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SUMMARY.

An investigation was carried out into the progressive
axial deformation, or eyclic strain induced creep,
occurring in thin walled aluminium alloy tubes subjected
to strain controlled plastic torsion cycles in the
presence of a steady tensile load. The invegtigation
aimed to examine whether it was poscible to obtain
eyclic creep predictions using basic mechanical test data.
An existing testing machine was modified and some
control and transducer equipment built to achieve the
desired loading conditions. Cyclic creep tesis were
carried out over a range of plastic shear train amplitudes
and axial loads and the results were compared with theory.
Two existing theoretical approaches were modified
and used for creep preiictions. An expanding yield surf=ce
theory gave reasonable estimates of the steady state cyclic
creep rates provided that the plastic shear strain renge
was greater than a tensile stress dependent value. A
viscoplastic theory was used 1o obtain total creep curve
predictiong, but did not give satisfazctery results.
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LIST OF SYLBOLS USLD

c’

ij = General stress tensor

€& j = General gstrain tensor
51? 52, b 3 = Principal stresses
8jj = Deviatoric gtress =b -Uf-'}gijbkk
b = Effective stress =%5j5jj
ejj = Deviatoric strain =€jj-36j€kk
g = uffective strain =%§ej€j
B = ilastic modulus in tension
G = plagtic modulus in torsion
b = Tensile stress
T = Shear stress
& = Axial gtrain
¥ = Shear strain (ingineering definition)

=
]

Humber of loading cycles

Prefixes

B ]

A = Range
sSubscrints «
y = Yisld quantity
¢ = Critical quantity
m = Maximum quantity
max = NMaximum quantity
Superserints

p = Plastic quantity
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CHAPTER 1

INTRODUCTION

There are many situations in which plastic floﬁ way oceur

in metal structures or components subjected to mechanical

and thermal loading conditions. Plastic deformation may

take place unintentionally due to accidentul damsge during
manufacture or may occur at stress concentrations arising due
to machining errors or incorporated in the design. In other
situations plastic flow ig unavoidable such as creep at high
temperatures. Under conditions af variable lcads snd tempera-
tures, plastic fiow way also occur. It has been found that

in applications such as pteam and gas power plant, pressure
vesgels and heat exchangers, there are lurge temperature
gradients and hence high transient stressesg during start up
and shut down of the machinery. These stresses can produce
plastic strains not accounted for in the steady state analysis
of continuous running conditions.

In some instances a component may be deliberately
designed to operate in the plasgtic regica so as to utilize
the added strength of the strain hardened metal at the
expense of a reduced life. Thig is common in the acrospace
industry where minimum weight is & very imporiant design
criterion. The designer thus needs information about the plasgtic
behaviour of the material he is using to enable life pre-
dictions to be made. Empirical knowledge is useful, but often
difiicult to obtein and only of limited applicability. Extra-
polation from data obtained for other, seemingly similar,
situations may often be unwarranted and erroneous. It should
rather be attempted to develop a sound framework of plasticity
theories which enable the prediction. of plastic behaviour
from a minimum of readily obtainable basic data.

One particular aspect of plasticity is the behaviour
of metals under coxnditions of cyclic loading where plastic
strains occur during each cycle. PFailure ig then caused by
either high strain fatigue fracture or cyclic creep. Cyclic
creep, the subject of the present investigation, is caused
by & steady or follow up load superimposed on plastic loading
cycles. Although the follow up load alone is ingufficient to
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cause yield, it is responsible for a steadily accumulating
cresp deformation in the follow urn load direction. A
component thus loaded may then fril by gross deformztion
long before high strain fatigue fracture occurs.

Two types of cyclic creep can be digtinguished:

( 2 ) When the cyclic and follow up loads are in the
same direction, the cyclic gtress—gtrain curve
is asymmetric, causing deformation to accumulate
with each cycle.

( b ) In the case of tie follow up and cyclic loads not
having the same direction, the cyclic stress-strain
curve is symmetric, but creep occurs in the
direction of the follow up road. This type of cree
is sometimes called cyc¢lic sirain induced creep,
ratchetting or incremental collapse.

