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Summary: Experimental discussions were given in some detail on the characteristics of
the hot torsion test, and an adequate way to evaluate hot workability of aluminum
alloys under hot working conditions was discussed. The most impertant point is that
heat generated by the work of deformation causes temperature rise, nonuniform temper-
ature distributions and hence nonuniform distributions in shear strain in the specimen.
Taking the effects of temperature rise into consideration, the solid cylindrical specimen
test is preferred to the tubular specimen and differential test, and shorter guage length is
desirable. Temperature change in the specimen was measured during torsional deforma-
tion, and a reasonable agreement was obtained between the measured values and the
calculated ones which were obtained by solving the differential equations of nonsteady
heat transfer with proper boundary conditions.

1. INTRODUCTION

Accompanying with recent rapid growth of aluminum production, large scaled
processing equipments for rolling or extrusion, which are operated at high speed,
have become of wide use. In order to operate such equipments efficiently,
the hot workability of the material to be processed must be evaluated at the same
working temperature and strain rate by means of some laboratory tests.

Hot workability, here, is defined to be the combination of deformation resistance
and ductility of the material, with more emphasis on the latter. Hot workability
itself is not expressed quantitatively, and discussion will be carried out separately
for flow stress and ductility. Hot workability is not solely a property of the
material concerned, but differs from one hot working process to the other. There-
fore, it should be evaluated by the test simulating a particular hot working process
property. However, the hot workability test is usually done by deforming the
material under the conditions where the analysis of the stress-strain relation is easily
carried out. The results of such tests cannot therefore be applied directly to each
actual hot working process. Even those simpler deformation encountered in the
hot workability test, the test results obtained are affected by the various testing
conditions. Therefore, it should be noted that all the results of the hot workability

test show the quantity depending both on the material and on the various testing
conditions.
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2 R. Horiuchi, J. Kaneko, A. B. Elsebai, M. M. Sultan

In this paper, a detailed discussion is presented on the characteristics of the hot
torsion testing method in order to study the effect of testing conditions on the test
results and furthermore to determine the optimum testing conditions. This kind
of study is important as the first step before investigating hot workability of various
aluminum alloys by means of the hot torsion test.

Recently, the hot torsion test is of frequent use for assessing hot workability of
metals, particularly for steels. The advantages and disadvantages of the hot torsion
test in comparison with the other testing methods have been discussed elsewhere
[1, 2, 3]. The most important advantage of the hot torsion test is its capability to
carry out the deformation in such a way that it can simulate the industrial hot
working processes better than any other laboratory testing methods such as the hot
tension or compression test. However, since deformation is done at high strain
rate up to very high strain in the hot torsion test, the work done for deformation
will cause considerable rise in temperature of the specimen during deformation.
Since heat is conducted away to the grip section of the specimen, temperature
distribution with a maximum at the middle will therefore result. Tsubouchi and
Kudo [4] measured temperature change during torsional deformation of the tubular
specimens of mild steel deformed at room temperature. They also obtained an
equation to estimate the amount of temperature rise by solving a differential equa-
tion of heat conduction. In this work, temperature rise was measured for the solid
cylindrical specimens of aluminum alloys twisted at 400°C and an equation was
derived to estimate the amount of temperature rise. A reasonable agreement was
obtained between the measured and calculated values. Furthermore, a detailed
discussion is given for the effect of temperature rise on the results of the hot torsion
test. It is also shown that distribution of temperature rise is varied with the testing
conditions and the shape and dimensions of the specimens used. Therefore, the
uniformity of torsional strain is significantly affected by those, and hence the values
of strain to fracture.

It is therefore important to study how strain to fracture changes with the testing
conditions and the shape and dimensions of the specimen. Without this study,
study of ductility by means of the hot torsion test is rather meaningless, but this
kind of problems seem to remain to be clarified. In this work, the effects of the
testing conditions and the shape and dimensions of the specimen on the values of
fracture strain in the hot torsion test of aluminum alloys have been discussed.
And, it is shown to be closely related to the temperature rise during deformation.
Further, the optimum testing conditions and specimen dimensions have been de-
termined for the hot torsion test of aluminum alloys.

2. EXPERIMENTAL PROCEDURE

A torsion testing machine was designed and constructed. This machine can sub-
ject the specimen to torsional deformation at a constant twisting rate in the range of
10 to 2,500 rpm. The specimen is held at high temperature in the electrical resist-
ance furnace attached to the testing machine, and testing is carried out in the air.

)
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The Characteristics of the Hot Torsion Test 3

During deformation, one end of the specimen is kept free to the axial strain which
is measured throughout torsional deformation. In some cases, the axial tensile load
is applied to this free end to carry out torsional deformation under the combined

stress. A sketch of the torsion testing machine used in this work is shown in
Fig. 1.

