hot torsion test is 

not useful from engineering point of view. Therefore, it requires 

a conversion to stress-strain values. The method which is most 

widely employed for this purpose is that of Fields and Backofen. 

However, a direct conversion of torque-twist data to shear stress­

shear strain values by the use of this method, or any of others 

menti oned in the 1 ast chapter, may, in some cases, 1 e'ad to seri ous 

errors. This is mainly Because the length of the deformation zone 

is generally greater'than the predetermjned gage length, and for 

such reasons as machining marks, oxidation, etc. the stress and 

strain at the specimen surface are highly distorted~ 

To avoid frolll the effects of these sources of uncertainty, 

some modifications are made jn data evaluation. An explanation of 

these modifications is given below together with the yield ~riteria 

used if true stress-true strain values ar'e required rather than 

shear stress-shear strain values. 

4~1 CRITICAL RADIUS CONCEPT 

The conventional method of determjning flow curves from torsjon 



test data consists of ca,lculating shear stress from the following 

equation of Fields and Backof~n ~ 
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(37) 

; -. 

-and shear strain from the formula below ~. 

" 'R' 8 
'0 (38) 

. l 

The calculation of stress and strain for the surface of the 
- , 

speCimen is mathematically: correct. However, stress and strahl are 

strongly distorted at the surface because' of macfdning marks, oxidation, 

etc., and also because of the notcn effect. Additionally, the shear 

stress L calculated from equation (37) js very much affected by 

experimental errors which propagate tnrougn the partial derivatives 

of torque. An improved solution should not contain derivatives of 

measured curves. 

Therefore, it is recoll1Ilended l42~5.0,52,,:,54[ to calculate stress 
, 

and strain at a radial distance smaller than the specimen radius, 

i.e; for a positioninsjde the specimen. Th'is is onl? possH>le by 

renouncing a rjgorous mathematical determination of stress~ So, an 

"error of approximation" is put up with the new procedure of 

determining a physically senseful solution. 

It js mentioned that at a gjven torqu~ ~nd at a certain 
-, 

radius inside the specimen; shear stress has a value which is equal 

for different courses of flow curve. This radlus value 1S called 
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"critical radius". Among a number of different definitions of critical 

radius, the most 'useful one is tne following 

'dl; (r~p~T) = 0 for 
'd p 

)( 
r=r (39) 

where r* is the critical radius, T is temperature and p is a parameter 

defined as the sum of strain nardening exponent (n) and, strain rate 

sensiti vity index (m) : 

p =n:t-m (40) 

To take the pa~tial derivative in equation (39), it is assumed 

that shear stress,l; at any radius r is related to the shear strain 

'0 and shear strain rate' i at tnat radius oy the following equation 

(41 ) 

where K is a constant. 

After the substitution of equation (41) into the torque 

integral, and carrying out tile integration one obtains' the following 

relationship for snear stress at any radius r ~ 

(42) 

Using equation (40) and taking tne partial derivative of I;~ 

I with respect to p, as menti oned in equati on (39), criti ca 1 radi us is 



found as . 

. .. ·1 

* ---r = R e 3:f-~P 

It can be shown that the critical radius obtained from 

equation (39) depends only very weakly on p .. 

If equation (42) is written in the following form· 

I;; -

30' 

(43,) 

(44) 

and is plotted for different values of·p (Figure 8), the curves 

obtained for shear stress versus radjal distance intersect almost 

at one point. Therefore, the critical radius can practically always 

De approximated by : 

* ' ·3 r =-R 
4 

For this value, the shear stress will De. given with an 

accuracy better tFian one percent by the equation ~ 

and, the shear strain will b~ r 

3 
=-

4 

(45) 

(46) 

(47) 
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Figure 8 ~ Shear stress in an imaginary solid s~ecimen 
without a notch as a function of radlal distance 
at a given torque 142[. 
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The concept of "critical radius":can D~e extended for tubular 
" " 

specimens /421 By using equation (39) and by following the same 

procedure as in tfle derivations of equation (42) and equation (43). 

Therefore, the relationship below" is oBtainedfo~ a specimen with 

ins ide radi us Hi" and outSl de radi us R-:: 

." - " ] /[1" (RIR" ")3 + pJ 
"r~ = (Ri[R) :.,~ "j. . (48) 
R e1/(3+pJ. 

Tfie critical radius given By equation (48) depends very weakly 

on the value of p. For practical purposes the critical radius can be 
\ 

approximated with the following expression 

"* :....!:- ;,;, 0.91 for (R;lR) =0.8 and 0.1~1X0.5 
R 

(49) 
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In this case, the accuracy is better than one percent. 

The shear strain at r=r*"on the other hand, will be : 

'0* .,.. 0.91 a R (50) . 

and the shear stress calculated from the torque integral \'/ithm.* n=O· 
.' 

wi 11 be 

(51 ) 

The use of a "critical radius" in calculation·of flow curves 

minimizes the problems associated with the structural gradient across 

the diameter of the specimen. Since tne relationsnipDetween surface 

shear stress· and torque derived by· Fields and BacKofen is in the 

following form, 

(.52) 

and this suffers from the disadvantage tnat m and n must De known for 

the shear stress 'to De determined accurately from tne measured torque .. 

Furthermore~ as n varies with strain and mvaries with strain rate, 

conversion is tedious even if the values are known. Therefore, it is 

advantageous to cal cul ate thE:( deformation q)arameters at;thecritica 1 

radius rather than at tne specimen surface, because of the insensitivity 

of· tQi s radi us to tile value of m:F nand nence tne structural gradi ent 

within the s~ecim~n. 



33 

For the method of determining strain and stress at critical.· 

radius, calculation of the so~ca11ed notch factor is not necessary. 

That is, notch effect can almost be neglected at this radius, ·whi1e 

notch has the strongest effect at the specimen surface. Even if there 

. is a strong notch effect caused by the shape of .short specimens, 

stress and strain at the critical radius.wil1 not be affected by it. 

\ 

Calculation of stress and strain for a critical radius inside 
/ -

the specimen seems to cause a loss of information since th~ flow curve 

obta i ne~ in tlli sway' is def; ned for a sma 11 er range of strai n than 

that one obtained from stress and strain at the surface. However, 

this appearent IIloss of~ informationll
. is accepted in favour of an 

,improved accuracy- of results. Tfie same holds for the range of strain 

rate for which the flow curve is determined. 

4.2 EFFECTIVE LENGTH CONCEPT 

The maximum strain rate whicli can be obtained by using 

conventional test pieces (the. lengtn of which is large compared with 

the di ameter) on a usual torsi on testi ng macni ne is one order of 

magnitude lower tnan tnose obtained in metal forming .processes. 

To ootain nigher strain rates is torsion test two ways can be 

followed: 

1. Using a faster testing apparatus 

2. usin~ s~e'ci~en~ with a higli ratio ,of R/L 

Here R is the radius and L is the gage length of the specimen. 

Since the strain rate :is defined as· :-



R e 
L 
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(53) 

first method is concerned with increasing i R by increasing e,whi]e 

the second one is concerned with doing the same thing by increasing 

R/L ratio. In this case, changing specimen dimensions seems to be the 

more economic solution of this problem. 

The specimens used consist of a·cylindrical section of length 

L, square or cyl indrical ,heads and rounded transitions between heads 

and cylindrical section. The rounded zones are called IItransition 

zones II . and are characteri zed by notch radi us RW 

For a gi ven specimen radius R and a notch radius RN, a 

variation of strain rate is obtained by geometrical means, i.e. 

oy varying the length L of the cylindrical section, including :.L=O 

(Fi gure 9). 

