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HOT-TORSION EXPERIMENTS ON
ALUMINUM AND ALUMINUM ALLOYS

ABSTRACT

~ In this study, the effects of temperature and strain rate on
the deformation behaviour of aluminum 17100 and aluminum 2024 are

“investigated.

The fundamentals of hot~torsion tests'are.briefﬂy reviewed and
testing methods are explained in detail. Then two important concepts
used in data evaluation are introduced: critical radius and effective

Tength.

In the experimental WOrk; specimens are tested_at'different
temperatures and strain rates under the effect of torsional 1dading.
For both materia]s; temperature and strain rate are found to be .
effective not only onkthe-magnitude of the 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 calismada, sicaklik ve genleme hizinin aliiminyum 1]00’ve
aliminyum 2024 malzemelerinin sekil degisimi davranisi iizerindeki et-

kileri incelenmistir.

~Sicak burulma deneylerinin esaslari kisaca gozden gecirilmis
ve deney-yﬁntem]eri ayrintili olarak aciklanmistir. Ardindan verilerin
degerlendirilmesinde ku]]an1]acak olan iki onemli kévram tanmitiimistir:

kritik yaricap ve etkin uzunluk.

Deneysel ca]1$mada ise, nﬂmune]er farklil sicakliklarda ve fark-
11 genleme hizlarinda burulma yUkﬁ etkisi aitinda birakilmslardir.
Her iki’ma1zeme j¢in de sicaklik ve genleme hizinin sadece akma geril-
mesinin degeri izerinde degi]; ayn1 zamanda akma egrisinin sek]i tize-
rinde de etki]ivoldﬁﬁu gﬁz]enmistir; S1cék11k artisi ile birlikte mal-

zemelerin genleme hizina olan duyarliliklari da artmaktadir.

i
|
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1. INTRODUCTION

The mechanical behaviour of metals at high temperatures and
under highfrétesvof deformationiis a subject that-has received consi-
derébTe'attention in fecént,yearﬁ Z?~47. This interest is mainly
originated f;Sm‘the'éxtehéi;é usage of hot forming processes of
metals in industry. Many 1mporfant metal forming techniques, such as
ro]]ing; drawing, forging and extrusion necessitate an ﬁnderstanding
of the plastic behaviour of various metals and alloys for fheir

successful: forming under different working conditions.

From enéineering point of view, the knowledge of meta]sf
behaviour is of great importance when deciding upon such practica]
considerations as the selection of a machine tool and fhe allocation
vdf available equipment for different forming processeg.-ln view of
research purposes, 6n the other hand, this is fundamental to the
understanding of the ]aws'and ‘mechanisms gbverniﬁgAdeformation

!
processes.

Calculation of the obtimum parameters for a given deformation
and the improvemeht of a metal-forming technique require thé knowledge
of the relationship between flow stress and the pafameters‘affecting
it; From this point of view, material flow curves (stress-strain

gurVes) are the main sources of knowledge that facilitates the



understanding of metals' behaviour.

FTOW>stress‘is‘an important'parameter,in mechanical working.
~This term is taken to be the true étress 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 “structuref, many
variables are included: For examp1e; chemical composition, method
of production; ﬁéat treatment, brecibitateé; phase~ and grain
boundaries and their textures, segkegations, dislocation densities
and disTocation arrangements are structural parameters.'ln some
stﬁdies 15,6[; however; these ﬁarameters are assumed to be well
* defined and do not change aﬁbreciab]y\during a plastic‘defofmation
process; hence their influence is not.conﬁidefed: In this case, the
flow stress of a material is related to brocess parameters such as
true strain e:, stnain rate € and temperature T, in the following

form:
o=f(e,8.T) - | (1)

It is not possible, however, to exﬁreEs tﬁe_f]oW‘stress in
terms of true strain at various_temperatures and strain rates by a
single mathematical equation which is valid for all materials. These
parameters must therefore be obtained f;om experimenfal studies -
carried out at the temberatures and strain rates that actually exist

" during the forming'oberation for each material.

Hot torsion testing /7-14/ is an increasingly popular method
in determination of the flow stress at various strains; strain rates,

and temperatures. From many points of view, it has advantageous aspects



over other'testing methods used for the same purpose, i.e. tension,
'compression,'and upsetiing tests. In this method, high strainé can
‘be attained at constaht surface strain rate and without b]astic i
instability. Hdt torsion testing is a]sb a very convenient tbo] for

“hot-workability studies /15-19/.

- The purpose of the present investigation that employes hot-

torsion technique can be summarized as follows: -

a;;to;study-thepmechanisms governing the deformation ﬁrocess
of aTQminumebase materials at high temberaturesi

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

c. to study the effects of temberature and strain rate on the
flow stress and on the shape of the flow curve;.: |

d. to examine the temberature effect on strain rate sensitivity
of aluminum-base materialsj | |

e; to observe thé effects of temperature and strain rate on

length changes of aluminum under the effect of torsional loading.

In the fo]]owing; Section IT is a brief review of the |
fundamentals of hot-torsion testing method. Different testing techniques
wi]]ibé given in Section-III;.In Section Iv; the imﬁortént concepts
used in data eva]ﬁatﬁon will be exb]ained. The experimental work and
results will be presented in Sections V]and VI; resbective]y; 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.



I1. FEATURES AND APPLICATIONS OF
HOT-TORSION TESTING METHOD

The'hot torsion test has been in general use since 1950's and
several reviews []5,17,19/'héve compared this'technidue with other
methods that are used tb simulate industrial hot WOrking processes.
In recent years, much work has been focused on finding new methods
that ﬁrovide'highvloading rates;,and;wWith the advance of new and
sophisticated tésting techniques [2;4;]3/ : loading rates have been
extended into dynamic fange; Today;'hot torsion tests at constant
true strain rates in the rénge of 107° to 10" rad/s -can be carried

out uﬁ to very high strains with no ﬁ]astic ~instability.

2.1. CHARACTERIS?IC‘FEATURES

In a torsion test, the mode of deformation is shear and,
therefore, theoretically deformation shQu]d occur without any change
in dimensions of the 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 this boint of view,
torsion test is very convenient for testiné materials at elevated
temperatures, when the material's behaviour depends strongly on the

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



other hand, constant true strain'rateg are very.difficult to obtain

even if specially shaped cams are used, -

The hot torsion test is capable of producing true strains of
the order of 20. The true stfains attainable by tensile and compression
‘tests are 0.3 and 2.3 respeCtively ~In the latter methods, uniaxiality
of stress is 1ost when neck1ng or barre11ng occurs Thérefore,
comp]1cated measur1ng technlques are requ1red to extend the ana]ys1s
‘beyond the region of uniform ;traln and a considerable amount of work

~ is also neéded in the calculation of f]ow stress'and_trde strain.

Hot torsion tests are necessary for simulation to many industrial
metal forming processes, because the strain rates that conventional
tensile-testing and compression-testing machines give:-are considerably

Tower than those prevailing during these operations.

When the shear stresses and strains are convekted to équiva]ent
tensile stressesland,stréins'accdrding to the Von Mi;es criterion,
torsion flow curveé'are almost identical to tension or éompression
. flow curves for the same strain rate and temperature. The inter--
dependence of surface strain rate; effective stress and temberature

is the same as that for compression and tension tests.

The main ﬁrob]em in toréion'testing is the non-uniform variation
in strain and strain rate across the sﬁecimen cross section, where |
they increase from zero on the axis to maximum values at the surface.
It is the surface values which are common1y~reﬁorted: This variation
gives rise to'ﬁroblems of-intérbretation: Because the surface work
. hardens more than the core and the mechanisms of deformafion may be

different. The use of tubular specimens largely avoids these difficulties,



but gives rise to others; If the wall thickness is reduced too greatly,

“the specimen will fail by buckling rather than By torsion,

In the course of a torsion.test: if the stationary end is free
to move in axial direction, the sﬁebimen may1change length, giving
rise to changes in torsional étkain and strain rate. The dilatation

‘may either be extens1on (a]ummum)~ or contraction (most materials
1nc]ud1ng///—\159 and for certa1n materials and conditions, may
reverse as the teiﬁ proceeds 15,19; 20/ This Tength changes can be
taken into account in the cé]cu]ation,-a]thoughithe extra effort
< (fo accat ,
spent in measurement and analysis is seldom worthwhile. If the
stationary end of the samb]e is not free to move axial]y; induced
tensile or compressiVe stresses arise and alter the stress state.
While these Tongitudinal stresses are usually small combared,to the
shearing stresses and can be ignored: they~may~bé iméortant in
influencing the torsional strain;to,fracture; In tubular specimens,
1ongitudiha1 comﬁressive stresseé are accomﬁanied~5y‘radia1 bulging

of the gage section.

Like all other testing techniques and ﬁrocesses; heat is
generatedvdufing fo%siona] deformation and ﬁencevtemﬁerature changes
.OCCUP. If the deformations are abﬁ]ied s]omﬂy; such as in quasi-static
lToading conditions, the heat is conducted away from the deformed
regions and the entire body is essentially in an isothermal condition.
At the other extreme, when deformations are raéid]y abp]ied'by the
high Qe]ocity\impact or explosive ]6ading; the process is essentiale
adiabatic;;the.generatéd heat does not have time to redistribute. For
" intermediate rates of deformation; however, it is important to conSidér

. both.the heat generation and the heat conduction; Different numerical



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

temperature distribution during torsion testing.