Fi1c. 1. The torsion testing machine
1: motor, 2: clutch, 3: perforated round plate, 4: photo cell,
5: electrical resistance furnace, 6: load cell, 7: strain guage

TABLE 1. Chemical composition of the alloys used

Alloy Fe Si Cu Mg Mn Cr
3003 ( 3S) 0.51 0.11 0.03 — 1.2 —
5052 (52S) 0.21 0.10 0.04 2.1 — 0.25
5056 (56S) 0.16 0.08 0.01 4.6 0.06 0.08
2017 (17S) 0.24 0.30 3.9 0.58 0.49 —

The values of torque, angle of twist and axial

strain are recorded by the oscillograph, and the (3507

values of torque and angle of twist are converted —— R .

to shear stress and shear strain respectively. I I b~ o IO R T
. .. . . T - [ ¢

Torsional deformation is carried out in the ranges Lo ”L bl |

of temperature 300 to 500°C and of strain rate L—==—

at the surface of the specimen 1 to 100 sec!. FiG. 2. Sketch of the specimen

The specimen used are machined out of the ex-

truded rods of aluminum alloys, 3003, 5052, 2017 and 5056. Chemical composi-
tions of the alloys used are listed in Table 1. A sketch of the specimen is shown
in Fig. 2. :

Temperature change was measured during torsional deformation at the middle
of the deformed section of the specimen either at the center or at the outernal sur-
face for some specimens particularly designed and machined for this purpose. For
measuring temperature at the middle-center of the specimen, a thin hole of 2 mm
diameter was drilled through along the center axis from one end to the middle
where a chromel-alumel thermocouple was inserted. For the middle-surface, the
hot junction of 0.1 mm thermocouple wire was inserted at the depth of 1.5 mm
from the surface. Recording of temperature was done by the 10 mV full scale
recorder of which the response time for the full scale was 1 sec.
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3. TORSIONAL DEFORMATION OF THE CYLINDRICAL SPECIMENS

In torsional deformation, the values of torque and angle of twist are usually
measured, and it is necessary to convert these values into shear stress and shear
strain respectively. For conversion of torque into shear stress at the surface of
the solid cylindrical specimens, one of the following three equations may be

applied:

where, 7,:

3M

= 1

¢ 2ra’ (1)

o= M <3 olnM ) (2)
2ra® alng

o M (3 olnM n alnM ) (3)
2ra’ alng olng

shear stress at the surface

M: torque of torsional deformation
a: radius of the specimen
6: angle of twist, and ¢ is angular velocity of twist.

Equation (1) is applicable to ideally plastic materials, and Equation (2) is valid
for materials of which the stress-strain relation is generally expressed as z={£(y)
and called Nadai’s equation. Equation (3), on the other hand, is used for materials
of which flow stress is a function of both strain and strain rate [5]. Since metals
show strain rate dependency of flow stress at high temperature, Equation (3) is
considered to be most suitable for the hot torsion test among above three equations.

However, the decrease in flow stress at higher strain usually occurs in the hot
torsion test, because of temperature rise in the specimen. When the isothermal
stress-strain relation is of direct interest, the obtained values of torque need to be
corrected with respect to temperature rise. In such a case, the following equation
may be used,

1 oM olnM olnM
r 1 M——(—_)AT](3 : ) (4)
: 2na3[ aT Ym0 T oG

¢

where, 7 is corrected shear stress with respect to temperature rise, AT. The
observed values of temperature rise in the specimen during the hot torsion test of
aluminum alloys are presented below along with the method of its numerical
estimation.

Fig. 3 shows shear stress-shear strain curves obtained by using Equation (4)
for the specimens of the alloy 5052 tested at 400°C at different strain rates, and
for comparison, curves obtained by using Equation (3) are also shown in the dotted
lines for the same testing conditions. It is seen that deviation of the uncorrected
curves increases as increasing strain, and that the corrected curves remain to show
the strain rate dependency even at higher strain. Therefore, in comparing the flow
stress values of different strain rates and testing temperatures from the uncorrected

0
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Fi6. 3. Conversion of record torque-twist curves (a) into shear stress-shear strain
curves (b) for different strain rate. The isothermal curves are compared with
uncorrected ones.

shear stress values, shear stress at lower strain must be taken where deviation due
to temperature rise is negligibly small.
The term for the strain rate

correction can be evaluated from 6 L1
g . T [ 525, 400°C
the logarithmic plot of M vs. 4, OR ]
such as shown in Fig. 4, where § 3 z
is proportional to M™ with n=14. § ] o
Therefore, this term is about & }—= ;
2.49% of the value of shear stress. VR 5 10 20 50 100 200

ANGULAR VELOCITY OF TWIST (rad/sec)

F1G. 4. Logarithmic plot of torque ‘against angular
velocity of twist, 52 at 400°C.

In case of very slow strain rate
such as in creep, n=3~5 and
this term may become nearly 10%
of the values of z,. It can be safely said that for the hot torsion test of aluminum
alloys in this work, the second and third term in Equation (3) contribute less than
3 percent of r, values whereas the correction by temperature rise increases as in-
creasing strain up to 20 percent.