I 

Figure 9 - Short and long specimens. 

Although very high strain rates can be achieved with extremely 

short specimens, the concept of specimen length, in this case, must 

be rigorously jnvestigated than for long specimens. This necessity 

originates from the penetration of deformation into the transjtion 

zones. 
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To determine the length participating in plastic deformation 

of short specimens, "effecti ve 1 ength. (LE) 1\ is defi ned. Thi s quanti ty 

is applicable to specimens of any length, including ',L=O, and gives 

the correct value of strajn when inserted into the following equation:. 

. I ,,' R "6 
75 =--

R L 
E 

(54 ) 

HIe relation Between tfleeffective lengths of specimens of 

types I and II in Pi gure9 ,j 5gi ven By, th.e foll owj ng equations 

(55) 

where RE i 5 the contri buti on of a transition zone to deformation .. 

Equation(~5) holds under tlie assumption that notch effect can be 

neglected. Tfiis assumption cannot cause an essential error if stress 
", 

and strain are calculated for tli'e critical radius wfiere the notch 
" 

correction is negligi51e~ 

Assumjng the relationsnip, 

(56) 

for shear stress, the following equation is derived for the 

- RN· [' R ' ] (3+p')/p 
R . - f dx 
E - a R(x) 

(57) 



where Rex) is, the functiqn of vari~tion of radius along the a,xis of 

the specimen with RCa) R~ 

Equation (57) holds under the assumptions that the. material 

is ho~ogeneous, incompressible, and lsotropic~, From this equation, 

it follows that .the effectivelengtfi does not depend only on sped men 

geometry, but also on the material through the parameter p. 

For tubular specimens, the RE value can be calculated from the 

following relationship /42/ 

R 3+ ~+. ~ :l/p 
N :[ 'R 'P.. ' R'" 'P' ,,], R = f .. . ',-' 1 ,'dx 

E a [R" c' ~,3;1-p' R.3:f.P , x)l "V]' . 

(58) 

where Ri is the internal radius of tubular specimen. The special case 

of solid specimens iscontained in this equation, since by inserting 

Rj = 0, equation (57) js obtajned. 

4.3 YIELD CRITERIA 

The shear stress .... shear stra,jn'values obtained from torque-

twist curves are either used directly or they are converted to true 

stress.,.true strain values by' using a 'yield criterion. For this purpose, 

either Tresca or von Mi ses crl teri on is employed. 

Tfl.e values of true stress, true strain and true strain rate 

according to Tresca criterion will bi'~ 

C1 -:- 2 Z;; ,E = '0 {2 
. 
E i /2 (59) 



37 

and according to von Mises.criterion they will be 

(J = 13 Z; , e: = i /13 
. ; 
e: = 0 l/3 (60) 

There exists a difference of 15 percent between these two. 

criteria. This causes a large difference of the absolute height of 

flow stress, while the relative shape of flow curve and strain-rate.,. 

sensi ti,vi ty are not strongly affected. 

Furthermore, both criteria are based on the common assumption 

that stress is independent of strain rate. Since hot-torsion tests ;' 

are often carried out on strain~rate.,.sensitive materials applying 

either the von Mises or the Tresca criterion implies a fundamental 

contradiction. Until now, however, no yield criterion seems to be 
,. . 

known wfiicli taRes into account strain-rate-;:,sensitivity of materials 

and wliicli still is sim~le enough for practical applications, 

It should Be mentioned tfiat tfie largest uncertainty in the 

evaluation of hot-torsion test results is caused by the yield criterion 

used. 
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v. EXPERIMENTAL WORK 

Hot-torsion tests were. p~rformed on specimens made of aluminum 

llpOand aluminum 2024 materials. In order to reveal the effects of 

temperature and strain rate, tests were carried out at three different 
• < • 

temperatures and four different rates of deformation. 

Using the techniques 'of optical microscopy, both mater~als were 
I-~ -

examined metallographically in Doth:initial and deformed conditions. 

This examination was mainly directed to study the microstructure­

property relationships and to search the existence ofa critical­

radius-zone on'tfie microstructure of a deformed specimen. 

5.1 PRELIMINARY WORK 

< 5. 1. 1, Ma teri a 1 s 

The high~temperature deformation characteristics of two 

materials, aluminum of commercial purity (Aluminum 1100), and 
.. 

aluminum alloy 2024, were studied through a series of not torsion 

tests. Both materials w~r~ supplied from FENlS. The chemic~l analysis 

of aluminum alloy 2024 revealed the existence of the following 

elements within the structure: 3.82 pct. Cu, 1.01 pet. ~i, 0.98 pct. 

Mn, 0.93 pet; Zn, 0.90 pet. Mg,0.86 pct. Fe, and 0.012 pct. Cr. 
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Both materials were in . ingot' form initially. Billets of 

cylindrical shape were cut from these ingots and extruded (Figure 10) 

into the form of rods with 25 mm. diameter under the conditions given 

in Table I. The specimens used were machined from these rods. No heat 

treatment process were, applied prior to machining, because any 

improved material property, w~ich would be gained from the processes, 

might disappear at testing temperatures. 

Figure 10 ~ Extrusion press with 500-ton capacity. 



40 

TABLE .1 - Extrusion Conditions 

A1 umi num 11 00 Aluminum 2024 
/ 

\ 

4000 C Billet Temperature 4000C 

Container Jemperature 3500C 3500C 

Ram Speed 5 mm/s 5 mm/s 
I 

Container Diameter 80.mm 80 l1li1 
.. 

Die Diameter 25 mm 25 l1li1 

Extrusion Ratio 10.24 10.24 

Cooling Type Air-cooled Hater~quenched 
, .. , ... . .......... - .. . . . . . . . . . - . . . . . . . . 

5.1.2 ,Specimen Design 

The optimum specimen shape is determined by a number of .. 

di fferent requirements, some of whi ch are i n,:contradlction. 

On one hand, a specimen should be as short as possible, 

. because in this case very high strain rates can be reached. 

Additionally, the neat generated during deformation is easily 

conducted off tnrough the specimen heads. 

, 
On the other hand, tne specimen should be as long as possible 

because in this case tfie notcn effect can be neglected. In addition, 

the effective lengths cannot be determined accurately for extremely 

s.hort specimens, as proved oyexperimental results. 
) 

.Moreover, the notch radius RN~should not be too small, since 

otherwise notch effect will Become so strong as to initiate fracture 

at rather low strains. 

/ 
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With all these aspects in view, the optimum specimen geometry 

is roughly given in literature /42.50/ by the following two. :: : _ -_ 

conditions : 

1 
-~ RIL ~-Z 

2 
and 

"1 -- - -_RN 
--- -----1 ~ ... ~ 

4 R 
(61) 

The main dimensions-, i.e. L, Rand RN' of hot.:.torsion test 

specimen used in this investigation was determined in accordance with 

these optimum specimen geometry conditions. The sample was short 

enough to give surface shear strain rates higher than those 

conventional torsion-test samples reach. But it was also long enough 

not to cause any uncertainty originated from notch effect or from 
-, 

the determination of effective 1ength-. This sp-edmen, for which 

RNlR ratio and R/l ratio was enos en 7/15 (3.5 mml7.5 mm) and lIZ 
, 

(7.5 nun/15 mm), respect; ve 1y is- shown in Fi gure 11. 