2.2 . APPLICATIONS

Torsion test at high temperatures is a widely used method for
hot workabi]ity'stUdies /15-19/ and for simulation to industrial hot
‘working processes [24-28[;'such as extrusion, drawing, forging and

: rolling.

Hot workability is the ability of a metal or alloy to be
deformed uhder cpnditiohs of‘high temperature (0.5 Ty, where_Tm'is'the
melting temperature in degreeé Kelvin) and relatively high strain
rates (10'3 to 10° sf;); The two chafacteristicé that govern hot
workability are strength and ductility. By'usiné hot torsion testing,
method, these two can be deterﬁinéd from torque~-twist angle data and
number of twists to failure, respectively.--The superiority of the
method is that high strains can be attainable at constant surface
strain rate, Additionally, this method provides close control of
Qariab]es, ease of detefmining optimum conditions for new materials,

and a possibi]ity»fdk relating the structure to properties determined.

A simd]ation between 1ndustria1‘protesses and hdt torsion test
" can also be sett]ea;.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 abﬁ]ied‘in one operatioh is simulated byb
stopping the test after a predetermined nﬁmber of revolutions.

Simulation of intekrupied'deformation can be carried out by'programming



an e]éctromagnetic clutch in the drive system. A further variable in
sdch~operations is temperature because, in general, the temperature.
of the metal decreases continuous]y_due to the Targe increase in area
and‘consequent heat 1st. In laboratory hot to;sion tests, artificial

coo]ing must be used to simulate the practical conditions.

Hot‘torsion test dafa ﬁay also be used directly to derive é
suitable constitutive relationship for a material /5,17,29-39/.
Calculation of the deformation of méta]s subjected to stresses between
yield and fracture requires constitutive relations valid at large
plastic strains. Many such rejations connect o,¢ ,E, Tin a
differential or c]osedAana]ytical form. The valués of material ::
parametérs;appearing in these expressions depend on the thermo-. .. .
mechanical history of the material. Therefore, some or all of the
variables @, e, ¢’ and T may not satisfy the requirements for state
variables of the system: However, their usefullness in computations
or their accessibility to experimental measurements often overrides
fundamental objections, resulting in constitutfve relations valid for

a restricted range of material histories and deformation conditions.

~In recent t%mes:‘many advances have been made in numerical
analysis methods - such as finite element technique - [40;41/ as a
means of so]vihg metal forming problems. The success of these methods
depends very much upon the availability of basic materia]-property
data. For high strains; these data are suﬁp]ied from hot torsion test

results.



III. TORSION TESTING METHODS

During the torsional déformatibn torque M is registered as a
function of the angle of twist © . The accurate conversioﬁ of the
torque-twist data into eqyiva]ent strain—equfva]ent stresg data is
required for reliable formability predictions, pafticu]ar]y at Targe

strains.

The conversion process consists-of two Stages. First]y; the
shear stress ¢ is calculated from the torque M and the shear strain ¥
from the angle of twist 6 . Then a yield criterion is used for

calculation of equivalent strain and équiVa]ent stress.

For the first stage,'it is usually assumed that the following
conditions concerning sﬁecimen geometry and material are fulfilled
82/ : |

1) The sﬁecimen:dogs not have any notch{ .
i1) The material is isotroﬁic, homogeneous, ahd incompressible,

Therefore, 3 proportionality can be considered between shear . .
~strain and the radial distance r (Figure 1) :

7.(8) = n for O<rgR (2)
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where L is the gage length and 6 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® :
RO = = | @

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

The strain rate varies in a similar manner:

~ ]
(& :

Figure 1 - Scheme of Torsion Test on Solid Specimens.

At any instant during twisting, the shear stress ¢ which
- depends on both % and ¥ will be an unknown function of r. The

calculation of shear stress from the torque is rather difficult



1

since the torque only gives information about shear stress'through the

integral equatidn;‘
.. R 5 ‘
M=2T/S ¢ridr | (5)

' 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 NADAI'S METHOD

This well-known method requires that the shear stress depends
only on the shear strain /43/. Therefore its use is restricted to o
strain rate insensitive materials. Accordingly, it cannot be applied
at elevated temperatures, where the rate sensitivity is no Tonger

neg]%gible.

A1l the assumptions made are given below:
,i i) the material is Romogenous and isotropics
.ii) shear stress is a function of only shear strain;
iii) the relative rotation of cross-sections is prdportjonal to
the distance between thém;
iv) radii remain straight;

v) plane sections remain plane during twisting.

If the variable r in equation (5) is changed into ¥ by using

the relationships (2) and (3):
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Ui .
f z (z)z dw ‘ (6)

Since the function &= Z (%) is not known, this integration
cannot be carried out. In this case, a mathematically rigorous : :i. -

determination of shear Stress is only possible for a singular radial

J

distance, the surface of test piece. That is, if M is considered only
as a function of Yps equation (6) can be differentiated with respect
to ¥p and the following equation, known as Nadai's formula, is

‘obtained:

= E() = — 5 (Me7p S

(7)
2R R a¥

R

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

N

(3M{'e an ) . (8)

2nR de

~z(e) = —

According to the Nadai's formula, the flow curve of a material
can be found from its torque-~twist curve by using a graphical method.
As can easily be seen from Figure 2, the following relationship exists
between the variab]es; T and 6, and the graphical values :

~3 AP ¢ CP | (9)
do

3M +é
Therefore equation (8) will take the final form:

co 2 (3R TP - (10)
AL |
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'y |
| ,;;;//*"’ M=M(0)
P — o
. ,'/‘.7| : ) s _‘
=7 le
o e
! M
o |
|
|
|
0 ‘A \ - B

Figure 2 - Torque-Twist Angle Diagram.

A curve'fitting computer program can be used to obtain the
equat1on M==M(9), then w:th the use of another prOgram shear stress

can be ca]cu]ated from equatlon (10).

Since ‘it Ras the’advantage of a graphical solution, Nadai's

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

This method can also be extended to give the shear stresses
in tubular sneeimens, For this purnose, an anprdximation‘of the form
of equation (8) is suggested /47/.:

r=pM¢ oI - (11)

do

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, resneetively.
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b ZRE | . (12)
m (R -Ri)
g= M (13)

- 3 3

Inserting the values of % from equations (12) and (13) in
equation (11), with 6 (dM/d®) equal to M and zero respectively, one
‘obtains two simultaneous equations for A and B. Solving these, ..

equation (11) becomes :

S 1 [3M AR U3 dM | '
= [ R o A e (14)
R-R;  R-R; R-Ry  do |

Tﬁis 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 the special case of a solid specimen since it reduces
‘td equation (8) when R; is zero; This so]ution'é]so;tends to be the
correct:so1ution for thin-walled ‘tubes because it always Ties between
the upper and lower bound solutions for a strain -hardening material
(i.e. dW/de > 0).

3:2 THE METHOD OF FIELDS AND BACKOFEN

Nadai's method requires modification for high temperature
.aﬁﬁlications since it is based on the assumption that the stress is
indeﬁendent of strain rate. An analysis deve]obed by Fields and

'Backofen /48/ considers the strong strain rate deﬁendence of flow
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stress at high temperatures and is bUi]t on Nadai's method.

Assumpt1ons made in the derivation of F1e1ds and Backofen
formu]a are g1ven be]ow s
i) materia]fis homogenous and isotropic;
;11) relative rotation of cross-sections: is proportional to the'.
distanCe,between them; |
i11) radii remain straight;
iv) p]ane sections remain plane during tw1st1ng,
'Vv) shear stress T is a unique funct1on of the current shear
o strain g and shear strain rate ; S w1thout regard to the
, J

deta11ed history of the test, that is, to the twist and

tw1st rate paths fo]]owed

Fields and Backofen's formula given below

c;“’”“ (30 M - (15)

'is identical in form to equation (8); ice. Nadai's formula, but it is
not restricted to rate-insensitive materials. In the light of_the'1ast
assumption stated‘above; the twist.moment,M can be considered‘as a
unique‘function of the amount of twist e,and twist rate’é . In this
Case any current value of the tw1st moment M (for a given 8) obtained
from an actua] test at constant tw1st rate 6 can also be reached by
a suntab]e spec1a1 test conducted at an increasing twist rate given
by 6 ;:9;3:5,where 9,= 8,/0,(Figure 3) /49/f‘Because‘of thé,aSsumed'
4history independence of the material, a como1ete'torque—twistlcurVe g

* for constant 8 can be constructed from suitably chosen data points
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taken from the series of special tests.conducted at decreasing values

of 9. For the latter type of test, the last term of-equation (15) can

be expressed as

;(.e) “dM (e)—ail )+(e)(3Ml) do (16)

de M6 Fat M a8 g da

TEST AT CONSTANT

Ppe é, LA V ! '
'e 6 \Il TEST AT CONSTANT
?

| ..
! -8
ul 1
= //= / 1
no: ,’ 4 : TEST AT.CONSTANT
o / :// b 8,0
- 4 L i 8 &8
A 2
7/ |
4 7| i
/s 7 ' i
7 e 1 |
g - 1 H
7= 3 :
8 82
TWIST

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)

[89/.

and since (_é /8 ) = constant = (dé"'[d"e ):,‘ this. equation becomes

“( 6 ) dM _ 91nM |+ olnM -

de amn® ‘5 3lnd

| =n+m ' (17)
e .
where n and m are the strain hardening exponent and the strain rate
sensitivity index; respectively. THUS; for the special test; equation
(15) turns into the following form, which is the famous formula of

Fields and Backofen :




11

t- L ey (18)
2TR
However, for engineering materials, the special tests are unnecessary
for the reason outlined above, and equation (18) can be applied

directly to the results obtained at constant 6 .