Experimentally, three different methods of the torsion test are available. They
are; (1) thin walled tubular specimen test, (2) differential test and (3) solid specimen
test. In torsional deformation of the thin walled tubular specimens, uniform defor-
mation is assumed and the average shear stress over the cross section is obtained
from the measured torque by using the following relation,

3M

=y ()
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6 R. Horiuchi, J. Kaneko, A. B. Elsebai, M. M. Sultan

where a, is the inner radius and g, is the outer radius. For the tubular specimens,
buckling occurs at the early stage of torsional deformation, and changes in the
specimen dimensions result. Therefore, Equation (5) can be applied only before
buckling starts. For the hot torsion test where deformation is carried out up to high
strains, flow stress at higher strain as well as fracture strain of the material can not
be evaluated by testing of the thin walled tube specimens.

The differential test, termed by Field and Backofen [5], can provide the average
shear stress in a tubular section of the specimen by calculation from the torque
difference between two solid specimens of slightly different diameters, a, and a,, by
using the following equation,

3 M,—M,
2r ai—-a

(6)

T=

The solid specimen test can provide shear stress only at the surface of the specimen
as previously mensioned and the values of shear stress obtained are reported to be
more self-consistent than by the differential method [6].

One example of comparison of these

5 three methods is shown in Fig. 5 for 5052
525 . o .
A 7=10seci Test Temp. 450°C alloy specimens tested at 450°C at strain
£ 4 << —] rate 10sec™!. This shows that the max-
< V™~ |__ Solid 10mm$ . o
=2 N\ T~~1 T imum shear stresses are all within the
q A\ nifr I ———— — .
a9 \ Diff. experimental error, whereas flow stress
] \ 12mm¢ . . . .
&= ) \ 8~ values at higher strain are quite different
2 \ T“lbzem md0.D each other. Flow stress decreases rapid-
5 ! \< 8 ~1D. ly. in the tubular specimen test due to
5 . . .
" \ buckling of the specimen. For the dif-
ok - \ o - % ferential method, flow stress values are
SHEAR STRAIN lower than by the solid specimen test at

FiG. 5. The shear stress-strain curves obtain- higher strain and this is explained by the
ed by the thin-walled tubular specimen  ofoct of temperature rise. For the
test, the differential test and the solid . f slieht] ler di t
specimen test. specimen of slightly smaller diameter,

there is no heat flow coming in from
outside during deformatian, whereas to the equivalent portion of the specimen of
the larger diameter heat flow comes in from the outernal layer. In the differential
test, not only reproducibility of shear stress values has been reported to be poor,

[6], but also determination of fracture strain is somewhat uncertain. The solid

specimen test is simple and easy to carry out. Therefore, it is concluded that the

solid specimen test is most suitable for evaluating hot workability of aluminum
alloys.

4. TEMPERATURE RISE DURING TORSIONAL DEFORMATION

It is important to discuss the effect of temperature rise in the specimen during
deformation on the test results, since deformation is carried out at high strain rate

0
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up to very high stain, that is, considerable amount of work which causes heat

generation is done to the specimen. Thus, the temperature change of the specimen
was measured during torsional deformation.

=o i g
< 4
w40 = \
Em ‘4 \ Ld’ )
pi=p ;¢ o 80 = e
& —— Measured N m =) S| L =40m
Eb—l / —=~=Calculated N g S S 400C
= 0 fﬂ 60 é <| lsect -
o ! \\ 28 T O SURFACE__™ -
L=40mm ~uinsin ke
a .}'/zlsec—l_J g 40 4/7’/-\__——' \
© 3 —~——1400C | & 7
«'E \ > / CENTER
o~ 2 20
< w %) N N
51 = e
S C
[ =
0 6 12 18 24 30 0 6 12 18 24 30 36
SHEAR STRAIN SHEAR STRAIN
F1G. 6: The measured temperature Fi. 7: The measured temperature change

change during torsional de-
formation and the correspond-
ing shear stress-strain curve.

Eig. 6 shows an example of the meas-
ured temperature changes at the middle-
center of the specimen during torsional
deformation. Here, the corresponding
shear stress-shear strain curve is also
shown, and it is seen that temperature
continues to rise until fracture occurs.
The maximum temperature corresponds
to the temperature when fracture occurs.
In Fig. 7, temperature rise at the middle-
surface is compared with that at the
middle-center of the specimen. Insertion
of a thermocouple at the surface caused
the notching effect, and fracture occurred
at lower strain whereas very little change
was caused by insertion of a thermocouple
at the middle-center through the thin hole
drilled along the center axis of the speci-
men where very little torsional deforma-
tion is done. Therefore, the comparison
could not be done for the same range of
strain. However, heat flux to the center
decreases the difference in temperature

during torsional deformation at the
middle-center and the middle surface of
the specimen.

f
5052 400°C
140
|
¥Y=10sec!
120 /!
100 7

@ -
Y=3sec

80 / / [e)
60 /
v jj /O [ ]
40

/ ¥ =1sec
20—d—9 <9

10 20 30 40 50
GAUGE LENGTH (mm)

4Tax(°C)

Fic. 8. The maximum temperature rise
plotted against the specimen guage
length for different strain rate, curves
represent the calculated values.
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8 R. Horiuchi, J. Kaneko, A. B. Elsebai, M. M. Sultan

rise between center and surface of the specimen as increasing strain as shown in
the extended dotted line.