\l ~ 
1\ V\N , 

,"" ~ 
~ ~ 

i i \ , 
~I r 

I W I 20 

! .. 62 .. 

Pigure 11 - Hot-torsion Test Specimen {Dimensions are in mm.} 

/ 



5.1.3 Specimen Joining System Design 

In order to place the specimen and the high-temperature 
, 

furnace between the chucks of testing machine (Figure 12) two 
I 

extension rods (Figure 13) were used. These rods were made of 

15 CrNiSi, a material durable to high temperatures. 
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During experiments, the furnace was hung on the grooves of 

upper extension rod and hot-torsion test specimen (Figure 11) was 

joined, in vertical position, to torsion load cell at the upper end 

and to lower torsion fixture at the lower end through the extension 

rods and chucks. 

The ends of extension rods where specimen: is placed were so 

designed as to prevent the 'specimen from any rotation relative to 

the rods during tests. The flat parts of specimen heads were pressed 

by two bolts on each end through steel keys. 

, 
The main difficulty encountered was the elimination of the 

eccentricity between the axes of specimen, rods and testing machine. 

Specimens were joined to extension rods on a lathe and eccentricity 

was controlled closely by means of a comparator. In most of the tests, 

eccentricity could not be completely eliminated,'Dut it was always 

lowered up to a level of 0.02 mm. 
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Figure 12 - Torsion Test Accessory ... (l) Adapter Plate; 
(2) Torsion Cell Spacer; (3) Torsion load Cell; 
(4) Sped men Cliucks; (5) lower Torsion Fixture. 
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2 

Figure 13 - Extension rods and speci~en joining system. (1) Upper 
Extension Rod; (2) Lower Extens.ion Rod; (3) Key;. 
(4) Bolt; (5) Specimen .. 

$ 
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.t:> 
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5.1.4 Testing Machine Preparation 

Hot-torsion tests were carried out by using an rnstron TT-1115 

universal testi machine 

- rnstron TT-1115 Universal Test ng 
with Torsion Test Accessory and High 
Furnace. 

ine 
Temperature 

The following scenario of preparation was repeated every time 

prior to testing~ 

a) Controlling the axes of load cell and lower torsion fixture 

chucks for eccentricity 5y the use of a comparator; 

b) Positioning the lower torsion fixture chuck. which is 

movable in axial direction. at a place where it can 

compensate the upward or downward displacement of 

crosshead and the length change of specimen during testing. 

thus preventing the test from gaining a tension-torsion or 

a compression-torsion character. 

c) Zeroing. balancing and cali5rating the load weighing 
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system electronically; 

d) Placing the pen at a desired position on chart and setting 

the chart movement direction of recorder; 

e) Inserting the free ends of extension rods into the chucks 

and tightening; 

f) Eliminating any pre-load, which may come during tightening, 

with very small rota'tions of the lower torsion fixture; 

g) Setting the mechanical restriction switch in accordance 

with the maximum allowa51e crossfiead displacement; 

h) Setting the chart speed in accordance with the testing speed 

o.f speci me-n ;-

i) Hanging the high-temperature furnace on the upper extension 

,rod and maRing ,the thermocouple connections;: 

j) Setting the testing temperature, tne speed of rotation, 

and the full scale load of chart; 

R) Switchi ng the heat; ng system on. 

5.2 HOT -TORSIOr-f EXPERIMENTS 

Hot torsion experiments were' performed on aluminum 1100 
,', 0" 0 0 . 

specimens at temperatures of 250 C, 350 C and 45Q C, and on alumlnum 

2024 specimens at temperatures of 2500C .~ 3000C and 3500C', Por 50th 

materials, the speeds of rotation was chosen as follows: 21.32 rpm,' 

5~33 rpm, 1.066 rpm, and 0.2132 rpm. 

~uring testing, the applied torque was recorded as a function 

of twist angle and the records were, then, used in determination of 

material flow curves. 
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5.2.1 Heating and Temperature Control 

In order to heat the specimens up to testing temperatures and 

holding at these temperatures during the test, a cylindrical furnace 

of500-watt.capacity was used (Figures 14 and 15). This furnace was 

hung on the grooves of the upper extension rod. 
I' 

While heating the specimen to testing temperature and holding 

there for the achievement of a steady state regime, temperature was 

controlled by means of a thermocouple touching the su~face of the 

specimen. Just Defore testing tiegan, this thermocouple was pulled 

back and - by means of another thermocouple placed in furnace wall ~ 

furnace temperature was kept constant at the value corresponding to 

the testing temperature of the specimen. The reasons of thi s change 

were:. 

i) the danger of fracture that specjmen~thermocouple'faced 

during tne deformation of test plece; 

ii) the failing temperature:""control caused by the separation 
. \ 

of thermocouple from specimen surface, 

In tne evaluation of torsion test data it was assumed that 

i sotherma 1 conditi ons were acfti eved duri ng test; ng .. Th] s j s because 
. \ '. 

the strain rates applied are not very hign~ and tlie specimen used is 

short enough to conduct off .~11 the neat generated during deformation 

through its heads •• 
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Figure 15 - Hi~h-temperature FUrnace. 
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5.2.2 Torque-Twist Angle Data Recording 

During testing, moment is applied oy the rotation of lower 

torsion fixture and measured by a torsion load cell of 2000 kg.cm 

capacity. The signal from load cell is sent to an X-V recorder. While 

the moment values are recorded along the Y.,.axis of the recorder, the 

corresponding twist angle values are recorded along the X-axis., 

Knowing the moment corresponding to full scale of the chart, the 

moment at any point can b'e directly read from these records. For 

twist angle values, on the other hand, a simple conversion is ;,~ 

necessary and this is made easily after determination of how much 

angular displacement corresponds to a unit displacement on the chart. 

For a successful recording, full scale moment value and chart 

speed should De determined conveniently prior to testing, In this 

study, full scale moment values Were chosen in the light of previous 

experiments performed Before tfie current one., Chart sp,e~ds" on the 

other hand, were selected sucfithat they were nettfier so high as to 

cause the use of too much graph pape~ nor so_ low as to hide any 

important detail of torque.,.twist curve. 

5.3 METALLOGRAPHIC EXAMINATION 

, 
By the use of polishing and optical microscopy techniques, a 

metallographic examination was carried ou't on specimens deformed at 

~igh temperatures and~ then; cooled in,air~ The initial microstructures 

of materials were also included in tnis investigation for comparison 

purposes. 

) 



Disc-shaped parts were sectioned from the middle of deformed 

specimens. For aluminum 2024 specimens, this zone was the fracture 

zone, while for aluminum 1100 specimens it was the zone where 

deformation had reached maximum level. 
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In order to make handling easy and to facilitate placement on 

the microscope stage, the disc-shaped samples were mounted in bakelite 

cases under the effect of temperature and pressure. For this purpose, 

a specimen mount press was used. 

On a Belt surfacer, tne surfaces of mounted specimens were 

grinded until they became flat. Extreme care was exercised during this 

operation in order to prevent tne surfaces from damaging througfi" 

overheating. 

Polishing of specimens were carried out mechanically, on emery 

papers of increasing fineness, on ~olishing cloth, and on diamond 
, 

paste. In order to examine the quality of polished surfaces under 

microscope, the samples. were cleaned with deterg~nt~added water, with 

a 1 coh.o 1, and fi na lly dri ed ina stream of not a i'r.. 

