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Abstract: The paper presents experimental results of invatstigs carried out on the 2024 aluminium alloy &84 steel
under biaxial stress state. The loading programonepcised a monotonic tension assisted by torsigarse-torsion cycles.
An influence of the cyclic loading and its delayttwiespect to uniaxial tension on the selected am@ichl parameters taken
on the basis of tensile characteristics was ingatd. Additionally, a relative variation of theoportional limit and yield
point due to the loading history applied was anedyzA permanency of effects observed during contimineof tension
and cyclic torsion was experimentally assessedemasis of an initial yield surface evolution.

1. INTRODUCTION

An activity of many research groups is focused »n e
perimental evaluation of an influence of cyclicdoay on
material behaviour under complex stress statesggbaim-
bination of an axial force and twisting moment (Mielski
et. al. 2006; Xiang, 2003; Correa et. al., 2003 r@stajski
and Jakiewicz, 2004; Kowalewski and Szymczak, 2007,
2008, 2009). The results achieved from such ingastins
are important from technological point of view besa they
are providing a knowledge necessary for modificataf
some metal forming processes, such as drawingsatr
(Kong and Hodgson, 2000) or forging (Bochniak et al
2006).
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Fig. 1. Variations of the effective stress-effective streliraracter-
istics due to different types of loading: 1 — manot ten-
sion, 2 — monotonic tension and torsion-reverssitor
cycles, 3 — torsion-reverse-torsion-cycles (Corteale
2003)

Moreover, these results are also important for kbgve
ing of a new theoretical formulas and modellinghadterial
effects observed (Kong and Hodgson, 2000).

An essential change of the stress-strain charatiteri
in the form of stress drop for the same magnitudstrain
is the typical material effect associated with egchcting
in the perpendicular direction with respect to th@notonic
loading (Correa et. al., 2003; Gronostajski anikigéaicz,
2004; Kowalewski and Szymczak 2007, 2008, 2009),
Fig. 1. As it is presented in Fig.1, a switching @ihthe
cyclic loading caused 33% drop of the monotonicsitam
curve. However, a comparison of the stress-strairvec
for the tests carried out under combination of ntonic
tension and cyclic torsion against to the curveesenting
a cyclic torsion only, exhibits a hardening effect.

2000
1800 f
1600 -
1400 1
1200 1
1000
800 A
600 1
400 1 1
2001 ‘ : : : 1 T2
0 i i ! i ! T -3
-200 : i ; j j : ‘ 4

Force [kN]

Displacement [mm]

Twisting moment [kNm]

0 2 4 6 8 10 12 14
Time [s]
Fig. 2. A scheme of loading programme for optimisatiorfico€es
during the bevel gears forging at temperature egb&IC,
1 — displacement of stamp, 2 — twisting moment fGrg-
ing force (Bochniak et. al. 2006)
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Fig. 3.Force variations during extrusion process by apfibo

of the KOBO method, 1 — using torsional loading,
2 — without torsional loading (Kong and Hodgson)@0

A cyclic loading was successfully applied to impgov
forging processes, Fig. 2 (Bochniak et. al.). Tdeding was
programmed in such a way, that the torsion cyclesew
activated during the stamp movement. A magnitudéhef
cyclic loading amplitude was dependent on the faygi
force. It gradually increased as the forging forveas in-
creased. This type of loading reduced the axiaeauring
forging more than four times. Similar effect wasiaeed
during extrusion, however, it was much weaker, Big.
(Kong and Hodgson, 2000).

2. DETAILS OF EXPERIMENTAL PROCEDURE

The main experimental programme was carried out for
a small value of the total strain, less than 1%e Timain
experimental objectives were focused on evaluaifon
— an influence of torsion-reverse-torsion cycles te t

tensile characteristic and conventional mechanpzal

rameters of engineering materials;

— arole of delayed torsion cycles on behaviour ofemia
als during the monotonic tension;

— an influence of the cyclic loading frequency on tes-
sile characteristics.

Three materials were tested: P91 steel (commonly ap
plied in the power industry), 2024 aluminium alléem
aircraft industry and M1E pure cooper (mainly ugedhe
electronic industry). A control parameter in thenfoof the
cyclic strain amplitude was designed to have angpidar
shape and frequency equal to 1 Hz.

