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'THE INFLUENCE OF DIRECTION AND VALUE OF PLASTIC
PRESTRAIN ON STEADY-STATE CREEP RATE USING THE
COMBINED ISOTROPIC-KINEMATIC HARDENING RULE

. M. WANIEWSKI (WARSZAWA)

The effect of changing in direction and value of room temperature plastic presirain on
steady-state creep rate is experimentally investigated by applying combined loadings of axial
and shear forces to the pure copper thin-walled tubular specimens. The constitutive equation
is verified by employing the two different approaches — the notation of creep plastic potentlal
and the properties of tensor functions representanon

1. INTRODUCTION

 Applied technological plastic treatment in the process of forming: elements
of turbines, jet engines and reactor induces anisotropy for materials subjected
further to effect long-term, constant stress levels at elevated temperatuire
conditions. -

Preliminary plastic deformation has an influence on such matenal creep
propertles as time and strain rupture, also on the value of steady-state
creep. rate.

The effect of umaxml room temperature prestrain upon the subsequent
life -time and strain rupture on Nimonic 80A has been studied in axial
tension creep tests at 750'C by Dyson and Robcers [1] and in- pure
torsion conditions by Dyson, Lovepay and Ropcers [2] and by HavrugsT,
- Trampczyiski and Leckie [3]. The authors [1, 2, 3] proved that the creep
rates for prestrained Nimonic 804 are increased and life-time is reduced.

TraMmpczyNsk1 [4] tested flat specimens by cutting from the sheet of
pure copper under different directions to the prestrained direction Szczepiiskr
[5] applied the experimental method.

The author [4] proved that the steady-state creep rates for prestramed
pure copper are decreased and the degree of materlal creep hardening
depends on the direction and value of plastic prestrain. - 7

Havuurst, TrRAMPCZYNSKI and Leckie [3] utilizing the experimental data
[t, 2] verified the influence of the value of plastic prestrain on life-time;
they used the theory in which the increase of the value of the creep
damage parameter is explained by two mmultaneous processes—nucleanon
and growth of VOldS
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TrAMPCZYNSKI [4] applied the notation of creep plastic potential introduced
by Rick [6] and described the creep anisotropy using isotropic-kinematic
hardening parameters.

The tensor functions representation is a different description of influence
of strain-induced anisotropy on creep performed by Sawczuk, TRAMPCZYNSKI
[7} —this. approach is based on the theory -of plastxcny for amsotroplc
materials developed by Bopwirer, Sawczuxk [8].

Mozarowskr, AnTirow and Bosyr [9] described the experlments cartied
out on steel thin-walled tubular specimens preliminarily prestrained and
subscquently subjected to creep under multiaxial states of stress.

2. MATERIAL, SPECIMEN AND TESTING MACHINE

The influence of direction and value of plastic prestrain was studied
in pure, electrolytic copper thin-walled tubular specimens sub]ectc:d to the
tension-torsion load system.

Prior to mechanical treatment, the rods were annealed for 2h at 400°C
and the furnace was cooled to achieve a uniform grain size.

The tubular specimen was designed to have a constant internal diameter
equal to 16 mm, 17.5 mm outer gauge diameter, 160 mm total length and
70 mm gauge length which is limited by circumferential extensometer pro-
trusions, :

The tension-torsion creep testing machine mcorporates two independent
load sysicms —a lever system for applying tensile loading and a pulley
system for applying torsional loading, Fig. L

The thin-walled specimen I is pinned to two vertical rods. The upper
rod 2 is connected through the torque disc 6 to the horizontal lever 9 via
a universal joint 4, Fig. 1. In order to minimize friction, the horizontal
lever 9, which has a mechanical advantage 1:5.5, is supported on a knife
edge 10 and connected with the weight hanger 18 and specimen load train
through similar knife edges 10 and 12, Fig. 1.

The testing machine has an automatic dev1cc i3 for control position
of the horizontal lever 9, Fig. 1.

Torque is applied to the test piece I through the torque dis 6 rotated
by steel wires which pass over a system of pulleys 15 to the load hangers 16
and 17, Fig. 1. In order to minimize friction, all the pulleys are mounted
on single row ball bearings. The torque disc 6 is an integral part of the
double row ball bearing 7 which minimizes the resistance imposed by the
axial load system when twisting couples are applied.

The machine contains a load cell 8 which is located outside the furnace 14,
as a thin-walled tube, Fig. 1. The three-direction oriented strain gauge ele-
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Fig. 1. Diagram of elevaied ternperature creep testing machine.
1 — Specimen, 2 — upper loading rod, 3 -—lower loading rod, 4,5 — universal joints, 6 —

.. —torque disc, 7 — double ball bearing, § — load cell, ¢ — horizontal lever, 10, 11, 12 — knife

edges, 13— control equipment, /4 — furnace, 15 — pulleys,” 16, 17, 18 — load hangers 19 -
— electric angine.
A
ments (longitudinal, circumferential and 45° diagonal) allow to compare the
actual level of stress state obtained on the specimen gauge surface.