\ ~ 

After obtaining surfaces of desired quality, an etcning operation 

was performed. Chemi.c~l etcning, and electrolytic etching (Figure 16) 

were applied for aluminum 2024 and aluminum J100 specimens respectivei.y. 

Deta i 1 s re 1 a ted to etcnirig reagents 'and etcn i ng methods of these two 

materials are given in Table ff. 

The microstructures of etcned specimens were oBserved with a 

"Reichert.Metapan table microscope (Figure 17) and micro~h~tograpfis 

w~re taken with different magnification ratios. 
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Figure 16 - Electrolytic Etching Apparatus. 



TABLE II - Etchants used in microscopic examination of aluminum-case materials~ . " . 

, , 

Material Etchant Composition :Appl fcation' Proce'dure 

2 ml HP (48 %), - Immerse for 8 to 15 sec., 
Aluminum Keller's 3 ml HCl (conc.), ~ Wash i.n stream of warm 

2024 Reagent water, 
5 ml HN03 (conc.), 

'. - Blow dry. 
190 ml Wate.r 

(Qo not remove etching 
products from surface.) .. 

,. 

Electrolytic: 

- Use AI, Pb or stainless 
steel for cathode, 

Aluminum Barker's . 4 to 5 ml HBF'4 specimen is anode~ 

1100 Reagent (48 %), - Anodize 40 to 80 sec. at 
about. 0.2 amp. per sq.cm. 

200 ml water (about 20 V dc). . 

(Check results on microscope 
with crossed polarizers.) 

... 

- - ------

U1 
N 
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Figure 17 - Reichert Metapan Table Microscope. 
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VI. RESULTS 

6.1 . MATERIAL FLOW CURVES 

During hot torsion tests torque was recorded as a function of 

chart movement, and. then, torque-cnart movement curves were smoothed , , 
) 

carefully (Figure 18) to obtain smootn flow curves after a series of 

calculations. 

The torque val ue at any poi nt wa's di rectly read from these. 

records, while a conversion was needed for the determination of 

corresponding twist angle value. Knowing the speeds of rotation and 

chart movement, a simple conversion was applied for determining how 

much angular displacement corresponds to a unit displacement on the 

chart. Hence, torque-twist angle data were obtained for eacn testing 

condition (Appendi~A). 

In order to evaluate the torque-twist angle data so obtained 

the following relationsnips ~ere used and calculations were carfied 

out for critical radiu~:: 

Shear stress at critical radius : 
. . - ~ 

, , .. ' 
~ . ~ 

~ 3 M 
7,;.=---

. .2 'It. R3 
(62) 

.1 



Shear strain at critical radius-: 

Shear strain rate at critic~l radiu~ : 

Here, 

0* =~ .. ·Re 
4 LE 

M= Twist moment applied, 

e = Twist angle,· 

e = Rate of chan.ge of twi st angle, 

R = Specimen radius, 

LE= Effecti ve lengtfi. 
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(6~J 

(64) 

Using equation (62), twist moment values were directly- converted 

to shear stress values at critical radius. For the conversion of twist 

angle and rate of cnange of t~ist angle values to shear strain and 

shear strain rate values at critical radius, on the otHer hand, 

determi na ti on of effect; ve 1 engths was needed for eadi rna teri a 1 and 

for each testing temperature. 

\ 
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Effective length of a specimen, i.e. the length of the zone 

participating in deformation, at a cer.tain temperature was calculated 

from the following relationship, 

(3+)1 , R [" . .y.p 
LE = L! 2 f N R] dx 

o Rex) . 
(65) 

where L is the gage length and R is the radius of specimen, RN is the 

notch radius, p is a material parameter and Rex) is the function of 

variation of radius along the axis of specimen with R(O) =R. 

To carry out this calculation, the procedure below is followed: 

1) Determination of p values ~ 

The material parameter p is, given oy 

p= n-f:m (66) . 

where n is the strain hardening exponent and m is the strain rate 

sensitivity index~ Therefore, p values are found only through the 

calculation of nand m parameters. Keeping this fact in view, n ' 

values were calculated as the slopes of ln M versus ln e ·diagrams 

at constant strain rate. m values, on the other nand, were obtained 

as the slopes of ln M versus ln e diagrams at constant strain., 

Because n values were found nearly one order of magnitude smaller 

than m values at the. same temperature, tfie following apprOXimation 

was made : 

p=m (67) 
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To obtain a unique m at each temperature, the method of least 

squares was employed for m values corresponding different constant 

strains at this temperature. Finally, three strain rate sensitivity 

coefficients, corresponding to three different testing temperatures, 

were found for each material; and these were taken as equal to p 

values. 

2} Determination of the R(x) function • 

In accordance with Figure 19, the function of variation of 

radius along the axis of specimen was defined as 

x 

Rex) = R:I- y(x} for 0<. x< RN 

I 
I 
I 

,-
... -;-

y 

R 

Figur.e 1,9 ,.. Determination of radius function. 

(68 ) 
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After writing the equation of the imaginary circle as 

. (69) 

and solving this equation for y, the function of variation of radius 

was obtained :.. 

(70) 

3) Integratio~ : 

Us i ng the computer program g:i ven :i n Append,] x B, the integral 
. . 

in equation (65) was evaluated numerically after the substitution of 

equation (~O), In this evaluation Riemann method was usea; Rand RN 

were taken as 7.5 mm and 3~5 mm, respectively~ and the operation was 

repeated for each p value, 

4) Calculation of effective lengths :. 

Taking the gage length L equal to 15 mm, effective lengths 

were calculated from equation (65). 

Strain rate sensitivity coefficients and effective lengths of 

two materials tested are given in Table IfI. 



TABLE III - Strain Rate Sensitiv-ity Coefficients and 
Effective Lengths of Materials 

, 
: 'Strain Rate Effective 

Material Tempesature : Sensitivity .:Length 
. . . . . ( . C) . . . , .Coefficient{m). LE(mm) 

I 

250 Q.J004 17.28 
I 

Aluminum 350 
.. 

0~1530 17.76 
1100 

450' 0.2016 18.10 
.... . . , ...... . . . . . . . . . . . . . 

250 0.0795 17.04 

Aluminum 300 0..1317 17.58 
2024 

350 ... .. .... '" 0 •. 1554 . . 17.78 
. . . . . . . . . . . . . ....... . .... , ............ . ... . . . . . . . 

60 

, , 

With these LE values at hand~ snear strain and shear strain 

rate at critical radius were calculated from equations (63) and (64), 

respectively. Then, mat~rial flow curves were plotted for constant 

temperatures and constant shear str~in rates. 

In order to see the effects of temperature and strain rate 

'on the deformation behavior .of materials separately, flow curves were 

plotted once for different strain rates at constant temperatures, 
! 

and once for different temperatures at· constant strain rates. 

Figure 20 shows tne effects of temperature on the deformation 

behavior, of aluminum 1100 for four different constant shear strain 

rates. Here, snear stress at critical radius is plotted as a function 

. of shea~ strain a,t the same locatlon. Prom 20(a) to 20(d), eacn 
. . 

figure belongs to a~ifferent constant snear strain rate and includes 
, 0 0 

flow curves obtained for three temperature values {250 C, 350 C, 
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450°C). Shear strain rates range from 6.84xlO-~ rad/s to 0.694 rad/s 

and are given in decreasing order in Pigures20(a) to 20(d). 