In Fig. 8, each point represents the observed maximum temperature rise at the
middle-center of the specimen of the different gauge length tested at different strain
rates. The curves in this figure represent the calculated values, which reasonably
agree with the corresponding observed ones. Calculation is done by using the
following equation, of which derivaration is presented in Appendix,

AT:ﬂ i_,éf}_ s (=1)" cos @n+ D
K 2 ™ T 2n+1)? 4

exp [—r(2n+ 1)%%/1612]} (7)

where 4 : average heat generation by deformation (cal cm~* sec™!)
l: half of guage length (cm)
K: heat conductivity of the specimen (cal/cm sec °C)
«: heat diffusivity of the specimen (cm? sec™!)
t: time from the start of deformation (sec).
The dotted line in Fig. 6 also represents the calculated values by Equation (7). The
calculated values are slightly higher than observed ones at higher strain because of
decrease in flow stress as increasing strain, although a reasonable agreement is
obtained as a whole. By using Equation (7), 4T/A is plotted against ¢ for the
specimens of different guage length in Fig. 9. When the average flow stress and
strain rate are known, the value A4 is determined and temperature rise can be esti-
mated from this figure. It is shown that for shorter specimens temperature rise

o0

7
/G.L.=40mm
6 (a) (b)
ll=5me at t—”~'3sec
—_ 1.0 } 5
Q =
3 5 / R ——] .\’ 5sec
E $ 08 R 4 —
o 0 ~——_{=20mm
o4 2 ] t=lsec
__g / 20mm| | ] 5 N \\ \ 3 -\'\
ini AY N |
3 Pzl 3 \ I !=10mm \
N O ) .
™~
= / Z 04 2 <
= t =0.2sec l
= a I — /=5mm
0.2 1
1 IOEm ]
{=2.5mm
1
6 Ao R VZYRS Vo TRy Vi SR S VZ VRSV TR VIV
0 2 4 6 & 10 12 DISTANCE FROM THE MIDDLE
TIME OF DEFORMATION (sec) (1=HALF GAGE LENGTH)

Fic. 9. The calculated value of Fic. 10. The distribution of temperature
temperature rise at the middle rise, (a) for different time of diforma-
of the specimen time of de- tion and (b) for different guage length.
formation for different guage

length.
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The Characteristics of the Hot Torsion Test 9

reaches a plateau in shorter time.

Distribution of temperature rise along the longitudinal axis of the specimen can
be expressed by Equation (J) given in Appendix. Calculated values for different
amount of strain and for different guage length are plotted in Fig. 10. It is seen
from these curves that nonuniformity in temperature in the specimen during tor-
sional deformation increases as increasing either strain or guage length.

Temperature rise during deformation, which has been discussed above, causes
changes in flow stress. Now, a method of estimation of temperature rise has been
presented, decrease in flow stress can also be estimated and flow stress values at a
constant temperature are obtainable by using Equation (4).

5. STRAIN DISTRIBUTION

Nonuniform distribution of temperature rise in the axial direction of the specimen
during torsional deformation causes nonuniform flow stress, and hence, nonuniform
distribution of strain in this direction. Strain distribution was measured in the
following way. A straight line marking was initially drawn parallel to the speci-
men axis. This specimen was taken out of the testing machine after a certain num-

35, Test Temp. 450°C, ¥ =1sec

10
8 WLZSmm }/ o
W’*o.?_o_ow,o'o
8 L=10mrp 528 7=10sec
—&%_;?oﬁ’_g‘rwﬁ( T=450"C
6 ; oR =0
4 80
& 6
é 40— ?Z—a
2 e L tn RS B W, W
N [ L=15mm 0 2 4 6 & 10
e 3 =
é T 60 R=1mm
= > 40
; 20
8 Sl [
6 L=20mm D‘W%&% 0 2 4 6 8 10
4 60 R=3mm +
40 ;
/\2 = e Gk O OO0\
8 L=40mm 20_ = )
0 2 4 6 8 96
] 60F——R =5mm !
ke ~4 {
.—-o—-o'—o—o-—o—q
0 L/4 L/2° 3L/4 L 2r \
GAUGE- LENGTH 0 p 4 6 8 102
Fic. 11. The distribution of shear Fic. 12. The strain distribution of the
strain at the surface along the surface of specimens of various fillet
axial direction for different radii of the alloy 5052.

specimen guage length.
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10 R. Horiuchi, J. Kaneko, A. B. Elsebai, M. M. Sultan

ber of twists before fracture occurs. Local strain on the surface was determined
in the longitudinal direction by examining the marking which was deformed to be
a helical line after torsional deformation.