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,’oh‘the other hand, n is negligible
for the same reaéon; For intermediate temperatures, both n and m are

significant and should be taken into consideration.

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

stress values for the hot~torsion of tubular specimens /50/. Assuming

that
LggM " (19)
where
¥ (20)
L :
and
jot0 (21)
L

- and replacing shear stress & in the moment integral, equation (5), by

its value in equation (19), one obtains :
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R:

L y,'R_-z ‘ ffRZ“”r' :
M=2T% Cprdr=2T7T7"r K(—— ) C————) dr (22)
i R L :

\

where R is the 1nterna1 radius of the tubu]ar spec1men Integrat1on

" of th1s equat1on g1ves :

2T ' 3 3 \ | ’
M-— ——— |Rz- R: . (23)
3+msn - [ 1 1] . _

~ where §{gdenotés the shear stress at the internal radius of the tube.

This equation is generally used /11/ in the following modified
form - .
__M(iﬁﬂ_ﬂL | (28
21(R R9 : '
. Sample calculations show that /11/ the use of equation (24)
results in errors of 1 to 3 percent jn & . Hence, equation (24) is
~employed in data analysis rather than the more complicated exact

expression (23);

In some inveSfigations /16/, however; by considering strain

and strain fate across the wall of a thin-walled tube to be constant,
a simpler expression for converting torque to shear stress is employed.
In this case, the shear stress ¢ at any tinstant will be constant
-throughout the tube :

X o R'z' , .

M=2mg S ridr - _ (25)

_ : Rj ‘ o



This integration gives the shear stress as

=3 (26 |

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

2L o
B Rk g @
2 L - :

The disadvantége of tubular specimens is that they tend to
buckle at re]ativé]&‘16W“str§ihs and‘tﬁe main advantage of the torsion
test is Tost. The wall thickness of a tubular specimen should be so
chosen as not to cause buckling. But it should be as small as po§;1b1e
at the same tihe, because in such a case only % can be considered

as a constant value throughout the wall-thickness.

1

Because of its relative simplicity, Fields and Backofen method
is widely used, particularly for carrying out rolling simulations. It

sufferﬁ, Rowever, from three ‘Timitations /497 :

" The first kind of limitation can be attributed to the hypothesis
of history independence: That 1s; the shear stress ¢ is not, in general,
a unique.function of ¥ and ¥ ;-As shown in Figure 4, if at a given
'strain'of~j53;>the strain'rate is suddenly: increased from ¥, to %2 .
the resulting flow curve remains below the curve determined'by tegting

"at<%; continous]y: Thus:, two values of stress, z, and’:cz, are defined .

" for the same conditions (Wi ,%2)_and it is appearent that .z 1is not
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a unxque function of ¥ and 3 The inaccuracy -induced by ‘the hypothesis

-§5= c(w,x), however? is almost always within a few percent.

STRESS

STRAlN

Flgure 4 - Typ1ca1 f]ow stress. ‘behaviour of a rate sensitiye
work hardening material. At a strain rate of %, and
~a strain of 7, (curve-(a)), the sample is submitted
- to a sharp increase in straln rate to ¥, (curve (b)).:
The, resu1t1ng flow. stress ; is Tower tﬁan the flow stress
.Gz -+ developed at W; when” stralnlng 1s ‘continuous
- at Wz(curve %c)) [49/¢ . :

The second kihd of inaccuracy is‘due to .the formalism itseif
and is of cons%derab1e'imoortance Because its effect inoréasés with
the stra1n. In short, if equat1on (18) is directly app11ed to an
experlmental torque-twﬂst curve: wh1ch exhibits a normal amount of
scatter,'tﬁe_stress—strajn curve oBta1ned will show~an increasing
scaftering with étroin'(Fijuhes 5'and;6): This io.because of the
1ncreas1ng re]at1ve 1naccuracy 1nherent in the F1e1ds and Backofen
formula. On the other hand when an 1n1t1a1]y smoothed torque -twist

- curve is used, smooth stress-stra1n,curve5'are, of course, obtained.
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20
Z15 |
uJ
g : ETP Cu
g_'o B «01 fums/sec
b—
R= 3-25 mm
5 . L= 33 mm
0 1. 1 !
0 1.5 3 4.5 6

TWIST (+urns)

Flgure 5 - Torque-twist curve obta1ned using a computer1zed
torsion machine. Note the nearly constant . .
- experimental scatter due principally to noise in .
the measuring circuit /49/.

300
g - ETP Cu
%O 01 turns/sec
200
w
14
,—.
[%2]
o
o
L1100
[72]
O —1 1 1 3 1 }
o - | 2 3

SHEAR STRAIN

F]gure 6 - Shear stress -~ shear strain relation calculated .
from the data of Figure 5 by 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
Backofen formula /49/.

The third 1imitation inherent in this method is associated

with the manner in which the slope of the InMversus 1n @ curve is
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determined. For a given value of M and (3M/38)]|  , the slope
v : ' : 8 _

3 ]nM I

oM | o
21y, | (29
SIno 0 e)|e ) | . {29)

‘is strogly influenced by the value of 0, which may not be available

if the prior loading history is not known.

3.3 DIFFERENTIAL METHOD

This technique requiresktwo.téstsvto be‘carffed out at the. -
~ same twist raté with sampf;s of radii'Ri and R, close:to each other.
The differehce between'tWist-moments, MZQ.MI, required to twist the
\two samples at a constaht 0 can Be cdnsidered as the'tofqué réquired

‘to twist a tube whose th1ckness is the same as the difference in

rad11 of the two samp]es /49 51/

By assuming that the shear stfess is nearly constant and
_equal to T in the thin layer (Rl,lg) the torque difference at

a given twist w1]1 be g1ven as

S R LT |
Mz— Mi= Zﬂfzgrzdr"—fz_ﬂg_,&é—R-l-: v ) (30)

S|

Therefore the shear stress value will be

z 3(M2- M,) .  an
2n(R,~ R;) |

' and corresponding»sheér strain and shear strain rate values will be
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_ . R{FR N
= L 20 oy 2B (32)
: 2 L 2L

In this technique, the advantage‘of using thin-walled tubular

samples is combined with that of using solid samples.

The inaccuracy inherent in the calculation of %efrom equation
(31) is. high if the difference between twist moments M,- M, 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 speéimens to the required to]erances; Furthermore, a
good reprodutibi]ity 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 by the history of this particular
Tocation, and not by the developments at neighboring 1otations, nor
in the extreme by the history of the outermost layer of the material.
‘Namely,

¢ =z (r)+z(rsR) (33)
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Other assumptions in this analysis are [49/.:

i) radii remain straight during teéting;
1) no length changes take place;

iii) no flow localization occurs.

p Under these conditions,,ihe 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 :

M

s(e,8) = M| —2m g v S (38)
: dR o

Here r iisithe radius value at which the slope of the torque-radius

“curve is calculated for a given o and §. 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 S$(6,6) of the torque-radius

curve at this radius.

The values of the corresponding strain and strain rate are..:

3= e - (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 twist value of interest (Figure 7).
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(a) | - (b)
Figure 7 - Method of calculation of the slope (8M/3R)| .= .
(a) At a given twist .@,, - acsetiof.torquegﬁ?radius :
~data is abstracted from the results determined on
samples of increasing radii.

(b) A smooth curve is fitted to the torque-radius
data of Figure 7-(a), from which.the slope (3M/3R

is calculated. ' '

M5

Each of these curves is then fitted by means of a log M versus R
polynomial. The degree of the polynomial has a marked effect on the
Tocal slope. The slope S(e;é) is then calculated by taking the
derivative of this po]ynomial at a certain R value. Sub;titﬁting'this
into the equation (34), one_obtainsvthe shear stress Value for this

~ strain and strain rate.

'The accuracyaof this method is directly 1inked to the accuracy
with which the slope can-be determined:_In other words; jt depends on
thé number of specimené of different radii. The use of only two |
‘specimens for a given strain rate and temperature leads to the ]east
accuracy. In such a case; equation (34) will be modified to :

M-l

= 2T ;r.r?“ ‘ : (36)
Rz- Ri :

BusAziC] DNIVERSITES! KTUPHANES!