Temperature effects on the behavior of aluminum alloy 2024 are 

shown in Figure 21 for four different constant shear strain rates. 

Here, again, the variations of shear stress and shear strain are 

given for the critical radius. Temperature values are 250oC, 300°C 

and 3500C for this material. From Figure 21(a) to Figure 2l(d), each 

figure belongs to a different constant snear strain rate and they 

are ordered according to the decreasing snear strain rates. 
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Figure 22 shows the effects ~f strain rate on the deformation 

behavior of aluminum 1100 for three different constant temperatures. 

Here, shear stress at critical radius is plotted as a function of 

shear strain at the same location. From 22(a) to 22{c), each figure 

belongs to a differ~nt ~onstant temperature and includes flow curves 

obtained for four shear strain rate values (0.694 rad/s, 0.173 rad/s, 
-2 . -3 . 0 3.5xlO rad/s, 6.84xlO. rad/s). Temperatures range from 250 C to 

4500 C and are given in decreasing order in Figures 22(a) to 22(c). 

In Figure 23, strain rate effects on the defonnation behavior 

of aluminum alloy 2024 are shown for .three different constant 
~ 

temperatures. Here again the variations of shear stress and shear 

strain are given for the critical radius. Shear strain rate values 

are the same as those chosen for aluminum 1100, and temperatures 

range from 2500 C to 3500 C, From Figure 23(a) to Figure 23(c), each 

figure belongs to a different constant temperature and they are 

ordered according to the decreasing temperatures. 
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Figure 22 .,. Effects of strai"n rate oli the deformation 
behavior of aluminum 1100 at constant temperature. 
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Figure 23 - Effects of strain rate on the deformation 
Behavior of aluminum alloy 2024 at constant 
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p.2 MICROSTRUCTURES 

Figure 24 shows the initial microstructure of aluminum 1100 in 

as-extruded and air-cooled condition. Pigure 24(a) and Figure 24(c) 

were taken from the near-surface region and near-axis region, 

respectively. The transition-region between tnese two structures of 

different character is snown in Figure 24(0). All .icropnotograpns 

belong to a cross-section perpendicular to extrusion direction. 

500gm 

(a) 



500~m 

(0) 

(c) 

Figure 24 - Initial microstructure of aluminum 1100, 
extruded, air-cooled, polarized light, 
magnification SOX, (a) Near-surface region, 
(b) Transition region, (c) Near-axis region. 

, 
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Figure 25 shows the microstructure of an aluminum 1100 specimen 

deformed at 2500 C and with a critical~radius-snear-strain-rate of 

6.84xlO-
3
rad/s, and,then, air-cooled. It was taken from the maximum 

deformation zone and from a cross-section perpendicular to specimen 

axis. 

Figure 25 -

I 100 tt-m I 

Aluminum 1100, after no;-torsion at 2500 C with 
a deformation rate of i - 6.84xlO-· rad/s and 
cooling in air, polarized light, magnification 
200 X. 

The microphotograpns shown in Figure 26 and 27 were taken 

from specimens deformed at 4500 C and then air-cooled. Deformation ' 

rates were ilt= 6.84xlO- 3 rad/s and i*= 0.694 rad[s for those in 

Figures 26 and 27, respectively. These pnotographs were taken from 

the maximum deformation zones and from cross-sections perpendicular 

to specimen axes. 
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(a) 

I 500t<m 

(b) 



Figure 26 

500j£m 

(c) 

- Aluminum 1100, after hot-torsion at 4500 C 
with a deformation rate of ~ * - 6.84xlO-1 rad/s 
and cooling in afr, polarized light, 
ma~nification 50 X. (a) Near-surface region, 
(b) Transition region, (c) Near-axis region. 
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(a) 

(0) 

500;£m I 
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Figure 27 

83 

500 jim 

(c) 

- Aluminum 1100, after hot-tors~on at 4500 C 
with a deformation rate of i - 0.694 radls 
and cooljng in air, eolarized light, 
magnification 50 X. (a) Near-surface region, 
(5) Transition region, (c) Near-axis region. 

The initial microstructure of aluminum alloy 2024 in as-extruded 

and water-quenched condition is snown in figure 28. This micro-
, , 

photograph was taRen from a cross-section perpendicular to extrusion 

direction. 



50)tM 

Figure 28 - Initial microstructure of aluminum alloy 
2024, extruded, water-quenched. 
magnification 500 X. 

84 

Figures 29 and 30 show ~he microstructures of aluminum alloy 

2024 after hot-torsion at 2S0QC and 3S0oC, respectively. These 

microphotographs were taken from the fracture zone and from a 

cross-section perpendicular to axes of specimens. 
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50 jJ- m 

(a) 

(b) 

Figure 29 - AluminHm alloy 2024, after hot-torsion 
at 250 C and cooling in air, magnification 
500 X. 
(a) ill ~6.84xlO- rad/s, (Ii) i" -0.694 rad/s. 



Figure 30 - Alumingm alloy 2024, after hot-torsjon 
at 350 C and cooling in air, magnificatiQn 
500 X. Deformation rates: 

86 

raj P =6:84xlO- rad/s, (b) P - 0.694 rad/s. 
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. VILDI.SCUSSION 

_ The high temperature defor.mation,benavior of aluminum nas been 

studied extensively. in recent years /7,24,26..,.28,55-60/. It is now 

well established tnat dynamic recovery, a kind of thermal softening 

mechanism, operates·.during not-deformation of aluminum and its alloys. 

The characteristic feature of dynamic recovery is the formation ·of 

subgrains, whicfi causes tne material 'to have a polygonized structure. 

Due to the replacement of strained grains- oy tne new strain-free 
, ' 

subgrains, metal can be deformed up to . n-igff strains .. without cracking. 

, 
The flow-curves specific to aluminum-case materials exhibit 

an interaction betweens·train 'nardening and dynamic ... recovery':'originated 
, 

thermal softening proc~sses. Pactorssucn as temperature, strain rate, 
" , .. ' ' 

chemical composition etc. affect the occurence of tnese two opposite 

processes and,l~n turn~ the flo~ ce~avior of material. 

7.1 DEFORMATION BEHAVIOR 

7.1.1 Effects of Temperature 

\ 

Botn tfie flow stress and tfie snape of the flow curve of 
I 

aluminum-base materials are highly affected cy temperature (Figures 

20 and 21). 

The decrease of flow stress with increasing temperature may be 
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explained by the incre~sed movement ability of dislocations. As 

temperature gets higher, the movement of dislocations on their slip 

planes becomes easier and this causes the metal to deform under the 
. ~ 

effect. of lower ;stresses.·Additionally, dislocations-gain the anil ity 

of cl imbing and cross.,..gl iding, which gives them power to bypass the 
,. 

obstacles and to travel greater distances in response to the existing 

stress field .. 

As can b'e best seen from figures· 21 (c) and 21 Cd) ~ the peak of 

flow curve tends to move towards higher strain values wjth increasing 

temperature. This is a res'ult of increased rate of dislocation 

annihilation, whose interference with tne rate of dislocation 
\ 

generation determjnes the strain nardening exponent~,Parallel to the 
. , , 

increase of temperature~ strai~ hardening ex~onent decreases and this 
, Y 

results in the movement of tne peaR towards high strains~ 

7.1.2 'Effects of Strain Rate 

Figures 22 and 23 show the effects of strain rate on the 

deformation behaviors of aluminum 1-100 and aluminum alloy 2024 at 

high temperatures. 