In Fig. 11, strain distribution is shown for 3003 alloy specimens deformed at
450°C at strain rate 1sec™! for the specimens of different guage length. Strain
tends to concentrate near the middle of the guage section for the specimens longer
than 15 mm, whereas strain concentration occurs at both ends of the gage part for
the specimen 5 mm long. The stress concentration factor at the fillet for the speci-
men shown in Fig. 2 with r=0.5 mm is 1.8 [7]. It is now evident that strain con-
centration near the middle is caused by temperature rise during torsional defor-
mation, and that at both ends due to the change in cross sectional area at the fillet
when temperature rise is not significant as shown in Fig. 9. Since stress con-
centration factor decreases with increasing fillet radius r, strain concentration at the
fillet decreases with increasing r as shown in Fig. 12 for the 52§ alloy specimens
with L=10 mm. However, length of the deformed part of the specimen exceeds
the geometrical gage length as increasing fillet radius, and the effective gage length

52S ¥=1sec! Test Temp. 450°C

— 40 N
60 (a) G.L. 5mm (b) G.L. 10mm
30
40 & mwmmfbi_
~ __\ _c__,oﬁ.\:_/ 20 .
EZO}
< 12
e 12} i
([;;lc \ D”c\ / 10 5
SR N 70 i i [ R R O 7Y
4
3 | 6
=4 4
N »
[ ‘_:_j____ N 4 BT D00 prono]
05— T4 5 0 2 4 5 & 10
(mm)
(c) G.L. 20mm 10 (d) G.L. 40mm
:DO'O'()"O'O'O'OO
30—y —— 2> M{oomt\‘
oo d \ s I
20 [s) ?/ _v
-
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z
10 MY
il it --——“-—\;‘ 12
" g 4 e B ek
= Qbf 8_/
3 6 v
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M inininios i o [N O NP2 "8 51 o
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Fig. 13. Shear strain clistribution at various stages of deformation.
(@ L=5mm (b) L=10mm (¢) L=20mm (d) L=40mm
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The Characteristics of the Hot Torsion Test 11

becomes difficult to be specified depending on the testing conditions. Therefore,
smaller r is desirable for the consistency of effective gage length, and larger r is
preferred for more uniform strain distribution. Thus, some compromise is neces-
sary to determine fillet radius, and r=0.5 mm was taken in this work. The non-
uniformity in strain distribution was observed to increase as deformation proceeds,
and finally fracture occurs at the point of maximum strain. The change in strain
distribution at different stages of torsional deformation is shown in Fig. 13 for the
specimens of different gage length, 5, 10, 20 and 40 mm.
In Fig. 14, shear stress-shear

strain curves are shown for 5052 52S, 7=lsec; Test Temp. 450°C
alloy specimens of different guage N\ES&& <

length twisted at 450.°C. It is seen 2 RS :\\\N.___.____

that the longer specimen has lower e
value of flow stress in the high strain é —e—G.L. 5mm D y
region. From the foregoing results, & 2 -—t-=G.L.10mm

it is clear that the more uniform % —o— G.L.20mm

strain distribution can be attained if % —-a-= G.L.40mm

the specimen has shorter guage 15 5 10 i 20

length and larger fillet radius. How- SHEAR STRAIN 7

ever, larger fillet radius with shorter Fic. 14. The sthear stress-strain curves for dif-
) ferent specimen guage legth.

guage length makes the effective

length of the guage section, where torsional deformation takes place, uncertain, as

stated above.  From the experimental results above, the most suitable specimen

dimensions, from the standpoint of uniform strain distribution in the longitudinal

direction, are 10 mm in diameter and guage length for r=0.5 mm, for the present

study of hot workability of aluminum alloys.

6. AXIAL STRAIN DURING TORSIONAL DEFORMATION

It has been known for long that the change in length in the longitudinal direc-
tion of the specimen occurs during torsional deformation of metals [8]. Hill [9]
has explained that this axial strain is caused by plastic anisotropy. However, it has
the marked temperature dependency, and the whole mechanism seems to have not
been made clear. It has been reported that elongation occurs at lower temperature
and the axial elongation decreases with rising testing temperature and it starts to
shrink as torsional deformation proceeds at above a certain temperature. Axial
shrinkage has been reported to be related to recrystallization occurring during
deformation for steels [/0]. Lead is reported to show axial shrinkage even at room

temperature.
The amount of axial strain at the fracture point is shown in Fig. 15 for 5056

alloy specimens at different testing temperature and strain rates. It is seen that
the transition from elongation to shrinkage occurs at higher temperature as increas-
ing strain rate. Temperature dependency of the amount of axial strain is more
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12 R. Horiuchi, J. Kaneko, A. B. Elsebai, M. M. Sultan
. pronounced for lower strain rate, prob-
6 565 ably because fracture strain has higher
| T\ temperature dependency for lower strain
4 e rate. For this alloy in this temperature
WOU range, the amount of axial elongation
: § 2 N after one twisting revolution is found to
& 74\\) be larger for higher str'ain rate. Fig. 1§
‘ 0 \W shows the results obtained for the speci-
yzll\\? mens machined from the extruded bars,
—2 X but the values obtained from the direct-
300 400 500 chill cast ingots of the same alloy showed
T (°C) the almost identical results.
Fic. 15. Axial strain due to torsional de-
forx'nation gt the fracture point _plotted 7. STRAIN TO FRACTURE
against testing temperature for different
strain rate. Fracture strain is generally considered