All tests were carried out at room temperature gisin
thin-walled tubular specimens with 1.5 mm wall Kmess.
The biaxial stress state was obtained using vadoosina-
tions of an axial force and twisting moment. Allatiing
programmes were strain controlled. The experimeoitad
gramme contained selected combinations of monotmmit
cyclic loadings, i.e. the torsion-reverse-torsigicles were
superimposed on the monotonic tension.

In the last part of the experimental programme subs
quent yield surfaces for a plastic offset strainago 10°
were determined. It enabled investigation of atiahyield
surface evolution due to the loading history applie
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3. THE EXPERIMENTAL RESULTS

At the beginning of the main experimental programme

a material behaviour was investigated under torstwerse-
torsion. Figure 4 presents representative variatwfnshear
stress for two tested materials. The results ferpire cop-
per exhibit a significant cyclic softening effedtid. 4a),
but in the case of steel a little cyclic hardeniakes place
(Fig. 4b). These effects are also well visible ig. 5 which
presents hysteresis loops evolution for both malteri
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Fig. 4. Variations of a shear stress due to torsion-revission

cycles for: (a) M1E copper; (b) P9leste
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The main representative loading programme is shown
in Fig. 6a for the P91 steel. It presents someatiars
of the axial and shear strain components versus. 8tress
responses into the programme are illustrated in6bBig
Variations of the axial stress express the matbaadlening
in the tension direction, while those for the shetess
observed identify a lack of any significant effects

In the first part of experiment an influence of thelic
strain amplitude on the basic mechanical parameteshi-
tion was investigated. As it is shown in Figs. §-ft@ tor-
sion-reverse-torsion cycles associated with moriottan-
sion caused variations of the tensile characterisitr both
materials, a significant decrease of the axialsstrean be



observed. An increase of the cyclic shear straiplitune
led to the further decrease of the stress-straanaciteristic.
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Fig. 5. Hysteresis loops evolution due to torsion-revéossion
cycles for: (a) M1E copper; (b) P91 steel

As a consequence, due to the cyclic loading apjlied
conventional mechanical parameters, such as thpopro
tional limit and yield point, were reduced signéidly.
It is expressed by an essential drop of the yielishtpfrom
240 MPa to 25 MPa for the cooper (Fig. 7) and fro50
MPa to 125 MPa for the steel (Fig. 9). The effactriuch
stronger for the copper, since the yield point octidm
(8 times) is greater than that for the steel agde{more
than 4 times).

Taking into account a percentage decrease of the pr
portional limit and yield point in comparison teethmagni-
tudes determined from standard tension test itesponds
to around 90% drop of these parameters in the aiasep-
per (Fig. 8), and around 70% for the steel, Fig.10.

The next part of the experimental programme was fo-
cused on investigations evaluating an influencehef tor-
sion-reverse-torsion cycles delay on the tensikradteris-
tic. The results for the P91 steel are presenteldign 11.
Itis clearly seen, that a drastic axial force dimpelated to
the assistance of cyclic loading. The axial foreerdased
rapidly (370 MPa) directly after switching on okttorsion
cycles. Similar effect was earlier observed for @24
aluminium alloy, Fig.12 (Kowalewski and SzymczaloZ}
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Fig. 6. Strain controlled loading paths (a), (b) — stresponses into
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Fig. 7. A comparison of typical tensile characteristic (0)
with tensile characteristics due to monotonic tensi
superimposed on the torsion-reverse-torsion cycles
for strain amplitude equal to: £+0.3% (1), £0.5%, (2)
+0.7% (3), £0.9% (4)

The stress — strain diagrams showing the resutis fr
tests 2024 aluminium alloy identify a transient retoder
of the force reduction during tension associatetth wyclic
loading (Fig.12). This conclusion can be proveddeyer-
mination of the yield surfaces for materials af¢sindard
tension tests and after tension carried out inpfessence
of torsion cycles.
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Fig. 11.Tensile characteristic of the P91 steel determined
in assistance of torsion cycles delayed with reispec
to monotonic axial loading