S.imilar to the ,effect of temperature rise? tfie decrease of 
I 

strain rate lowers tne flow stress of both materials. It h~s been 

stated 155/ tnat the dislocation density-almost remains constant, but 

the size of dislocation cells lncreases with the decrease of strajn 

rate. If the dislocation density does not change substantially one 

should conclude .that the decrease of flow stress caused by the low 
-. 

strain rate is due to the increase of the size of the dislocation 
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cell structure and to the decreased rat_e of movement of the moving 

individual dislocations. 

Low strain ra,tes require longer time intervals for a certain 

amount of deformation, thereoyincreasingthe probaBility of the 
\ . 

replacement of dislocation obstacles tnat nave left their places by 

the ~ewones. As ~ consequence, tfierate of diminishing of flow curve 
- \ .' 

after peak value is passed becomes lower for loW' strain rates. This 

effect can be best seen from Figures 23(a) and 23(b) .. 

7.1.3 Effects of Alloying El ements 

Tflere exists a percepti 01 e d lfference ffetween the flow curves 

of a 1 umi num 1100 and alum; num alloy- 2024 ,(pi gures 20, 21, 22 and 23). 

Although recovery is tne dynamic restoration mechanism for both metals, 

its' amount decreases wi tft:. toe amount ofa 11 oying el ements, 'wfii ch ; 
\' 

.' lowers the stacking fault energy: /61,62/. Therefore, the alloy 2024 
,. 

has higher strength and-lower ductility ttlan aluminum 1100, and it 

tends to fracture at Ili gil strain values where alum; num 11 00 approaches 

to a steady-state deformation regime. 

7.2 MICROSTRUCTURES 

. I 
Aluminum has the highest stacking fault energy among all fcc 

metals 126[ and, like other_metals of n;gfistacking fault energy, it 

undergoes dynamic recovery in the deformation zone and static 

recrysta11iza,tion in'the cooling zone. 

Since'. the microstructures ob-served in the present study were 
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taken after hot torsion followed ·by co~ling in air, they reflect the 

statically recrystallized condition of materials 

.The initial microstructures of two materials shown in Figures 

24 and 28 should be somehow different from those existing at the start 

of deformation. This is because of the long time elapsed dufing 

heating and holding periods prior to testing • 

. ' In Figures 26 and 27, tfle variation of microstructures from 

surface to center are shown for deformed and s.taticall,y recrysta11 ized 

aluminum 1100. The larger size of grains in near~axis region may be 
. \ 

due to the relatively higfl temperature of this zone during cooling 

period. Another possiBle explanation of this might be the high rate 

of recrystallization in highly deformed near.,.surface region, since 

an increase in recrystallization rate witfl strain is accompanied by 

a decrease in recrystallized grain size /62/. 

At relatively lower temperatures, recrystallization never 

starts or cannot continue after strating ('Figure 25). 

It is well known /17,62/ that addition of alloying elements 

have an effect of retardation on recrystallization. Tfiis is mainly 

due to the drag effect of impurity atoms on moving grain boundaries. 

An increase in solute concentration can also affect recrystallization 
.I 

indirectly through its influence on. the preceding recovery process. 

No perceptible recrystallization exists in the microphotographs of 

deformed aluminum alloy 2024 (Figures 29 and 30). 

In Figure 31,' two micropfiotographs taken from the surface of 

deformed aluminum 1100 specimens are sflown. These were taken for the 

, ... ~ - ; '.... ; 
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search of a critical radius zone, where stress becomes independent 

of material properties, on the microstructure. Although no sign of 

such a specific region exists in Figure 3l(a), a transition zone 

between fine- and coarse-grained regions is apparent in Figure 3l(b) 

and this zone matches with tne critical radius. Transition regions 

of this type exist also in places different from critical radius zone. 

Keeping this fact in view, it can only be pointed out that the 

existence of a critical radius zone with an outstanding microstructural 

feature is a matter open to discussion. It requires a more detailed 

investigation at tne level of electron microscopy . 

Critical Radius 
Zone 

(a) 

500 flm 
I 

Surface 



! 
Critical Radius 

Zone 
I 500 8 m I 

(b) 
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t 
Surface 

Figure 31 - Aluminum 1100, after hot-torsion at 4500 C 
followed by cooling in air, polarized light, 
magnification 50 X. Deformation rates: 

.w .tw_. 
(ap - 0.694 rad/s, (b)6 = 6.84xlO rad/s. 

7.3 STRAIN RATE SENSITIVITY 

As temperature increases, both aluminum 1100 and aluminum 

alloy 2024 become more strain-rate-sensitive. Their strain rate 

sensitivity coefficients (m) exhibit a linear increase in the 

temperature ranges shown in Figure 32 . For comparison purposes, the 

variation of m with temperature is also included for alloy lS 

(chemical composition (wt %) : Cu (0.002), Fe (0.7), Mg «0.001), 

Si (0 .05), Ti (0.002), Zn «0.001), Ga (0.007), V (0 .004), B (4 ppm), 

Al (balance)) /20/. This material shows similar behavior to 

aluminum 1100, probably due to their nearness in aluminum content. 
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7.4 LENGTH CHANGE 

During hot-torsion axial stresses develop and if free end. 

testing is applied these stresses result in length changes, shortening 

for most of the materials including steels and lengthening for 

aluminum 115/. The origin of th~ axial stresses is still uncertain, 

although it has been attributed to anisotropy and texture development 

in the specimens l5,17,63/. 

In the present study, specimens of aluminum 1100 exhibited 

outstanding length changes (Figure.33)~ The lengths of those made 

of less ductile aluminum alloy 2024, on the other hand, could not be 

measured because of their fracture during testing. 

As can be seen from Figure 33, the length changes of aluminum 

1100 specimens are of high leyels for low strain r~te and high 

temperature condition. This may prooably result from the ease.of 

texture developments at high temperatures and from the increased 

time interval for a certain amount' of deformation, which allows for 

texture developments. 
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A 4?<r' = 0.694 rad/s 
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Figure 33 - Effects of Temperature and Strain Rate 
on the Length Changes of Aluminum 1100 
Specimens During Hot-Torsion Testing. 
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VIII. CONCLUSION 

i. For aluminum 1100 and aluminum alloy 2024, both, the magnitude 

of flow stress and tne snap~ of flow curve are highly 

dependent on temperature and strain rate during hot­

deformation. 

ii. As a result of theinteractionoetween strain hardening 

and thermal s-ofteni ng mechanjsms, flow curves of both 

materials pass-through a peak value, after which aluminum 

alloy 2024 tends to fracture wfii 1 e a 1 umi num 1100 approaches 

to a steady-state deformation. 

iii. During a fiot-torsion testing the length of the deformation 
'. 

zone cannot be restricted to a predetermined value. 

Deformation extends into neighBouring zones and this 

extension increases with increasing temperature. 

i v .. The 1 ength of a 1 urni num 1100 sp,ecimens increase duri ng 

free-end not-torsion testing. The length change is maximum 
, 

for the IIhigh temperature and low strain rate ll condition. 
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APPENDIX A 

TABLE IV - .Torque!"'tVlist angle ,data of a.1uminum 1100 
fo~ 6.=2.233:.·rad/s •. 