The temperature of the specimen is increased by heat conduction. Heat
is supplied by three-sectional heating coils and can be regulated by means
of heat conduction alone along the axis of the specimen. Two termocouples
were connected- to control the data system which allows to keep the
temperature constant with an exactitute of +1°C in the range up to 900°C.
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The temperature at two points located on the specimen gauge surface was
automatically recorded on the paper tape.

The testing machine was designed around a mechanical system for
measuring the elongation and angle of twist. The extensometer, Fig. 2,
consists of inner 3 and 2 tubular members attached respectively to the
lower and upper protrusions of the test specimen I. The lower ends of
tubular members are located outside the furnace. In this place four linear
variable differntial transformers (Lv.d.t) capable of measuring strains with
high sensitivity over the travel of +10mm was attached. Two of them,
6 and 7, measured the angle of twist and the others, § and 9, the axial
tension of the gauge surface of the specimen, Fig. 2. To overcome the

L

Fig. 2. Cross-section of mechanical extensometer system. .
I — Specimen, 2 — outer extensometer tube, 3 — inner extensometer tube 4 — ball beanng,
3 — guide pin, 6,7 — horizontal lvdit., 8 9 — vertical Lv.dt.
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effect of friction between the transducer cores and reference surfaces, it was
necessary to isolate the relative axial and torsional motions between ‘two
lower ends of the extensometer tubes. To achieve this aim, a mechanical
device was used, which consisted of teflon bearings, 4 and 5, Fig. 2.
Electrical signals obtained from Lv.d.t. are registred on paper tape in

.arbltrary time intervals. The procedure is described in detail by WANIEW-

sk1 [10].
The results of prehmmary tests of the machine and extensometer proved
that -the des:gn is satlsfactory [10]. _

3. ‘EXPERIM_ENTAL PROCEDURE

- The -experiment which consists of two parts was carried out on pure
copper thin-walled tubular specimens sub]ected to the combined tensmn—
-torsion load [10]. :

Under that plane and proportional stress conditions, the response of
material in ILyushin [11] subspace (ef, e§) = [e%,, (4/3) %,], where ef, de-

“notes the deviatoric part of the plastic axial prestram tensor and ¢4, denotes

the deviatoric part of the plastlc shear prestrain tensor, can be descrxbed
in terms of two parameters, the value |2 = J3/2 = ef = [e,)? +(4/3) (e8,)*]Y/?
and the direction 67 = arc ig[2ef 2/\/5 ¢4, ] of the prestrain: vector &, where
J, denotes the second invariant of the prestrain deviator.

Ao &

¥ig 3. Programme of room temperature plastic prestrain.
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" For 62 =(0, 30, 60, 90)°, two series’ of thin-walled tubular specimens up -
to 3% and 7% of plastic prestrain intensity ef, were proporticmaily deformed
. af room temperature, Fig. 3.

The results of plastic prestrain are shown in Fig. 4, in dependence form
of seconds invariants of the- stress vector, o, versus the prestrain - vector,
ef. The discrepancy obtained between the curves, respectively, where the

angle 67 is the parameter, can be explained for the initially 1sotrop1<, material
by the effect of the third invariant stress deviator.

The phenomenon described below was examined by Owmasiy, TOKUDA
YamasHITA [12] who eliminated the eliminated the effect of the third invariant
by modifying the two-dimensional vector space. In general, this has been
extended to the situation involving five-dimensional vector space. A similar
effect, as shown on the plot o; vs ¢f, for plastically deformed thin-walled
tubular specimens under multiaxial states of*stress has been observed by the
investigators MozArowski, Anrirow, Bosyr [9]. :

. In the second part of the experiment the influence of the value and
direction of plastlc prestrain on- steady-state creep rate was investigated.

For this purpose each plastically prestrained specimen was unloaded and
heated up ‘to 300°C. After 24 hours the test pieces were subjected to - the

* creep uniaxial stress leael, equal for each specimen, ¢i; =49 MPa in the
time interval t==200 h, which was sufficiently long to appoint the value of
steady, state creep rate. : :
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Fig. 4. Material curves,
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Fig. 5. Creep curves as a functmn of the angle 67 and magmtude ef of sirain-induced
anisotropy.

The value of steady-state creep rate for a material with room temperature
biaxial strain-induced anisotropy in comparison with' the value of a steady-state
creep rate obtained for virgin material {interruption line) tested under the
same stress level and at the same temperature are shown Fig. 5.