to represent ductility of the material tested.
Although both flow stress and ductility are considered here to determine hot
workability, ductility is much more important factor of hot workability particularly
for the relatively poorly ductile aluminum alloys such as duralmin and Al-Mg alloys.
However, evaluation of fracture strain is not so simple because it varies sensitively
with the specimen shape and dimensions as show in Figs. 16 and 17. In Fig. 16,

variation of fracture strain for the specimens of 10 mm diameter with different
guage length are shown for 5056 and 2017 alloys. Fracture strain decreases with
. 120
9 | 52S, L=10mm
\ 450°C ) 10secy! 450°C
30 12.5sec! 100 ?\
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Fic. 16. Fracture strain plotted against Fi1G. 17. Fracture strain plotted against
specimen guage length for the the specimen diameter.
1 specimens of the alloys 2017 and
! 5056
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The Characteristics of the Hot Torsion Test 13

increasing specimen guage length, and this result is easily understood by the fore-
going results of temperature rise and strain distribution. It is now seen that the

comparison of fracture strain for the specimens of different guage length is meaning-
less in evaluating ductility of the materials.

In Fig. 17, fracture strain for the spec-
imens of 10 mm guage length are plotted L
against diameter of the guage part. As 100
decreasing diameter, fracture strain de-
creases because nonuniformity in tem-
perature distribution in the specimen is
more pronounced for the specimen of
smaller diameter. In Fig. 18, the values

3S
Y =10sec’

N, REVOLUTIONS to FAILURE _

of fracture strain are plotted against S§/450'C
tensile stress in the axial direction. This " %@
was obtained from the tests when the \T
axial tensile load is applied during 15 vl ) ] 04 I 0.6 l 0.8
torsional deformation. It is shown that AXIAL STRESS (kg/mm?)
fracture strain decreases drastically with Fic. 18. Fracture strain plotted against
tensile stress, and that the effect of tem- tensile stress applied during torsion-

al deformation for different testing

perature on the values of fracture strain temperature.

is reversed when the tensile stress is more

than about 0.1 kg/mm®. For very ductile alloys such as 1100 or 3003 which often
show no distinct fracture point on the stress-strain curves when deformed at high
temperature, a distinct fracture point may appear when twisted under the presence
of the tensile stress in the axial direction. However, it should be noted that the

values thus obtained are different in character from those obtained by pure torsional
deformation.

When torsional deformation is carried out with the both ends constrained for
axial strain, axial internal stress will result corresponding to axial strain which
appear with an unconstrained end, as previously stated. Since this internal axial
stress varies with testing temperature, torsional strain and strain rate, the values of
fracture strain obtained with the constrained end test are, therefore, not suitable for
discussing the effects of testing temperature and strain rate on ductility.

Tubular specimens are not suitable for evaluating fracture strain because buckling
occurs during torsional deformation and the values of fracture strain are poorly
reproducible in the hot torsion test. As mentioned above, fracture occurred at con-
siderably lower strain for the specimen of which temperature rise was measured at
the middle-surface. This means that any surface defects may affect the values of
fracture strain and that the specimen has to be machined with a great care.

Thus, the values obtained for fracture strain in the hot torsion test, which are
liable to be affected by various testing conditions, may have little meaning in an
absolute scale. However, if careful evaluation is done, fracture strain in the hot
torsion test can be a reliable measure for ductility of metals under hot working
conditions obtained in the laboratory test.
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8. SUMMARY

Hot workability depends both on the material properties and on the deformation
conditions. The hot workability test is done by simulating the actual hot working
processes by simplifying the stress-strain conditions. Therefore, there always exist
certain limitations for applying the test results to the actual hot working processes,
besides they do not represent the true properties of the material tested. In the hot
torsion test, deformation can be carried out at a constant strain rate up to very high
strain for a wide range of strain rate. It is a suitable laboratory testing method for
the evaluation of hot workability of metals since deformation can cover the range of
most industrial hot working processes. The most suitable testing conditions have
been discussed for evaluating hot workability of aluminum alloys by means of the
hot torsion test. Also, a detailed discussion has been given for the characteristics
of this testing method. The obtained results are summarised as follows:

(1) The solid specimen test is the most suitable method for evaluation of both
flow stress and ductility among three methods of torsion tests; the thin-walled
tubular specimen test, the differential test and the solid specimen test.

(2) Considerable temperature rise occurs in the deformed part of the specimen
when deformed at high strain rate and up to high strain. The amount of tempera-
ture rise was found to increase with the specimen guage length or with strain rate.
A method of estimation of temperature rise is presented, with which experimentally
measured values reasonably agree. The shear stress-shear strain curves at a con-
stant temperature, i.e. stress corrected for temperature rise, are obtained by estimat-
ing temperature rise, and remain to show a distinct effect of strain rate in the high
strain region. Decrease in flow stress due to temperature rise is shown to be as
large as 20 per cent in the torsion test of aluminum alloys.