The purpose of the present investigation was to study
cyclic gtrain induced creep in sn aluminium aelloy for a
range of cyclic and follow up loads. To do this, an existing
tegting machine wag modified to enable testing of thin walled
tubular specimens in alternating torsion and sieady tensior.
Some theoretical approaches were investigated with the aim
of predicting cyclic creep behaviour from a minimuwn of
materisl data.
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CHAPTER 2.

REVIEW OF PRAVIOUS WORK

2,1 Introduction
Yhen a metal is subjected to plastic loading cycles in the

presence of a steady follow up load, a steadily accumulating
defermation, termed cyclic creep, will occur in the direction
of the follow up load, even though the latter alone is
insufficient to cause yield, Cyeclic creep has been observed
for a variety of metals and lcading conditions. Of particular
interest is the case where the cyclic and follow up loads

aye not in the same direction. The term "cyclic strain
induced creep" has been suggested by Coffin (1) for this
situation,

“dmunds and Beer (2) found that cyelic strain induced
creep occured in cantilevers subjected to alternating bending
in one plane with follow up bending or tensile stresses in
another direction, as well as in pipes subjected to internal
pressure and cyclic bending. Tests conduncted by Ronay (3)
in aluminium specimens subjected to reversed torsion cycles
showed that axial slongation occurred, even in the absence
of & tensgile follow up lozad. The magnitude of the accumulated
creep, however, was far smaller than could be obtained with
a nonzero Ffollow wp load. Udoguchi and Asada (4) observed
¢yelic strain induced creep for several commercial steels
subjected to axial strain cycling and a steady torque. They
also obtained some empirical relations between axial strain
range, accumulated shear gtrain, number of cycles and applied
shear stisss.

Two different typss of cyclic strain induced creep have
been observed, which are analogous to high ftemperature and
room temperature thermally induced creep ( fig. 2.1). For
creep analoguus to high temperature creep, Wood and Cousland
( 5 ) recognized four stages of creep in cylindrical
specimeng subjected to cyclic torsion and steady tension.

The first torque application resulted in a relatively large
axial strain. Upon further cycling, the creep ingrement per
cycle fell rapidly, similar to the primary creep region in
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high temperature thermal creep, until a region of counstant
cyclic creep rate was observed. This corresponded to the
steady state or secondary creep rezion. Finally, just before
fracture, the cyclic creep rate increased again as in
tertiary creep.

The logarithmic type of creep was investigated by
Reimann au' Wood ( 6 ) who tested armco iron in alternating
torsion and steady tension. It was found that this type of
creep occurred for small shear strain renges (0,003 -~ 0,012).

2,2 Plagtic Behaviour of lietals

2.2.1 The crystalline structure of metals
A1l commercially available metals consist of a large number
of erystals or grains in which the atoms are stacked in a
regular order. The stacking orientation, however, varies from
grain to grain. In addition, each grain contains numerous
stacking faults or dislocations. Permanent plastic defor-
mation is caused by dislocations moving through the crystal
under the influence of a stress greater than the yield stress.
Strain hardening may be understood in terms of dislocatlons
interacting with each other and piling up against grain
boundaries and other obstacles. A comprehensive description
of erystal defects and their role in plastic deformation may
be found in ( 7 ).

Any invegtigation into plasticity should thus take account
of the polycrystalline gtructure of metals. The slip theory
of Batdorf and Budiansky ( 8, 9 ) has, in fact, been developed
from considerations of dislocation slip but at present it is
still of limited applicebility. The same is true for hura's
continuum theory of dislocations { 10 ) which attempts to
formulate a plasticity theory in terms ol a continuous
distribution of dislocations. Similar work by other authors
on the Bsuschinger effect ( 11 ) and cycling loading ( 12 )
is esaentially qualitatively useful, but difficult to apply
guantitatively. Alternative approaches to plasticity thus
need to be considered.

T B e s i e R B St ek Wi~ i
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2.2.2 Yield surfaces
A yield surface is a surface in 9-~dimensional oiross space bﬁ
which gives the locus of all possible stress <o uinations
whirch will cause a given material to yield. Plactic flow
will occur when the stress vector touches the yield surface
while any stress changes inside the surface will not cause
yield. During plastic flow the yield surface moves with the
stress vector. It is common to call the initial surface for
the unstrained metal a yield surface while subsequent
surfaces are termed loading surfaces. Drucker ( 13 ) has derived
from quasi-thermodynamic considerations the following results.