The obtained values of steady-state creep rates depend on both the
magnitude and direction of plastic prestram Fig. 5.°

4. THEORETICAL DESCRIPTION
Experimental results are discussed by applying the creep potential -ideas
and the tensor functions representation in terms of two mterna] state vanables
the so-called back stress and drag stress.
.The anisotropic creep process described by two internal state variables
was developed among others by Rice [6], MiLLer [13] and PotEr, Leckie [14],

m Dy = f(%gi),
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where D;; denotes the deviatoric part of the steady-state creep rate tensor,
8j;—the deviatoric part of the creep stress tensor, o,;—the tensor state
Vanable called drag stress and R—the scalar state variable, called back
stress; both state variables depend on the previous deformation history.

From the results of the current experiment it follows that a material with
room temperature plastic prestrain has an anisotropic character and steady-
-state creep rate can be described by using two internal state variables
a; and R, [4, 10]

) D.. 3 . O — s
2 ; o - @ n—1 X 2] 2 ,
(2) D, "2 (@) " Rew

where @ denotes the scalar function dependent on the second and third
stress tensor invariants, a;; — the internal stress tensor as the linear function
of the plastic prestrain tensor, R — the scalar parameter as the function of
the plastic prestrain intensity, Dy, 6, and n— the material constants depen-
dent on the temperature and creep stress level

CarLapinNg, Drucker [15] introduced the relation

3) D. av _ 0Dy

(=, — ‘Pn+l
H 60‘fJ I’H—l

where the dimensionless function @ is homogeneous of degree one in space -
6i;/6, and has a value unity when of; is the uniaxial tension. The surfaces
of the constant @ in the stress space for an isotropic body are convex,
similar, concentric and represent constant rates of dissipation. The steady-state
creep rate tensor is normal to each surface at the appropriate stress point.
For an isotropic material and for steady-state creep condition, the following
relatlou is fulfitled [15]: :

@) ' P = A = Aloifoo) = (@F/o0)",
where the surface defined by the 'e;"quatio'n
5 @ = oi/o, = const

s called “the creep plastic potential”.
For an isotropic body and plane creep stress conditions the creep plastic
potentlal has the form

(6) N L@ = {[(09)*— 0% 05, H{o5) +3 (012 2]/00}”2 = comist

and for fixed 11 and 12 directions, Eq. (6) is geometrically represented in the
creep stress level space 69,/0q, 0%2/04, 092/00 by an ellipsoid. [4, 5], the
. different ways of loading, usually considered in the plane creep stress
experiments, are represented by ellipses lying on the surface of the appro-
priate ellipsoid.
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For a material with strain-induced anisotropy the creep plastic potential
surfaces are subjected to the complex shape deformation. This effect can be
described as both translation to a new location and an expansion of the
surface in the creep stress space ¢f;/a,.

The constitutive equation based on the notation of creep plastic potential
for strain-induced anisotropic materials has the form (2) where

[(3/2)( =) (S5 — o )] |

7 : &=
( ) . ’ RO—O
~and
(8) U_A_fdeu, R=1+C|[ del}.
For experimental conditions, Eq. (2) has ‘the evident form
3 2 - r—1

b |:(o"’11 -5 Ae? cos GP) +3 (Ae?f sin 0")2:|_ "

9 1 _ . i .

o b, {[(1+C (ety] ao}"

% (ail w% Aef; cos 0”),
where A, C and r denote the material constants dependent on plastic
prestrain history. :

The influence of strain-induced material anisotropy on steady-state creep
rate wsing tensor functions representations can be descnbed in the followmg
general form [7]: :

(10) - = f (5, 0%), N
where Of; denoles the tensor. parameter as the deviatoric part of the strain-
-induced tensor. :

The authors {7] proposed the lincar tensor relatlon

(11} Dyj= ¢4 S.ij+sz (S5: Q-+ 0OF 55,

where ¢, for i=1, 2, is the scalar function of second invariants of the
tensors S}; and Q4. :

For current experimental conditions, where the tensors 55; and Q% can
be shown as

2 .
gaﬁ.la 0 ? 0 | .ejilv . eqz: 0
: 1 i
(12) Si=1 0, _”*50'11’. _ 0 |, @f=lel,, —53115 0
' : 1 : -1
0 3 0 ] _ga'il" . 0 ) O © 3 '—Ee;{l'

the scalar function ¢, in Bq. (11) is equal to zero.



532 : .M.WANIEWSKI
For this pufpose the authors [7] introduced the simple law -

(13) Dij _ [\/ tr (S:}) ]"_ {1 —B [\/tl' (QE)Z ]m} (Sfj_ﬁQf])

D, Gy

Equation (13) is comparable with the form (2) by introducing the parameters

(14) wy= PO and  R= T O T

The constitutive equation (13) has the cvident form

Dj: of o c |
(15) D, ‘—”(60) [1— B (eh)"] (851 — Pef cos 87)/a, |

where B, f§ and m denote material constants dependent on plastic prestrain
history.