(3) Nonuniform torsional strain distribution in the axial direction results from
nonuniform temperature rise due to heat conduction. Nonuniformity in strain
distribution which varies fracture strain sensitively, is affected by the specimen shape
and dimensions. It is therefore necessary to determine the specimen shape and
dimensions so as to keep distribution of both temperature rise and shear strain in
the axial direction as uniform as possible. From the experimental results obtained,
the most suitable specimen shape and dimensions for the study of hot workability
of aluminum alloys which is now being carried out at this laboratory, are deter-
mined to be a solid cylinder with 10 mm guage length and 10 mm diameter and
with 0.5 mm fillet radius.

(4) It is desirable to keep the specimen end unconstrained for axial strain
during torsional deformation. For proper evaluation of fracture strain, torsional
deformation with both ends of the specimen constrained or under the presence of
tensile stress in the axial direction is not recommended.

(5) The maximum shear stress can serve as a measure for deformation resist-
ance. Since it appears at shear strain less than unity, little temperature rise occurs
at this stage of deformation and no correction for temperature rise and strain
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hardening is necessary. The correction term for strain rate dependency is less than
3% of shear stress under hot working conditions.

APPENDIX Estimation of Temperature Rise

The actual situation of temperature rise in the solid cylindrical specimen during
torsional deformation is very complicated. In order to consider this problem
analytically, a simplified one-dimensional model is considered, and estimation of
temperature rise is done by using the obtained solution. A reasonably good agree-
ment is attained with the measured values. Drivaration of this solution is presented
below.

The assumptions considered here are as follows;

(a) Heat generation is uniform over the deformed section of the specimen and
does not vary with strain. Amount of heat generation, A (cal/cm?3sec), is given in
terms of average stress and strain as,

1 s 2 7,7
A= f dy == Ta A

0

where ¢,: time to fracture (sec)
J: mechanical equivalent of heat
7. Shear strain rate at the surface (sec™?)
7: average shear stress, and 7: average shear strain over the cross section.

(b) Heat transfer away from the specimen surface is negligibly small, this will
be discussed later. )

(c) A constant cross sectional area for heat conduction in the specimen.

Taking x in the axial direction with x=0 at the middle of the guage section, and
guage length being 2[, the following differential equations for nonsteady heat con-
duction hold during torsional deformation,

4T _ 1 34T | A

40, 0<x<l B
ox? £ ot + K (B)
ox? £ Ot

with the initial and boundary conditions;

(i) 04T /ox=0, at x=0

(ii) 4T=0, at x=L(L=])

(iii) solution for equations (B) and (C) are continuous at x=1{
(iv) 4T =0, when t=0.

Laplace transformation yields the following differential equations [11],

Ak

azu_—qzu + =0, o<x<li (B)
Kp

ox
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otu

ox?

—q'u=0, I<x ()

where g*=p/«x. The solutions for Equations (B) and (C’) are as follows,

Ak

2 ’

Uu=c,e’”+c,e 1+ o<x<l (D)

u=c,e’”*+ce %, I<x (E)

The constants c,, ¢;, ¢, and ¢, are determined from the initial and boundary con-
ditions, then Equation (D) becomes,

u:%.[l—_._—————————ez (*1' i‘:;;)‘” (e‘“‘+e“‘”)], 0<x<1 (F)
Now, three cases for the values of L are considered, they are, \ ‘
(I) L=
(I1) L=l
I L=2L

For the above three cases, solutions for AT" at x=0, which are obtained by apply-
ing the Laplace Inversion Theorem to Equation (F), are as follows,

kAt 4n l

(1) AT..=% [1 47 erfc 2~/;z‘], (G)
Al 1___ 16 & (D" _ 224 | A2

(1) 4T, =2~ [2 8 5 i o x(2n+1)7rt/4l}] (H)

AP(3 64 & (=D
) 4T,. :.___[___._ =D
(I TK L2 o :éo 2n+ 1)

cos __(_%E%:l_)f_ exp {—x(2n+1)’n’t / 1612}] @ , J

For the 5052 alloy specimens of different guage length, deformed at 400°C at
strain rate 3 sec™!, temperature rise was measured. In Fig. 19, the points represent
observed temperature rise at the maximum values, and the cureves the calculated
values by using above three equations, (G), (H) and (I). It is shown that the
calculated values by Equation (I) agree best with the observed ones among three
cases considered. Equation (G) overestimates the actual temperature rise, whereas
Equation (H) underestimates, which is quite reasonable judging from the boundary
condition considered for each case.