/
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The surface shear stress method shows accordance with the
method of Fields-and Backofeh‘at Tow strains and with the differential

method at large strains.
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IV. EVALUATIQN OF TORQUE-TWIST DATA

The torque-twist data recorded dyring a hot torsion test is
not useful from engineefing point of view. Therefore, it }equires
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 conveksion of torque-twist data to shear stress-
shear strain va]ues by the use of this method, or any of others
mentioned in the last chapter, maf, iﬁ some cases, lead to serious
errors. This is mainly because the Tlength of the deformation zone
is generally greater:than the predetermined gage length, and for
such reasons as machining marks, oxidetion, etc. the stress and

strain at the specimen surface are highly distorted,

To avoid from the effects of these sources of uncertainty,
some modifications are made in data evaluation. An explanation of
these modifications is given below together with the yield criteria
used if true stress-true strain vaiues afe_ﬁequired rather than

shear stress~shear strain values.

4.1 CRITICAL RADIUS CONCEPT

The eonventiona1 method of determining flow curves from torsion
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test data consjsts of calculating shear stress from the following
equatidn of Fields and Backofen < . | |
‘M"

L N PP IR LN SO BET R R
2TR® T M »ae'[é M3 1’e)w . B

and shear strain from the formula below :

{

- 3 =”f,R,'° (38)
L o

"The calgu]atioh oftstress'and‘strain for the surface of the |
specimen is mathematica]]ylcorreCt. However, stress and strafh are
'strbng1y distorted af the surface because of machining marks, oxidation,
etc., and also because of the notch effect. Additionally, the shear
stress . calculated from équation (37) is very much affected by
éxpefimenta] errors whjch'ﬁropagate tﬁrqugh the partial dérivatives
of torque. An improved sé]ution should not contéin derivatiVes;of

- )
-measured curves.

Therefore, itrjs recommended [42,59,52:54[’to calculate stress
and strain at a radfa] distance smaller than the sﬁecimen radius,
i.e. for a position inside the specimen; Thﬁs is.on}y-possib]e by

"renouncing a rigorous mathematical determination of stress. So, an
| "error of approximation" is pﬁt ub with the new procedure of ...

determining a physically senseful solution.

It is mentioned that at a given torqueé and at a certain
radius inside the spetimen,'shear'stress has a value which is equaﬁ

~for different courseé of flow curve. This radius value is called .
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“critical radius". Among a number of different definitions of critical

radius, the most useful one is the fo]]oWing :

AT () _

for  r=r" (39)
ap .
where r* is the critical radius, T is . temperature and p is a parameter

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

sensitivity index (m) :
p=n*m » (40)

To take the partial derivative in equation (39), it is assumed
that shear stress £ at any radius r is related to the shear strain

% and shear stfain rate- ¥ at that radius by the following equation :
T=K "% ' (41)

where K is a constant.

After the substitution of equation (41) into the torque
integral, and carrying out the integration one obtains' the following

relationship for shear stress at any radius r

L= — (3¢ man) (™" .  (42)
2tk R

Using equation (40) and taking the partial derivative of ¢.

: with respect to b, as mentioned in equation (39), critical radius is

~



found as -

r=Re 3P (43)
It can be shown that the critical radius obtained from
equation (39) depends only very weakly on p.
If equatidn (42) is written in the following form :
A-. P M L
b =—— (3Fp)(—)° (44)
‘ 2mR R ,

and is plotted for different values of*p'(FiQUre 8), the curves
obtained for shear stress versus radial distance intersect almost
at one point. Therefore, the critical radius can practicé]]y always

~be approximated by :

EE | s
4

For this value, the shear stress will be given with an

accuracy better than one percent by the equation T

X1y =cXm M | (46)
_ 2mR? '

and, the shear strain will be ¢

(47).

3
T (k) = 3==_I.%R
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4/3 ———————————————— P=1.

P=005
p=0.2

(4 g(i-,'mz
(3M/2nR%)

r/R 3/4 1

Figure 8 - Shear stress in an imaginary solid specimen
without a notch as a function of radial distance
at a given torque /42/.

The concept of "critical radius":can be extended for tubular
specimens /42/ by using equation (39) and by following the same
procedure as in the derivations of equatien (42) and equation (43).
vTherefore; the relationship below is obtained for a specimen with
inside radius R,-and outside radius‘R‘:

S Ry} D= (RR;) T P
R el/(3¢p),

- (48)

The critical radius given by equation (48) depends very weakly
on the value of p. For bractica] burposes the critical radius can be

approximated with the following expression :

B : ' . T
L %0.91 for (R;/R) =0.8 and 0.1<p<0.5 (49)
R .
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In this case, the accuracy is better than one percent.

The shear strain at r—r - 0n the other hand, will be :

¥ =091 ¥, (50)

~and the shear stress calculated from the torque integr51~w1th.mjih;=d‘

~will be

g
2m(R*- RY)

X;—»‘:

(51)

The use of a "critical radius" in calculation .of flow curves
minimizes the prob]ems associated with the structural gradient across
the diameter of the specimen; Since the re]ationship'between surface
shear‘stress~and tofque derived byfFields'and Backofen is in the
following form, -

=M (3.+.m’cn). : : (52)

2T

and this suffers from the disadvantage tﬁat m and n must be known for
the shear stress to be determined accurately from the measured torque.
Furthermore, as n varies with strain and m varies with strain rate,
conversion is tedious even if the values are.known. Therefore; it is
advantageous to calculate the’ deformation:parameters at:the critical
radius rather than at the sbecimen surface; because of the insénsitivity
of<thj$ radius to the value of m#n’ and hence the structural gradient

within the sﬁecimén.




33

For the method of determining strain and stress at critical:
radius, calculation of tha so—éa]]ed notch factor is not necessary.
That is, notch effect can almost be neglected at this radius, while
hotch has thefstrongest effect at the specimen surface. Even if there
fis a strong notch effect caused by the shape of short specimens,
stress and strain at the critical radius will not be affected by it.

Calculation of stress and strain for a critical radius inside
the specimen seems to Cahéé a loss of information since the flow curve
obfaineq in this way is defined for a smaller rahge of strain than
. that one obtained from stress and étrain at the surface. However,

- this appearent 'loss of'informatibn“ is accepted in favour of an
,1mproved accuracy of resu1ts The same holds for the range ;f strain
rate for which the f]ow curve is determined

4.2 EFFECTIVE LENGTH CONCEPT

The maximum strain rate which can be obtained by using
conventional test pieces (the length of which is large compared with
the diameter) on a usual torsion testiné machine is one order of
magnitude Tower thaﬁ'tﬁose obtaingd’in metal fOrming.ﬁrocesses,

To oEtaia higher strain rates is torsion test two ways can be

foi]owed :

1. Us1ng a faster testing apparatus

2 Us1ng spec1mens with a h1gh ratio .of R/L

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

- Since the strain raté is defined as



34

R —— o I €

first method is concerned with ihcreasing % R by increasing & , while
the second one iskCOncekned with doing the samé‘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 Tength
L, square or cylindrical heads and rounded transitions between heads
and cylindrical section. The rounded zones are called "transition

zones".and are characterized by notch radius RN'

For a éiven spetihen radius R and.a notch radius Ry» 2 :
variation of strain rate is obtained by geometrical means, i.e.
by vanyiﬁg the length L of the cylindrical section, including :L=0
(Figure 9). -

7 »I 7. | ) } | 7
%\ﬁ%@% v ' ///\dlﬁ’ J//, ’
2R b - -
| HE

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 investigated than for long specimens. This necessity
"originates from the penetration of deformation into the transition

zones.,
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To detgrmine the Tength partiCibating in plastic deformation
of short specimens, "effective length (LE)“ is defined. This quantity
is applicable to specimens of any length, including :L=0, and gives
the correct value of strain when inserted into the following équation:

| Coam | (54

» L
E

The re]ationIBetween the effective lengths of specimens of

types I and II in Figure<9ﬁisbgiven by the fb]]owing‘equations :

Leg =2 Rg and  Lo,=L+¥2Rp (55)

EI EII

where Re is the contribution of a transition zone to deformation.
Equation .(55) holds under the assumption that notch effect can be
neglected. This assumbtion cannot cause an essential error if stress
and strain are calculated for the critical radius where the notch -

correction 1is ﬁégTigib]e;

Assuming the relationsﬁip,

m n (56)

[
I
~
o3 e
=S

for shear stress; the following equation is derived for the

calculation of RE“r

R [ R ](ﬁ3fP‘)/Pd

X ‘ (57)
R(x) '
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where R(x) is. the function of variation of radius along the axis of

the specimen with R(Q)=R.

Equation (57) fiolds under.the assum@tidns that the material
is homogeneous, incomprésSibTe,‘and isOtroéicg From this equation,
it follows that the efféctive“1engfﬁ;dbes not depend only on specimen

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

‘

For tubular speciméns, the RE value can be ca]culatéd from the

fo]]ow{ng relationship /42/

Ry .n3%D. .o3%. 5.
Rp =/ N[ R S ] o dx (58)
O [ RexIPPar3™

where R, is the internal radius of tubular specimen. The special case
of solid specimens iscontained in this equation, since by inserting

Ri==0, equation (57) is obtained.