5. COMPARISON

The aim of the experimental part of the work was to measurc the
values of stecady-state creep rates for a material with room temperature
biaxial strain-induced anisotropy. o

The two presented theoretical approaches have the common description
using two internal state variables, Eq. (2).

The basic material constants oo = 294MPA, n =3 and Dy = 0.9- 107%h~!
were appointed from uniaxial creep tests at 300°C. The remaining material
constants A = 50.5MPa for e = 3%, A=375MPa for ef =7, C= 0.1 and
r=026—Eq (9)and B= —1, = 147MPaand m = —645- 107 % —Eq. (15)
were appointed from the experimental values of steady-state creep rates with
simple anisotropy which has been induced in axial tension and pure torsion
directions " exactly by using the three values with the angles 67 =0° and
g = 90° under ef = 7% and 07 = 90° under ef = 3%

In Eq. (9) the kinematic hardening tensor parameter a; is not directly
proportional to the magnitude of plastic prestrain ef. It was found by
ZIEGLER (16} that the parameter A in the case of nonlinear kinematic
hardening is the function of load history. '

The experimental values of steady-state creep rates (as the functions of
the angle 67 and magnitude ef) and theoretical curves appointed from Eq. (9)
(interruption line) and Eq. (15) were compared in piots, Fig. 6.

The two theoretical approaches have an equal number of material constants
and the same degree of accuracy describing the phenomenon discussed below,
Fig. 6. : '

As it was mentioned, room temperature plastic prestrain causes creep
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Fig. 6. Comparison of experimental data with two theoretical approachcs
- — — — theoretical description — Eg. (9),
—— theoretical description-— Eq. (15),
O A experimental data.

strengthening of pure copper'at 300°C. The current investigation has shown
that the steady-state creep rate is decreased and the creep hardening depends
simultaneously. on the value and direction of plastic prestrain.

The influence of the hardening parameters «; and R on steady- state
creep rate is different depending on the direction and value of plastic
prestrain. For 67 = 90, the axial steady-state creep rate D77 exclusively depens
on the scalar parameter R, Eqgs. (9) and (15).

The significance of kinematic hardening in steady-state creep rate descrip-
tion is maximal for the case where the direction of plastic prestrain was in
compliance to the creep direction, 67 = 0° and graduaﬂy decreasing with the
increase of the value of angle €°,
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STRESZCZENIE

WPLYW KIERUNKU 1 WARTOSCI WSTEPNEJ DEFORMACTT PLASTYCZNEJ NA
USTALONA PREDKOSC PELZANIA PRZY ZASTOSOWANIU ZLOZONEGO
1IZOTROPOWO-KINEMATYCZNEGO PRAWA WZMOCNIENIA

Oddzialywanie zmiany kierunku i warto$ci wstepnej deformacji plastycznej przeprowa-
dzonej w temperaturze pokojowej na mstalong predkosc pelzania badano eksperymentalnie
na cienkoéciennych probkach rurkowych wykonanych z czystej miedzi i poddanych dzialaniu
#lozonych stanéw obciaZenia, tzn. sily osiowej i skreinej, Weryfikowano réwnanie konstytu-
tywne, wprowadzajac dwa roine pOdc_]SCla—pOJQClE plastycznego potencjaln pelzania oraz |
wiasnodci reprezentacji funkcji tensorowgch

PEamwoME

BIIMSTHUE HATIPABJIEHWS M 3HAYEHHS BCTYTIMTENLHOW TIACTHYECKOM
AEQPOPMALIKWY HA YCTAHOBAEHHYI) CKOPOCTH TIOA3IYYECTH 11IPU
IIPUMEHEHUH CIIOXKHOTO U30TPOIHO-KMHEMATHYECKOIO 3AKOHA

YIIPOUHEHU A '

BosneficTere m3MeneHHs HanpaBNGRHA M 3HAMEHHS BCTYIHTENLHOH SUIACTHYeCKod nedop-
Mangy, OPOBCREREOH B KOMEATHON TemneparType, Ha YCTaHOBAGHHYIO CKOPOCTE TON3YHECTH
HCCTIEIOBAHO 9KCHEPUMEHTABHC HA TOHKOCTEHHBIX TPpyO¥aThix 00pasuax, M3ITOTOBNEHHLIX W3
9HCTOH MeTH, H HONBEPrHYTHX MNCHCTBHIO CHOKHBIX COCTOMHEN. HAarDYXeHus, T.3H. oceBoi
H CEPYIWBAIIENR CIIL
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ilpoBeperno onpefensioHIce YpaBHEHWe, DBOAS ARA PASHAIX TOOXOHA — NOHITHE ILIACTH-
YECKOTO IIOTCHUMANA NOA3YYECTH M CBOWCTBAR npeicTABNeHH TeH3OpHBIX dyHKmui.
N
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