In Fig. 5 previously shown, the calculated values of the maximum temperature
rise by Equation (1) are plotted and compared with the observed ones for different
strain rate and guage length. Agreement is reasonably good in general, although
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there exists some systematic deviation I
from the observed values, the estimated 1005052 400°C
values by Equation (I) are slightly ¥ =3sec L=
lower for shorter guage length and ///IFZI

80 —
slightly higher for longer guage length. / / 9 / L=i
The numerical values of temperature e /
60 / /
/ /

rise, 4T ,_,, calculated by using Equa-
40 /

tion (I), are plotted against surface
Fig. 20. It is shown that the higher / / /
strain rate or the longer specimen gauge 20 4

ATa(°C)

shear strain for different strain rates in

/
length, the more temperature rise be- o /
comes adiabatic. Therefore, the values
0010 20 30 40 50
of AT, _, are markedly affected by the

specimen gauge length at lower strain GAUGE LENGTH, 2/, (mm)
P gaug g Fi1G. 19. The calculated values of the maxi-

rate. In Fig. 20, the values of 4T,_, mum temperature rise obtained from the
are calculated for 7=4 kg/mm?®. Since different boundary conditions and com-
AT ,_, is proportional to 7 as readily pared with the measured values.

seen in Equations (A) and (I), the

values of AT,_, for any 7 values are easily obtained by simply multiplying 7/4.
For this purpose, the typical values of 7 for the ingots of various wrought aluminum
alloys, which have been obtained in this laboratory, are listed in Table 2 for differ-
ent strain rate and testing temperature. By using this table and Figure 20, the
values of AT,_, are easily estimated for various testing conditions. Note that this
estimation procedure for AT,_, is restricted to aluminum alloys since the unique
values of x and K are substituted for obtaining the values shown in Figure 20.

It is now seen that temperature rise during torsional deformation can be properly
estimated with the boundary condition, L=2I, distribution of temperature rise in
the guage section, that is, for 0<x</, can be expressed in the following equation,
which is obtained by solving Equation (F) in the same way as for Equations (G),
(H) and (D).

AT — AP [i_i“ﬁ & (=Drx cos Q2n+ Dr cos Q@n+Dxr
2 28 7 n=0 Qn4-1) 4 4]

exp {—rQn+ 17 1612}] o

Heat transfer away from the specimen surface is considered below. The amount
of heat loss from the surface, Q (cal/cm2sec), is expressed as Q =h-AT, where h
is heat transfer coefficient of the specimen surface, cal/sec °C cm2. Now, we need
to evaluate the value of 4 in our experimental conditions. Since heat transfer from
the surface is considered to take place in forced convection with the laminar
boundary layer, h is generally expressed as follows [/2],
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F=4kg/mm? T=4kg/mm*
7=100sec?! L =40mm 7=10sec"
S 160} 'y 160}
e & ¢ .
@ 2 % L=40mm
: 120} 4 ® 1201
f o)
g A E
Eod —
& 80 & gof- L=20mm
3 L =5mm 3
~ s L=10mm
il 1“
& 40F g 401
L=5mm.
0 i [l IR | i 0 1 1 1 1
0 4 8 12 16 20 0 4 8 12 16 20
v, (shear strain) ¥, (shear strain)
(a) (b)
T =4kg/mm?
7 =1sec?
80

AT,-, (temperature rise,"C)

%, (shear strain)

(¢)

Fig. 20. Numerical values of temperature

rise during torsional deformation of
solid cylindrical specimens of aluminum
(a) 7=100sec™t (b) 7=10 sec”l (¢) 7=

1sec 1.

TapLF 2. Typical values of 7(kg/mm?) for the ingots of the
various wrought aluminum alloys

7 1sec? 10sec? 100 sec?

°C 400 450 500 400 450 500 400 450 500
1100 ( 25) 1.5 1 1 2 1.5 1.5 2.5 2 1.5
3003 ( 35) 1.5 1 2.5 2 1.5 3 2.5 2
2014 (14S) 3 2.5 2 4 3.5 3 5 4 3.5
2017 (175) 4 3 2 5 4.5 4 6 5 4.5
5052 (528) 3.5 3 2 4.5 3.5 2.5 5.5 4.5 3.5
5056 (56S) 5 3.5 3 7 5.5 4.5 9 7.5 6
5083 (NP5/6)| 5.5 4 3 7 5.5 4.5 8 7.5 6
6063 (635) 2 1.5 . 1 2.5 2 1.5 3 2.5

Al-Zn-Mg (74S)| 3 2 1.5 4 2.5 1.5 4.5 4 3

7075(755) 3 — 5 4 — — — —
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h=0.332 ¢ YP, | 22 (K)

vX

where P,: Prandtle number of air
v,: surface velocity of twisting (cm/sec)
v: kinematic viscosity of air.
Taking x=zr/4 in our case, the value of A for air at 400°C for 10 mm diameter

specimens at the angular velocity of twist, 6, is expressed as h=1.6x 107 V.
Therefore, h is of the order of 10~° cal/sec °C cm®.

When heat generation due to work of deformation is converted to per specimen
surface area in the deformed section of 10 mm diameter, A" (cal/sec cm?), it be-
comes that A’=A/4. Thus, the value of A’ for 5052 alloy is of the order of sur-
face shear strain rate, that is, 1 to 100 cal/sec cm2. Within the range of the experi-
ments in this work, heat transfer away from the specimen surface is completely
negligible. Thus, Assumption (b) is satisfied. If heat transfer from the specimen
surface is not negligible, heat loss is maximum at the twisting end of the guage
section and nearly zero at the fixed end, as is clearly seen from Equation (K). In
this case, the peak in temperature distribution may shift towards the fixed end from
the middle of the guage section.
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University of Tokyo, Tokyo
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