4.3 YIELD CRITERIA

The shear stress-shear strain-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 Mises criterion is employed.

The values of true stress, true strain and true strain rate

according to Tresca criterion will be ¢
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and according to von Mises criterion fhey will be :
o=V3C,e=%/¥3 , &= %/73 (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-

sensitivity are not strongly affected.

Furthermore, both criferia are based 6n ihe common assumption
that stress is indebendent of strain rate. Since hot-torsion tests -
are often carried out on strainefateesensitive materials applying
either the von Misés or the Tresca criterion implies a fundamenta]l
contradiction., Until now, however; no yield criterion seems to be
known which takes into account strain:rdte=sensitivity of materials

and which still is simple enough for ﬁractica] apb]icationsQ

It should be mentioned that the 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 performed on specimens made of aluminum
1100 -and aluminum 2024 materials. In Order to reveal the effects of
teﬁper@ture and strain rate, tests were carried out at three different

', temperatures and four different rates of deformation.

Using the techniques of optical micrbscoby; both materials were
- examined meta]]ogr&phiéa]]y in both_inié&a] and deformed conditions.
This examiﬁation was mainiy directed to study the microstructure-
property re]ationshibs and to search the existence of.a critical-

radius-zone on- the microstructure of a deformed specimen.

5.1  PRELIMINARY WORK

-5, 1.1 Matéria]s

The highetemperaturé'deformatidn'cﬁaracteristi;s of two
materials, aluminum of commercial purity (A]uminum 1]00), and
aluminum alloy 2024; were studied tﬁrdugh a series of hot torsion
testg. Both materials were supplied from FENIS. The chgmﬁca] analysis
of a1uminﬁm alloy 2024 revealed the existence of the following
'éTements within the structure: 3.82 pct. Cu, 1.01 pct. -Si, 0.98 pct.
M, 0.93 pct. Zn, 0.90 pct. 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, which would be gained from the processes,

might disappear at testing temperatures.

Figure 10 - Extrusion press with 500-ton capacity.
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TABLE I - Extrusion Conditions

~| Aluminum 1100. A]umfnum 2024
Billet Temperature 400°c : 7 200°C
Container Temperature 350°%C . 350%
Ram.Speed ‘ - 5 mm/s 5 mm/s
Container Diameter - 80. mm | 80 mm
Die Diameter : 25 mm 25 mm
Extrusion Ratio 0.4 | 1024
Cooling Type | Air-cooled | Water-quenched

5.1.2 :Specimen Design

The optimum specimen shape is determined‘by a number of .7~

different requirements, some of which are in.contradiction.

On one hand, a specimén should be as short as possible,
"because in this case Very-high strain rates can be reached.
Additiona]]y; the fieat generated during deformatidn is eaéi]y

conducted off thirough the specimen heads.

On the other hand, the sﬁecimen should be as long as possible
because in this case tfie notch effect can be neglected. In addition,
the effective lengths cannot be determined accurately for extremely

“short sﬁecimens, as ﬁroved'ﬁyvexperjmental results.
J . . «

,Moreover;-the notch-radius>RNrshou1d not be too small, since -

" otherwise hotch effect will. become s0 strong as to initiate fracture

at rather low strains.

AN
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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 L

conditions :

N
ot

J¢RIL¢2  and ::1—\;” (61)

2

The main dimensions, i.e. L; R and Rys of hot-torsion fest
specimen used in this investigation was deternined in accordance wfth
these optimum specimenAgepmetry conditions. The sample waS short
enough to give surface shear strain fates higher than those
conventional torsioh—test samﬁ]es reach: But it was also long>enough
not to cause any uncértainty briginated from notch effect or from
the determination of effective lengtﬁ; This sﬁe;imen; for which
RN[R ratio and R/L ratio was chosen 7/15 (3.5 mm[7;5 mm) and 1[2

(7.5 mﬁ/ls mm); reSéective]y is shown in Figure 11.

5 o e R

—g’L‘L a3\ | L /

20 |15

Figure 11 - Hot-torsion Test-ébecimen (Dimensions are in mm.).
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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
extension rods (Figure 13) were used. These rods were made of

15 CrNiSi, a material durable to high temperatures.

4

During experiments, the furnace was huhg on the grooves of
upper extension rod and hot-torsion test specimen (Figdfe 11) was
Jjoined, in vertical position, to torsion Toad cell at the upper end
and to lower torsion/fixture at the lower end thfough the extension

"~ yods 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 preséed

by two bolts on each end through steel keys.

Thé 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 eécentricity
was controlled closely by means of a comparator. In most of the tests,
eccentricity could not be completely e]iminatéd,abutlit was always

Towered up to a level of 0.02 mm.
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Figure 12 - Torsion Test Accessory...(1) Adapter Plate;
(2) Torsion Cell Spacer; (3) Torsion Load Cell;
(4) Specimen Chucks; (5) Lower Torsion Fixture.
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Figure 13 - Extension rods and specimen joining system. (1) Upper
Extension Rod; (2) Lower Extension Rod; (3) Key;
(4) Bolt; (5) Specimen..
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5.1.4 Testing Machine Preparation

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

universal testing machine (Figure 14).

ol

Figure 14 - Instron TT-1115 Universal Testing Machine
with Torsion Test Accessory and High Temperature
Furnace.

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 by the use of a comparator;

b) Positioning the Tower 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-tarsion character.

c) Zeroing, balancing and calibrating the load weighing
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system_electronically;

Placing the pen at a desired position on chart and setting
the chart movement direction of recorder;

Inserting the free ends Q% extension rods into the chucks
and tightening;

Eliminating any pre-load, which may come during tightening,
with very small rotations of the lower torsion fixture;
Setting the mechanical restriction switch in accordance
with the maximum allowable crosshead displacement;

Setting the chart speéd in accordance with the testing speed
of specimenj

Hanging the high-temperature furnace on the upper extension

.rod and making the thErmocouble connectionsy

Setting the testing temberature, the speed of rotation,

and the full scale 1oad of cﬁart;

‘Switching the heating system on.

HOT-TORSION EXPERIMENTS

Hot torsion experiments were‘berformed on aluminum 1100

specimens at temperatuéés of 250°c; 350°C and 450°C, and on aluminum

2024 specimens at temﬁeratures of~250°C';300°C and 350°C; For both

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

5.33 rpm, 1.066 rpm, and 0.2132 rpm.

During 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
of‘500-watt.capacity»was used (Figures 14 and ]5). This furnace was

hung on the grooves of the upper extension rod.

e

While heating the specimen.t0'testing-tempgrature and holding
there for the achievement of a steady state regime,-temperature was
controlled by means of a thermocouple touching the surface of the
specimen. Just before testing began, 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 teéfing temperature of the specimen. The reasons of this change
were: |

i) the danger of fracture that specimenvthermocoupleifaced

during the deformation of test'ﬁieﬁé;
i1) the failing temperatureLcontro1 caused by the separation

of thermocouple from specimen surface,

In the evaluation of torsion test déta it was assumedlthat
isothermé} conditidns were achieved during testing: This is because
the strain rates‘appiied are not very higﬁ; and the sﬁecimen used is |
vshort enotigh to conduct off all the feat generated during deformation

through its heads..
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5.2.2 Torque-Twist Angle Data Recording -

During testing, moment is applied by the rotation of Tower
torsion fixture and measured by a torsion Toad cell of 2000 kg.cm
capacity. The signal from load cell is sent to an X-Y reéorder. While
the moment values are recorded along the Y;axis of fhe récorder, the
corresponding twist angle values are recorded along the X-axis. |
fKnowing the moment corresponding to full scale of the chakt, the
moment at any point can be directly read from these records. Fbr .
twist angle values, on thg other hand; a simple conversion is :..
necessary and this is made easily after determination of how much

- angular displacement corresponds to a unit diSp]acemeht on the chart.

For a successful recording; full scale moment Qa]ue and chart
- speed should be determined conveniently prior to testing. In this
study, full scale moment values were chosen in the Tight of previous
experiments performed before the current oné: Chart spgeds;.on the
other hand, were selected suchi that they were.néither'so high as to
cause the usé‘of too much graph paper nor so low as to’hidg any

important detail of torque-twist curve.’

5.3 METALLOGRAPHIC EXAMINATION

AN

By the use of polisﬁing and optica] microscopy techniques, a
meta]]ographlc exam1nat1on was carried out on spec1mens deformed at
h1gh temperatures and then coo]ed in-air. The initial m1crostructures

of materials were also 1nc1uded in this investigation for comparlson

purposes.
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Disc-shaped parts were sectioned froﬁ the middie of deformed
specimens. For aluminum 2024 specimens; this zone was the fracture
zone, while for aluminum 1100 specimens it was tfie zone where

deformation had reached maximum 1eve1;

In order to make handling easy and to facilitate placement on
the microscope stage, the disc-shaped samb]es were mounted in bakelite
cases under the effect of temperature and pressure: For this puréose,

a specimen mount press was used.