Fig. 8. Variations of the relative stress drop versusicysttain
amplitude during monotonic tension superimposed
on the torsion-reverse-torsion-cycles for straimphtonde
varying from 0% to 0.7%

0.012 ‘
P91 Steel Amplitude = :0.5% [
600 ! ! ! ! ! ! 15 cycles !
T r-r-r-Cr-TrTTro 0008 f=1Hz Axialstrain’

Retardation = 30 s.
500 --+---! ‘

N
(@)
[en]
|
Strain
o
o
o
S
|

m“
a

=

=8

E

Stress [MPa]
w
o
o
|

X
S
S
|
I

100+ 0 20 40 60 80
1 Time [s]
0
500 ‘
0 0.002 0.004 (?.006 0.008 0.01 l 2024 Aluminium Alloy] ‘
Strain 1 ‘ . ‘ 1
Fig. 9. A comparison of typical tensile characteristic \{@h —_ 4004----- L ,,,,, L ,,,,, ‘L ,,,,, ‘L -
tensile characteristics due to monotonic tensigresm- & i ! ! ! !
posed on the torsion-reverse-torsion cycles fairstam- =, 1 ' | 1
plitude equal to: +0.3% (1), +0.5% (2), +0.7% (3) @ 300----- R/ /A
(< T | | | /
80 Proportional limit 70% 75% © 200 | o 7: o 1 -/ 71 77777
70 4 % T | | | |
— 64% 70% < 100} --/£- o O/ litude 0
2 604 64% ! ! e
= 7 | |
S ] \ ! : Re datio 0]
2 0 Yield point 0 — " T 1
] 45% 0 0.002 0.004 0.006 0.008 0.01
o 40 1 .
= Strain
2 30 Fig. 12.Tensile characteristic of the 2024 aluminium alloy
g characteristic determined in assistance of torsjates
B 20 delayed with respect to monotonic axial loading
il (programme of monotonic and cyclic loads is shown
O TS TS R in the upper diagram)
0 : : r . : . r

0 01 02 03 04 05 06 07 08
Cyclic strain amplitude [%)]
Fig. 10.Variations of the relative stress drop versusicysttain

Thus, the last step of the experimental programome-c
prised tests the main aim of which was to checkthédre
amplitude during monotonic tension superimposed the force re(_juction during tension had th_e permnnbﬂr-
on the torsion-reverse-torsion-cycles for strairpitude acter. The yield surface concept was applied. Bohgield
varying from 0% to 0.7% surface determined it was assumed that the totahsh the
axial direction must be the same.
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The representative results for the copper and Bl s
are presented in Figs. 13 and 14, respectively.itAs
clearly seen the subsequent yield surfaces for inatierials
confirm that the axial force reduction is only telh to
torsion cycles during monotonic tension. Looking tlag
magnitudes of tension stress instead of reductidn@ease
can be observed (little for the P91 steel, butifigamt for
the copper). Therefore, it can be concluded thatcbm-
parison of the subsequent yield loci with the alityield
surface exhibits only an influence of the loadingtdry
applied, and moreover, proves a transient charagténe
axial force drop, which can be solely attributedciales
acting in the perpendicular direction.
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Fig. 13.An evolution of the initial yield surface (0) fdn¢ M1E
copper due to torsion-reverse-torsion cycles fi@irst
amplitude equal to: £0.3% (1), £0.5% (2), £0.7% (3)
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Fig. 14.An evolution of the initial yield surface (0) ftre P91
steel due to torsion-reverse-torsion cycles faistr
amplitude equal to: £0.3% (1), £0.5% (2), £0.7% (3)

4. CONCLUSIONS

The investigations carried out on both materialeval
to formulate the following conclusions and remarks:

— torsion-reverse-torsion cycles during monotonicsiem
cause a significant decrease of the proportiomalt li
and yield point;

— an increase of the strain amplitude of torsion eycl
improves material ductility in the tension directjo

— a reduction of the yield point and proportional itim
increases with the cyclic strain amplitude increase

— axial force reduction due to presence of the torgip-
cles is not permanent, it vanishes after cyclidiog in-
terruption;

— an initial yield surface evolution does not confirapid
reduction of selected mechanical parameters dueing
sion assisted by cyclic torsion, it only points déir
variations due to loading history applied.

10.
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