Temperature~.250?C Temperatur.e:>.:350?C .. Temperature: 450°C 

M. (Nm)' . e (Rad i ari) M. (Nm) ... e (Radi an) M (Nm). e (Radian) 

28.00 :0.40 · ·12.00 Do28 7.00 0.40 
31.00 · :0..43 13.00 0.38 7.60 0.70 

32.00 .0.60 · 13.50 . 0.60 7.80 1.16 

32.20 · 0.90 · 14.00 0.94 8.00 2.29 
32.00 :"1.93 )4.50 1 . 53 7.90 3.03 
31.50 4.30 14.90 2.21 7.80 3.50 

: 31 ~OO ·5.80 · 14.85 2;70 7.70 4.09 
30.50 · .7.90 14.75 3.42 7.60 4.92 
30.00 '9.56 · 14.50 4.30 7.50 5.85 
29.50 11.68 14.30 5.13 7.40 6.59 

29.00 13. 19 14.00 .6.78 7.30 I 8.35 

28.00 15.65 13.75 . 8.90 7.20 10.16 
27.00 18.20 ·13.50 '10.70 7.10 12.09 
26.00 20.43 . 13.40 11.40 7.00 13.74 

25.00 22.91 13.20 13.50 6.90 15.53 

24.00 25.10 13.00 .15.75 6.80 17.20 

23.00 27.38 12.75 .lB.75 6.70 19.30 

22.00 29.63 12.50 .21.00 6.60 21.20 

21.00 31.60 12.30 23.50 6.50 23.50 , . 
20.40 32.82 12.00 27.10 6.40 26.43 

.. , 
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TABLE V - Torque-twist angle data of aluminum 1100 
.r~ '. 

for 8 = 0.558 rad/s. 

, 

° Temperature: .250.C Temperature~ 350~C Temperature: 450°C 

M{Nm) . 8.(.Radiari) · M{Nm) . 8 (Radi ah) M{Nm). 8 (Radi an) 

28.00 0.78 11.70 0.48 5.50 0.45 
28.50 0.95 11.80 0.57 5.80 0.55 
28.60 1.17 11.90 . 0.62 5.90 0.62 
28.80 1.65 12.00 0.76 6.00 0.87 
29.00 2.16 12.15 L21 6.03 0.92 
29.00 2.66 · i 2.00 1.84 6.03 1.42 
28.80 3.20 11.80 2.42 6.00 1.59 
28.50 4.65 11.50 3.25 5.90 2.58 
28~OO 6.80 11.30 4.00 '5.80 4.08 
27.50 8.85 11.00 5.95 5.70 5.89 
27.00 10.82 10.80 8.10 5.60 7.55 
26.50 12.40 10.70 9.55 5.50 9.50 
26.00 13.90 10.50 12 .. 00 5.40 11.56 
25.50 15.62 10.40 14.29 5.30 13.80 
25.00 17.02 · 10.25 16.02 5.20 15.74 
24.50 18.70 10.20 17.30. . 5.10 17.88 
24.00 20.00 10.00 18.95 5.00 . 19.76 

,. 

23.50 21.60 9.80 21.70 4.90 22.30 
23.00 22.90 9.60 24.80 4.80 24.48 
22.00 25.78 ., ,,9.40 . 27.·96 4.70 27.40 

. . ... 
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TABLE VI -' Torque-twist angle data of aluminum 1100 
for ,,8 '= 0.112 rad/s. 

Temperature: 250°C Temperature: 350°C Temperature: 450°C 

M(Nm) e (Radian) M(Nm} e (Radian) M(Nm) e (Radian) 

22.00 0.77 8.00 0.45 3.90 0.42 
23.00 0.82 8.25 0.50 4.00 0.53 
23.25. 0.90 8,.70 0.62 4.10 0.64 
23.50 1.43 8.85 0.81 4.20 0.81 
23.20 2.50 8.95 1.03 . 4.30 l.53 
23.00 3.18 8.95 1.69 4.32 2.00 
22.50 4.30 8.80 2.46 4.30 2.80 
22.00 5.75 8.50 3.90 4.20 4.07. 
21.50 7.48 8.30 5.00 4.10 5.69 
21.00 9.31. 8.20 5.70 4.00 7.99 
20.50 10.95 8.10 6.70 3.90 10.40 
20.00 12.88 8.00 8.23 3.80 12.13 
19.50 15.00 7.90 9.90 3.70 14.42 
19.00 17.22 7.80 11.40 3.60 16.12 
18.50 19.74 7.70 13.70 3.50 18.26 
18.00 21.80 7.60 15.40 3.40 20.17 
17.50 24.26 7.50 17 .00 3.30 22.20 
17.00 26.70 7.40 18.90 3.20 24.00 
16.50 29.30 7.30 20.80 3.10 25.78 

I 
16.00 33.10 7.20 23.00 3.00 27.79 
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TABLE VII,- ,- Torque-twist angle data of aluminum 1100 
for a _ 0.022 rad/s. 

-Temperature: 250°C Temperature: 350o~ Temperature: 450°C 

: r~(Nm) 8 (~adhm) M(Nm) :8 (Radian) .. M(nm) 8 . (Radian) 

-20.00 0.78 .7.00 0.78 3.00 0.57 
2LOO 0.86 7.10 0.83 3.10 0.68 

. 21 ~ 50 L10 :7.30 0.94 3.20 0.98 
: 21 .85 L31 :7.40 L07 3.30 1.36 
: 21. 5Q 3.05 -7.50 1.27 3.40 1.65 
: 21.00 5.11 -7.50 2~21 3.4~ 2.00 
-20.50 6.76 7.40 3.53 3.43 3.61 
-20.00 8.18 .7.30 4.90 3.40 4.51 
19.50 10.20 _ .7.20 6.26 3.30 6.60 
19.00 ·11. 60 7.10 7AO 3.20 7.75 
18.50 13.40 7.00 8.58 3.10 9.00 
18.00 14.94 6.90 9.93 3.00 10.05 .. 
17.50 16.t:-4 6.80 11.30 2.90 11.52 

17.00 17.85 6.70 12.60 2.80 12.58 
16.50 19.40 6.60 14.00 2.70 13.84 

16.00 21.00 6.50 15.10 2.60 14.62 
15.50 23.18 6.40 .16.30 2.40 16.90 
15.00 24.90 6.20 17.70 2.20 19.59 

14.50 27.50 6.10 19'.75 2.00 22.30 
13.7.5 32.50 6.00 21.10 1.80 .25.50 
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TABLE VlII .". Torque-:-twist angle data of ~luminum alloy 
2024 for e ~ 2. 233 rad/s~ 

Temperat,ure :'~'250oC .. . Temperature: 0 300.C . ":Temperature: .350oC 

M{NiJi) . .:8 ' .. (Radi an) ,.'M(Nmr . '8 (Radian)., :M(Nin) 8 (Riidian) 

:60.00 0.45 ,37.00 ',0.28 20~00 0.18 
61.00 0,65 :38.00 0.33 ,24.00 0.40 

" , 
62.00 0.90 :39.00 0.49 25.00 0.7.2 
62.50 1.08 39.50 0.66 ·26.00 1.07 

I 

63.00 1.23 AO.OO '0.97 26.50 1.34 
63.50 1.46 AO.20 1.18 27.00 1.13 , 
64.00 1.80 AOAo 1.48 27.50 2.03 
:64.25 2.50 AO.50 1.80 28.00 2.61 

"-

64.00 3.35 AO.40 2.50 28.25 2.90 
" 

63.50 4.00 AO.20 3.15 28.25 4.60 .' , ' 
, , 

63.00 4.48 AO.OO . 
" 3.63 27.50 5.92 

62.50 4.95 39.50 4.45 27.00 6.52 
62.00 5.40 39.00 5.00 26.50 7.27 
61.50 5.83 38.50 5.72 25.50 8.44 
61.00 6.20 38.00 6.36 24.50 9.70 
60.50 6.63 37.50 7.05 23.50 10.68 
60.00 7.00 '37.00 7.70 22.50 11.90 
59.00 7.70 36.50 8.39 21.50 12.88 
58.00 8.27 36.00 8.96 20.50 13.65 
57.00 8.80 35.00 10.21 19.60 14.05 
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TABLE IX - Torque~twist angle data of aluminum alloy 
2024 for e - 0.558 rad/s. 