On a belt surfacer, the surfaces of mounted sbecimens were
grinded until they became flat. Extreme care was exercised during this
operation in order to prevent the surfaces from damaging through

overheating.

Polishing of specimens were carried out mechanically, on emery
papersvof increasing fineness; on ﬁo]isﬁing cloth, and on diamond
paste. In order to examine the‘quality of’ﬁo]isﬁed surfaces under
m1crosc0pe the samples were cleaned with detergent-added water, with

a]cohol, and f1na1]y~dr1ed 1n a stream of hot ate.:

After obtaining su;faces of desired qua]ity: an etching oberation'
was perforﬁed. Chemical etchiing, and electré]ytic etching (Figure 16)
were applied for aluminum 2024 and aluminum ]100fsbec{mens rgsbective1y.
Details related to etching,réaéenté-and‘etching methods of these two

materials are given in Table II.

The microstructures. of etched specimens were observed with a

Reichert.Metapan table microscope (Figuhe 17) and'microﬁhqtograpﬁs

[N

were taken with different magnification ratios.



Figure 16 - Electrolytic Etching Apparatus,
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TABLE II - Etchants used in micros;opi; gxamination of a]uminqm-ﬁase materials,

‘Application Procedure

- 200 m1 water

' Material Etchant Composition
2 ml HP (48 %), - Immerse for 8 to 15 sec.»
Aluminum - Keller's 3 ml HC1 (conc.), | =~ Wash in stream of warm
' water, '
2024 Reagent -5 ml HNO3 (conc.), :
< = Blow dry.
190 m1 Water ; -
(Do not remove etching
products from surface.)
Electrolytic:
- Use A1, Pb or stainless
: . steel for cathode,.
Aluminum Barker's : 4 to 5 mi HBF4‘ | specimen is anode,
1100 Reagent (48 %), - Anodize 40 to 80 sec. at

about 0.2 amp. per sq.cm.

(about 20 V dc).

(Check résults on microscope
with crossed polarizers.)

2s -



Figure 17 - Reichert Metapan Table Microscope.

53



54

VI. RESULTS

6.1 - MATERIAL FLOW CURVES

During hot torsion tests torque was recorded as a function of

chart movement, and,thqp, torque-chart movemént curves were smoothed
/ . ) - - N

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

calculations.

The torque value at any point was diréct]y read from these
,records, while a cdnversibn was needed for the detefminétion of.
corresponding twist angle va]ue:»KnOWing the speeds of rotation and
chart movement, a simple conversion was applied for determining how
much angular dfspTacement corrésponds to a unit displacement on the
chart. Hence, torque-twist angle data were obtained‘for each testiﬁg

condition (Appendix-.A).

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

‘the following relationships were used and calculations were carried

out for critical radijus::

Shear stress at critical radius :

- 2N | (62)




Shear strain at critical radius :

.3 Re (63)
4 L
E
Shear strain rate at critical radius :
A3 R |
T =2 RE (68
p 1 | (64)

E
Here,
M= Twist moment applied,
8= Twist angle,-
8 = Rate of chaqgeiéf twist angle,
R ==Specimeh radius,

LE==Efféctive length.

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 change of twfst angle values to shear strain ana
shear strain rate values at critical radius, on the other hand,
determination of éf%ective lengths was needed for each material and

for each testing temperature.
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Figure 18 - Torque vs. chart movement curve ofoa]uminum 1100
before and after smoothing, T=350"C, )

2°T00%953 rad/s. (Broken 1ines indicate smoothing
! . process).
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Effective length of a specimen, i.e. the length of the zone

participating in’defqrmation, at a certain temperature was calculated

from the following relationship,

C Ry e L(3p)p |
et IN[ : ] o | (65)
o L R(x) .

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

N
notch radius, p is a material parameter and R(x) is the function of

- variation of radius along the axis of specimen with R(0)=R.

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

1) Determination of p values :

The material parameter p is given by

p=n+m (66) .

where n is the strain hardening exponent and m is the strain rate
sensitivity_indexg Therefore, p values are found only through the
calculation of n and m parameters. Keeping this fact in view, n
values were calculated as the s]opes of Tn M versus 1In eudiagrams
at constant strain rate. m values, on the other hand, were obtained
as the slopes of In M versus In 8 diagrams at constant strain.
Because n values were found nearly one order of magnitude smaller
fhan m values at the same temberature, the following approximation

was made :

(67)

o
i
=
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To obtain a unique m at each temperature, the method of least
squares was employed for m Va]ues corresponding different constant
strains at this temperature. Finally, three strain rate sensitivity
coéfficients, corresponding fo 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

R(x) =R+y(x) for O<x< Ry (68)
Iy
7T~
// \\_
/ \
[ - \
- A(0,Ry)
RN "N /
/
/
//
X —- = i
R

Figure 19 - Determination of radius function.
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After writing the-equation of the imaginary circle as
\ : .
X+ (y - Ry)?=R¢ - (69)

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

was obtained .

R(x)==_RfaRN»=:JﬁE:§§: (70)
3) Integration :
USing the computer program given in Appendix B, the'integkal
"in equation (65) was evaluated numerically after the substitution of
equation (ZO). In this.eva]uation Riemann method was used; R and 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 III.
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TABLE III - Stra1n Rate Sensitivity Coefficients and
Effect1ve Lengths of Materials

) - Strain Rate - Effective
Material | Tempesature . Sensitivity :Length
o (FC).f- Coefficient(m) | . .’LE(mm)
250° | 0.1004 - | :.17.28°
| Aluminu o ' :
rnum 350 071530 - 17.76
1100 o -
....... 450' | o 0.2016 - 1810
_ 250 ~0.0795 17,04
Aluminum } 39 ©0.1317 17.58
2024 : n : .
................. 350 -t - 0.1854 ... 17.78

| With these LEbvalues at hand, shear strain and shear strain
rate at critical radius were calculated from equations (63) and (64),
“respectively. Then, material flow curves were plotted for constant

temperatures and constant shear strain rates.

In order to see the effects of temperature and strain rate
‘on the deformation behavior of materials separately, flow curves were

p]otted once for differeﬁt strain rates at constant temperatures,

: /
and once for different temperatures at constant strain rates.

Figure 20 shows the effects of temﬁerature on the deformation
behayior. of aluminum 1100 for four different constant shear strain
rates. Here, shear stress at critical radius is plotted as a function

.of shear strain at the same location. From 20(a) to 20(d) each
) figure be]ongs to a different constant shear strain rate and includes

~flow curves obtained for three temperature values (250°C, 350°C,
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450°¢). Shear strain rates range from 6.84x107% rad/s to 0.694 rad/s

and are given in decreasing order in Figures20(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,‘agaiﬁ, the QariationS'of shear stress and shear strain are
given for the critical radius.vTemperature values are 250°C, 300°C
and 350°C for fhis material. From Figure 21(a) to Figure 21(d), each
figure belongs to a différent bonstant shear strain rate and they

are ordered according to the decreasing shear strain rates.
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Figure 20 - Effects of temperature on the deformation

behavior of>a1Umip m. 1100 at constant shear
strain rate. (a) % =0.694 rad/s,

(b)3 X = 0.173 rad/s, (c) *=3.5x10"*rad/s
(c)5 = 6.88x107° rad/s.
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Shear Stress at Critical Radius , T*( MPa )
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Figure 21 - Effects of temﬁerature on the deformation

behavior of aluminum alloy 2024 at constant

~shear strain rate.
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Figure 22 shows the effects of strain rate on the deformation -
behavior of‘d]uminum 1100 for three different constant temperatufes.
Here, shear stress at critical radius is plotted as a function of
_sheaf.strain at the same location. From 22(a) to 22(c), each figure
belongs fq a differgnt constant temperature and includes flow curves
obtained for fourvshear straih rate values (0.694 rad/ﬁ, 0.173 rad/s,'
3.5x10 %rad/s, 6.84x10"rad/s). Temperatures range from 250°C to

450°C and are given in decreasing order in Figures 22{a) to 22(c).

In Figure 23, strain rate effécts'on the deformation behavior
.of aluminum alloy 2024 are shown fof,three different constant )
temberatures. Here again the variations of shear stress and shear
strain are given for the critiéal radius. Shear strain rate values
are the same as those chosen for a]dmihum'llOO, and témperatures
rénge from 250°C to 350°C. From Figure 23(a) to Figuré 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 strain rate on the deformation
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behayior of aluminum 1100 at constant temperature.

o 0
(a) T=.450%, (b) T = 350°C, (c) T = 250°C.
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Figure 23 - Effects of strain rate on the deformation

behavior of aluminum alloy 2024 at constant
temperature. o

(a) T=1350°, (B),T = 300%, (c) T = 250°C.
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6.2 MICROSTRUCTURES

Figure 24 shows the initial microstructure of aluminum 1100 in
as-extruded and air-cooled condition. Figure 24(a) and Figure 24(c)
were taken from the near-surface region and near-axis region,
respectively. The transition-region between these two structures of
different character is shown in Figure 24(b). All uicrophotographs

belong to a cross-section perpendicular to extrusion direction.