Temperature: 250°C Temperature:' 300°C Temperature: 350°C 

M.(Nm) e (Radian) M(Nm) e (Radian) M(Nm) e (Radian) 

51.50 0.43 29.00 0.34 15.00 0.22 
52.50 0.61 30.00 0.44 20.00 0.39 
53.00 0.81 31.00 0.58 21.00 0.60 
54.00 1.00 32.00 0.72 21.50 0.84 
55.00 l.45 ,33.00 0.97 ' 22.00 1.14 
55.50 l.84 34.00 1.40 22~50 l.45 
56.00 2.35 34.50 1.75 23.00 2.03 
56.50 3.20 ,,35.00 2.4] , ' 23.50 2.76 
56.25 4.08 .35.25 3.33 : 23.50 3.65 
5.0.00 4.49 : 35.00 . 4.30 ' 23.00 4.91 
55.00 5.66 ,34.50 5.58 22.75 5.30 
54.50 6.13 :34.00 6.30 '22.00 6.37 
54.00 6.54 33.50 7.06 21.50 6.90 
53.50 6.98 33.00 7.79 21.00 7.55 
53.00 7.38 ,32.50 8.42 20.00 8.60 
52.50 L73 32.00 8.98 19.50 9.09 
52.00 8.12 31.50 9.86 18.50 .9.93 
51.00 8.90 31.00 10.40 18.00 10.30 
50.00 9.64 30.50 11.~9 17.50 10.52 
49.50 9.96 30.00 11.82 17.25 10.61 
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TABLE X - Torque-twist angle data of aluminum alloy 
2024 for e = 0.112 rad/s. 

Temperature: 250°C . ° Temperature:.300.c Temperature: 350°C 
.. 

M(Nm) 8 (Radian) M(Nm) 8 (Radian) M(Nm) 8 (Radian) 

45.00 0.28 24.00. .0.39 15.00 0.30 
47.50 0.37 25.00 0.45 16.00 0.52 
49.00 0.50 26.00 0.53 16.50 0.75 
50.00 0.62 27.00 0.82 . 17.00 1.05 
50.50 0.73 28.00 1.36 17.50 1.45 
51.00 0.90 28.50 1.88 18.00. 1.85 
51.50 1.25 29.00 3.00 18.50 2.38 

52.00 2.01 . 28.50 4.50 18.80 2.84 

52.00 3.01 28.00 5.37 18.95 3.07 

51.50 3.76 27.50 6.11 18.95 4.12 

51.00 4.34 27.00 6.69 18.85 4.56 

50.50 4.76 26.50 7.29 18.50 5.33 

50.00 5.22 26.00 7.97 18.00 6.16 

49.50 5.84 25.50 8.63 17.50 6.88 

49.00 6.30 25.00 9.28 17.25 7.22 

48.50 6~70 24.50 10.03 16.50 8.20 

48.00 7.10 24.00 10.60' 15.50 9.44 

47.50 7.50 23.50 11.20 15.00 9.74 

47.00 7.91 23.00 11!72 14.50 10.15 

46.50 8.51 22.50 12.18 14.00 10.56 
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TABLE XI - Torque-twist angle data of aluminum alloy 
2024 fore = 0.022 rad/s. 

Temperature: 2500e Temperature:. 3000e Temperature: 3500e 

M(Nm) e (Radian) M(Nm) e (Radian) M(Nm) e .(Radian) 

42.50 0.36 12.00 0.30 7.00 0.38 
43.00 0.40 14.00 0.42 7.50 0.48 
44.00 0.54 15.00 0.56 8 .. 00 0.70 
44.50 0.90 16.00 0.73 8.50 0.86 
44.90 1.42 17.00 0.99 9.00 1.03 
44.50 2.70 18.00 1.32 ·9.50 1.21 
44.00 3.41 19 .. 00 1.77 10.00 1.43 
43.50 4.05 20.00 2.35 10.50 1.65 

-
43.00 4.65 21.00 3.10 11.00 1.88 
42.50 5.09 . 22.00 4.40 11.50 2.16 
42.00 5.60 22.60 6.01 12.00. 2.45 
41.50 5.98 22.00 7.75 12.50 2.80 
41.00 6.48 21.50 8.70 13.00 3.22 
40.00 7.37 21.00 9.08 13.50 3.74 
39.50 7.75 20.50 10.12 14.00 4.67 
39.00 8.36 20.00 10.82 14.30 5.90 
38.50 8.57· 1.9.50 11.55 14.30 7.60 
38.00 8.94 19.00 12.27 14.00 9.02 
37.50 9.35 18.50 1

1
2.91 13.50 9.85 

37.00 9.75 18.00 13.40 13.00 10.42 
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APPENDIX B 

1 PROGRAM INTEG(INPUT,OUTPUT) 
2 PRINT.,' ENTERDELX' 
3 REAO*,DELX 
It PRINT*,OELX 
5 P R I NT * " EN T ERR • 
6 REA D*, R 
7 PRINT*,R 
8 PRINT.,' EHTER RN' 
9 READ*,RN 

1 0 P R I NT *, RN 
11 PRINT.,' EHTER P' 
1'2 READ*,P 
13 PRINT.,P 

- 1 It 1 F (P .. E Q • o. ) S. TOP 
1 5 IN T E G RAT 1 ON 
16 SUM=O. 
17 X=O a 

18 
19 X=X+OELX 
20 SUM=SUM+(R/(R+RN-SQRT(AeS(RN*RN-X*X»»**«3~P)/P)*DElX 
21 IF (X.LT.RN)GO TO 2 
22 PRINT*,' THE INTEGRAL ~ ',SU~ 
23 GOTO 1 
24 STOP 
25 END 

PROGRAM-UNIT LENGTH 
C H ST OR A GE US EO 
COM PI L Ell HE 

ENTER DELX' 
.001 

EHTE R R 
7.5 

ENTE R RN 
3!O5 

Et·tTe R P 
.. 1004 

THE INTfGRAL 
ENTE R P 

.153 
THE INTEGRAL 
ENIE R P 

.2016 
THE IN T E G RAL 
ENTE R P 

.0795 
THE IN T E G RA L 
ENTE R P 

.• 1317 
. THE INTEGRAL 

EHTE R P 
.1554 

THE IN T E G RA l 

= 1.136498413875 

= 1 .. 377312615562 

= 1.5527315 08765 

.:: i .. 018~35283201 

= 1,.287612707262 

= 1.386866888712 

2156 =141 
632006 = 26240 
0 .. '283 SECONDS 
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