(a)



Figure 24 -

Initial microstructure of aluminum 1100,
extruded, air-cooled, polarized light,
magnification 50X, (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 250°C and with a critical-radius-shear-strain-rate of
6.84x10 " rad/s, and,then, air-cooled. It was taken from the maximum
deformation zone and from a cross-section perpendicular to specimen

axis.

100 e

Figure 25 - Aluminum 1100, after hi?;-torsion at 250°C with

a deformation rate of % = 6.84x10 " rad/s and
cooling in air, polarized 1ight, magnification
200 X.

The microphotographs shown in Figure 26 and 27 were taken
from specimens deformed at 450°C and then air-cooled. Deformation:
rates were 3 = 6.84x10 °rad/s and %*= 0.694 rad/s for those in
Figures 26 and 27, respectively. These photographs were taken from

the maximum deformation zones and from cross-sections perpendicular

to specimen axes.
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500 xm

(a)

)

(b



(c)

Figure 26 - Aluminum 1100, after hot-torsjon at 450°C
with a deformation rate of %™ = 6.84x10™°rad/s
and cooling in air, polarized light,
magnification 50 X. (a) Near-surface region,
(bg Transition region, (c) Near-axis region.
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(c)
Figure 27 - Aluminum 1100, after hot«tors;on at 450°C

with a deformation rate of %~ = 0.694 rad/s
and cooling in air, polarized light,

magnification 50 X. (a) Near-surface region,
(b) Transition region, (c) Near-axis region.

The initial microstructure of aluminum alloy 2024 in as-extruded
and water-quenched condition is shown in Figure 28, This micro-
photograph was taken from a cross-section ﬁerﬁendicuTar to extrusion

direction.
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Figure 28 - Initial microstructure of aluminum alloy
2024, extruded, water-quenched,
magnification 500 X.
Figures 29 and 30 show the microstructures of aluminum alloy
2024 after hot-torsion at 250°C and 350°C, respectively. These

microphotographs were taken from the fracture zone and from a

cross-section perpendicular to axes of specimens.
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(b)
Figure 29 - Alumingm alloy 2024, after hot-torsion
at 250°C and cooling in air, magnification

500 X.. ;. ;
(a) ¥" =6.84x10" rad/s, (b) § =0.694 rad/s.
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(b)

Figure 30 - A]umingm alloy 2024, after hot-torsion
at 350°C and cooling in air, magnification
500 X. Deformation rates:

(a) 3% =6.84x10" rad/s, (b)#* = 0.694 rad/s.
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VII. DISCUSSION

_ The high”temperature defonmation:Beﬁavior of aluminum has been
' studied.extensiVe1y>inxreﬁentvyehrs [7;24;26e28;55-60/.11t is now
well esfab]ished,tﬁat dynamic keéo?eky; a kind of'thermal softening
mechanism, opefafes.dUring hot-deformation of aluminum and its alloys.
: The‘cha}acteristic feature of’dynamic recovery is the formation of

' subgrains; whichi causes the materia1‘tobhave a polygonized structure.
Due to the replacement of strained'grainS'By'tﬁe new strain-free ‘

subgrains, metal can be deformed u§ to-ﬁigﬁ'strains;without crackiﬁg.

The flow curves sﬁecific to aluminum-base hateria]s exhibit
an interaction between strain‘hardening and dynamicvfecovery;originated
thermal softening processes. Factors such as temﬁerature; strain rate,
chemical composition etc. affect the occurence of these t&o opposite
processes and,iin td}n: the flow befiavior of material.

7.1 DEFORMATION BEHAVIOR
7.1.1 Effects of‘Temﬁerature | f

Both the flow stress and- the sﬁaéé of the flow curve of -

aluminum-base materials are}highly‘affectedlﬁy température’(Figures

20 and 21).

The decrease of flow stress with increasing temperature may be
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exp]gined by the increased movehent ability of dislocations. As
temperature géts higher, the movément of dis]dcations on their slip
planes becomes easier and this causes the metal to deform under the
effect. of 10werEstresses;"Additiona11y3.dislocationsTgain thé ability
of climbing and crossag1iding;:which gives them poWer to bypass the
obstacles and to @ravé] greaték distances in resﬁonse to the existing

stress field.

As éan‘be Best:seen from:Figﬁres,Z](c) and 21(d), the peak_of
flow curve tends to nove towards higher strain values with increasing
temperaturé. This is a result of inéreased rate of dislocation

annihilation, wﬁose'interference with the rate of dislocation
| generation determines the strain hardening exﬁonenti»Para11e1 to the
increase of temperature; Strain'ﬁardgniné exﬁonent decfeases and this

results in the movement of the ﬁeakvtowards high strains,

7.1.2 ‘Effects of Strain Rate

Figures 22 and 23 show the effects of strain rate on the
deformation befiaviors of aluminum 1100 and aluminum alloy 2024 at

high temperatures;"

Similar to the effect of temﬁerature rise; the decreaée of
strain rate lowers the flow stress of bo%ﬁ.materia]s. It has been
stéted /55/ that the dislocation denSity~a1most'remains constant, but
~ the size of dislocation cells increases with the decrease of strain
fate. If the dislocation density does hot change substantially one
should conclude that the decrea$e of flow stress caused by the low

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

individual dislocations.

| Low strain rates rgqure ]dnger‘time intervals for a certain

- amount of deformation,‘thekeby“increasing.tﬁe’bfobaﬁi1ity of the

| rep]aéement of dis]ocation oBstac]es.tﬁat'ﬁave Teft their places by
Fhe new'ones. As gvténsequence, tﬁe:rate 6f»diminisﬁing 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 Elements:

-There exists a perCeptiﬁle difference between the flow curves
of aluminum 1100 and aluminum alloy 2024 (Figures 20, 21, 22 and 23).
- Although rétoveky is ihe'dynamic réstoration mechanisﬁ for both metals,
its amount decreases with the amount of alloying elements, which |
Towers the stacking fault enekgy¢/61,62[; Tﬁerefore: the alloy 2024
has higher strength and'1ower ducti]ity tﬁan aluminum 1100: and it
tend§ to fracture at high strain values where aluminum 1100 approaches

to a steady-éfate deformation reéimE.

7.2 MICROSTRUCTURES

o
Aluminum has the highest stacking fault energy among all fcc

metals [26[’and; like other metals of high stacking faq]t energyg it
'lundergoeS'dynamic recovery in the deformation zone and static

recrystallization in the cooling zone.

Since. the microstructures observed in the present study were
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taken after hot torsion fo]]owed;by cooling in air, they reflect the

stéticaT]y recrystallized condition of materials

The initial microstructures of two‘materia1s 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 during

heating and holding periods prior to testing;

" 1In ngures 26 and 27, the variatibnlof microstructures from
surface to center are shown for deformed and sxatica11y recrystallized
aluminum 1100. The larger size of Qrains in near-axis region may be
due to the re]ati&e]y high temﬁerature of this zone during cooling
period. Another possible explanation of this might be the high rate
of recrystallization in high]y~deformed'nearesurface region, since
an increase in recrystallization raté_witﬁ strain is-accompanied by

a decrease in recrystallized,grain size /62/,

At relatively lower temperatures, recrystaliization 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 recrystal]ization; This is mainly
due to the drag effect of imﬁurity atoms on moving grain boundaries.
An increase in solute concentration can 3150 affect recrystallization
indirectly through its influence on.the breceding recovery process.

No bercebtib]e recrystallization exists in the microbhotographs-of

deformed aluminum alloy 2024 (Figures 29 and 30).

In Figure 31; two microﬁﬁotograbhs taken from the surface of

deformed aluminum 1100 specimens are shown. 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 31(a), a transition zone
between fine- and coarse-grained regions is apparent in Figure 31(b)
and this zone matches with the 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 the level of electron microscopy.

Critical Radius
Zone

Surface

(a)



Critical Radius —200 4m Surface
Zone

(b)
Figure 31 - Aluminum 1100, after hot-torsion at 450°C

followed by cooling in air, polarized light,
magnification 50 X. Deformation rates:

» * o
(a)% =0.694 rad/s, (b)% = 6.84x10" 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 1S
(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.



Strain Rate Sensitivity Index ,'m

| | | | | |
0.15 [~ |
0.10 |-
-
0005 = ——}
[ : Aluminum 1100
@ ¢ Aluminum 2024
A : Alloy 1S /20/
0 | | L 1 | 1
0 100 200 300 400 500 600

Temperature (°C )

Figure 32 - Var1atlon of Strain Rate Sens:tlvlty Index
with Temperature
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7.4 LENGTH CHANGE

During hot-torsion axial sfresses 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 /15/. The origin of fha axial stresses is still uncertain,.
although it has beenAattributed to anisotropy and texture development

in the specimens /5,17,63/.

In the present study, specimens of aluminum 1100 exhibited
outstanding length changes (Figure 33). The lengths of those made
of 1éss ducti]e 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 levels for Tow strain rate and high
temperature condition. This may probably result from the ease . of
texture developments at high temperatures and from the increased
time interval for a certain amant‘of deformation, which allows for

texture developments.



AL/ L (%)

Fractional Length Change ,

30
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A : ¥"=0.694 rad/s
© : ¥ 0.173 rad/s
B : &= 3.5 x10"2 raa/s ._
V¥ : %= 6.84 x 1073 rad/s
|
] | i | 1
100 200 300 400 500

Temperature (°C )

Figure 33 -~ Effects of Tempefature and Strain Rate

on the Length Changes of Aluminum 1100

Specimens During Hot-Torsion Testing.
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VIII. CONCLUSION

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

of‘f]ow stress and the shape of flow curve are high]y'
dependent on temperature and strain rate during hot-

deformation.

As a result of the interaction between strain hardening
and thermal‘§dftening'mechénisms; floW’cﬁrves of both
materials pass'thr0ugh a peak value, after which aluminum
alloy 2024 tends to fracture while aluminum 11b0 approaches

to a steady-state deformation,

During a hot-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.

;The length of a]uminum 1100 sﬁpcimeﬁs increase during

free-end hot-torsion testing; The length change is maximum |

for the "high temberature and Tow strain rate" condition.



APPENDIX A

TABLE 1V ¥‘Torque7twist angle data of aluminum 1100
| for 6=2.233 rad/s. =
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» Temperatupe:.ZSOQC

Temperatune;uSSOQC

- Temperature: 450°¢

1. (Nm) |6 (Radian)|  (im). .o (Radian)| M (tm).| o (Radian)
128.00 | 0 0.40 | 12,00 | 0.28 " 7.00 0.40 -
31.00 | . 0.43 13.90 0.38 7.60 0.70
32.00 |  0.60 13.50 |  0.60 7.80 1.16
32.20 | 0.90 14,00 | 0.9 8.00 2.29
32.00 1.93. 14.50 1.53 7.90 3.03

S 31.50 | 4.30 | 14.90 | 2.21 ©7.80 3.50
3100 | 5.80 | 14.85 | 2.70 | 7.70 | 4.09
30.50 | . 7.90 | 14.75 |  3.42 7.60 4.92
36.00 | :-9.56 | 14.50 | 4.30 ©7.50 | - 5.85
26.50 | :11.68 | 14.30 | 5.13 7.40 6.59
29.00 | :13.19 | 14.00 | 6.78 7.30 g8.35
28.00 | . 15.65 3.75 | ~8.90 7.20 | 10.16
27.00 | .18.20 | 12.50 | ‘10.70 7.10 | 12.09
26,00 | : 20.43 | 13.40 | 11.40 - 7.00 13.74
25.00 | 22.91 3.20 | 13.50 6.90 | 15.53
24.00 | = 25.10 13.00 | .15.75 6.80 17.20
23.00 | 27.38 | 12.78 | 18.75 | 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




TABLE V - Torqué-tWist angle data of aluminum 1100
for 6 = 0.558 rad/s.

vfemperatyre:.ZSOQC

';Temperatpré:’3509c

Temperature: 450°C

.8 (Radian)

M(Nm) |. @(Radian)| ~M(Nm) - M(Nm) . { 6 (Radian)
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 | 1.7 | 11.90 | " 0.62 5.90 0.62
28.80 1.65 | 12.00 | . 0.76 6.00 | 0.87
29.00 2.16 1215 | 1.21 | 6.03 0.92
29.00 2.66 | 12.00| 1.8 | 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
28.00 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 —'Tprqne-twist angle data of aluminum 1100
for f:=0.112 rad/s.

Temperature: 250°C

Temperature: 350°¢C

ATemperature:.450°C

M(Nm) | 6 (Radian)] M(Nm) |6 (Radian)] M(Nm)| 6 (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 1.53
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
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 b = 0.022 rad/s. ‘

‘Temperature: 250°¢C Temperature: 350°C | Temperature: .450°C
‘M(Nm) | ©(Radian)|. M(Nm) | 6 (Radian)|. .M(nm)| 6.(Radian)
20,00 | 078 |.7.00 | ©0.78 | 3.00 0.57
121,00 | © 0.86 7.10 0.83 3.10 0.68
21.50 | © 1,10 | 17.30 0.94 3.20 0.98
121.85 | . 1.31 17.40 1.07 3.30 1.36
'21.50 | 3.05 7.50 1.27 3.40 1.65
21,00 | 0 5.1 | 7.50 2,21 | 3.43 2.00
- 20.50 | © 6.76 7.40 3.53 3.43 3.6
20,00 | 818 |.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 7.40 3.20 7.75
18.50 | 13.20 7.00 8.58 | 3.10 9.00
©18.00 | 14.94 | 6.90 9.93 3.00 10.05
17.50 | 16.44 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
13.75.| 32.50 6.00. 21.10 1.80 | .25.50
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TABLE VIII ~ Torque ~twist angle- data of a]um1num a]]oy
2024 for &

=2 233 rad/s, A

- Température: 250°C |

aTémpératuré:.3OOQC.f

:Temperature: .350°C

M(NR)

8" (Radian) |

MONR) |-

M(Nin)

'8 (Radian) |- .6 (Radian)
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| 0.72
62.50 1.08 | 39.50) - 0.66 | .26.00 1.07
63.00 1.23 | 40.00| 0.9 26.50 | . 1.34
63.50 1.46 | 40.20|° 1.18 | 27.00] 1.73
64.00 1.80 | 40/40| % 1.48 27.50 2.03
64.25|  2.50 |-40.50|  1.80 | 28.00|  2.61
64.00] 3.35 | 40.80|: 2.50 | 28.25| 2.90
63.50 4.00 | 40.20]: 3.15 28.25|  4.60
63.00 4.48 | 40.00 [ 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




TABLE IX - Torque-twist angle data of aluminum alloy
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2024 for  § = 0.558 rad/s.

Temperature: 250°C Temperature: 300°C Temperature: 350°¢C
M(Nm) | 6 (Radian)| M(Nm) | 6 (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 1.45 | 33.00 | 0.97 22.00 1.14
55.50 1.84 34.00 1.40 '22.50]  1.45
56.00 2.35 | 34.50 |  1.75 123.00 2.03
56.50 3.20 | 35.00 | 2.41. | 23.50 2.76
56.25 4.08 35.25 | 3.33 | :23.50 3.65
56..00 4.49 | :35.00 | * 4.30 123.00 4.9]
55.00 5.66 | 34.50 | 5.58 . | 22.75 5.30
54.50 6.13 | :34.00 | 6.30 12200 6.37
54.00 6.54 | 33.50 | 7.06 21.50 6.90
53.50 6.98 '33.00 | 7.79 121.00 7.55
53.00 7.38 132.50 8.42 20.00 8.60
52.50 7.73 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 | 11.19 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 & =0.112 rad/s.

Temperature:,ZBOQC .Tempefature:.3009c . Tempeﬁature:.350°c
~ M(Nm) 0 (Radian) M(Nm) 8 (Radian) vM(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 3.76 127.50 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 7.9 23.00 11172 14.50 | 10.15
146.50 8.5 22.50 12.18 14.00 10.56




TABLE XI - Torque-twist angle data of aluminum alloy
2024 for - = 0.022 rad/s.
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Temperature: 250°¢C

Temperature:. 300°C

Temperature: 350°C

M(Nm)

® (Radian)| M(Nm) | o (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
143,00 4.65 121.00 3.10 11.00 1.88
42.50 5.09 1 22.00 4.40 11.50 2.16
42.00 5.60 122.60 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 1 5.90
38.50 8.57 | 19.50 11.55 14.30 7.60
38.00 8.94 19.00 | 12.27 14.00 9.02
37.50 9.35 | 18.50 | 12.91 13.50 9.85
37.00 9.75 18.00 | 13.40 | 13.00 [ 10.42
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APPENDIX B

PROGRAM INTEG(INPUT,OUTPUT)
PRINT*,* ENTER DELX®

READ*,DELX
PRINT*,DELX

PRINT*,*' ENTER R'

READ*,R
PRINT*,R

PRINT*,* ENTER RN'®

READ¥* ,RN
PRINT 2, RN

PRINT*,' ENTER P!

READ* ,P
PRINT*,P

IF (P.EQ.Q0.)STOP
INTEGRATION

SUM=0,
X=Ox

X X+DELX

SUM= SUHf(RI(R*RN*SQRT(AES(RN*RN“X*X))))**((3?P)IP)*DELX

IF (XJLTLRNIGO TO 2

PRINT#*,* THE INTEGRAL -

G0TO 1
- STOP
END

PROGRAM=UNIT LENGTH
CH STORAGE USED

COMPILE TIME

ENTER DELX -
001
ENTER R
7 a5
ENTER RN
345
ENTER P
1004 |
THE INTEGRAL
ENTER P

. « 153

"THE INTEGRAL
ENTER P
. 2016
THE INTEGRAL
ENTER P
.0795
THE INTEGRAL
ENTER P

‘1317

" THE INTEGRAL
ENTER P

- 1554 .
THE INTEGRAL

1.136498413875
1.377312615562
1.552731508765
1.018435283201
1.287612707262

1.386866888712

',SUAM

632008 =
0.283 SECOHDS
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