(a) The increment of plastic strain<i€?1muﬁ:be normal

to the yield surface. If we define the yield surface as

#(5,) = CONST = 0 2.
then dGS: dA'bf/bbU 2.2

where dA is a scalar velue depending on the stress,
strain, stress increment and loading history.

(b) dAis related to the stress increment

d\ = G (3fRd, )dd,, 2.3
where G, also a scalar, now depends only on the stress,
gtrain and loading history. ‘

It is generally assumed that the hydrostatic stress
component %bii has no effect on plastic deformation. In that
case the yield surface may be represented graphically as a
cylinder in principal stress space (b.],b 2,233) along the
hydrostatic stress axis 51:722::53, or simply as a closed
curve on the Tf-plane, this being a plane through the origin
of the stress space, normal to the hydrostatic stress axis.

To use the equations above, some information is required
about the. behaviour of the yield and loading surfaces. Paul
( 14 ) reviews some experimentally obtained yield and loading
surfaces and it is shown that the shape and size of the
surfaces are affected to a very large aegree by the definition
of yield used. A permanent set definition, for example, would
indicate that the yield strength in one direction is affected
by prestraining in another direction, while for a proportional
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limit definition of yield this cross effect is absent, as
algo shovm by Phillips and Tang ( 15 ).

Michno and Findley ( 16, 17 ) determined yield and loading
surfaces for thin-walled SAE 1017 steel tubes under combinations
of axial and ftorsional loads. It was fourd that the normality
and convexity rules were obeyed. Sharp corners in the loading
surface, as predicted by the slip theory, were not encountered,
but ocecassionally well rounded corners were formed under

combined tengion and torsion. The behaviour of the loading
surfaces, however, was quite complex.

It seems thus that an exact description of the loading
surface behaviour during plastic straining will be very
complicated. An alternative approach has been to assume a
form of loading surface behaviour and then check how this
predicted actual stress-strain behaviour. Some of the more
commonly used loading surface theories are discussed
below.

(a) Piecewige linear theory

Any yield surface can be described in terms of a series

of linear segments on theTT-plane. To decrease the

complexity, the number of planes should be small. an

example of this is Uresca's yield criterion which has

gpix planes ( fig. 2.2). During yield the stress vector

carries with it that particular plane it is in contact

with. The theory is completely general if the planes

move independently. For the theory to have any

predictive value, the behaviour of the planes must

be specified as has been done in the following theories.
(b) Isotropic hardening theory

The yield surface expands uniformly while the centre

remaing fixed (fig. 2.3). Von WMises yield eriterion

is an example of this. The theory works fairly well

for single direction loading, but during reversed loading

the actual yield stress is lower than the original

yield gtress. This is called the Bauschinger effect

which the isotropic theory makes no provision for.

For plastic load cycling with a superimposed follow

up load, deformation in the direction of the follow

up load will, according to this theory, occur only

g
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during the first quarter loesding cycle.
(e)Xinematic hardening theory
This theory assumes a yield surface of congstant size
which translates in stress space (fig. 2.4). The
centre moves in the direction of the plastic strain
increment by an amount which depernds on the plastic
work parameter bije'ﬁ » The Bauschinger effect is
accounted for by this theory. However, the theory
is only of limited applicability to the cyeclic creep
problem as, for a tubular specimsn subjected to
alternating torsion - steady tension conditions, it
predicts a limit to the creep strain far below that
observed in practice ( 18 ).
Combinations of the isotropic and kinematic theories are
also possible but again are only of limited applicability
to the creep problem as they tend to predict small limiting
creep values, Such theories may be useful, however, for
describing logarithmic cyclic creep.
2.2,3 Viscoplagticity and Thermodynamics
Viscoplasticity theories attempt to describe more general non
linear time-, temperature - and sgtrain rate dependent
behaviour of inelastic solids. In linear viscoelasticity the
stress O in a solid subjected to a strain history € (t) is
given by the hereditary integral

£
b(t) = [E(t-T)-de()dTdT 2.4

Honlinear behaviouraoan also be repregsented in a similar
faghion ( 19 ) although the actual equations are more complex.

One approach is to mathematically model the sulid as a
combination of springs (elastic elements),dashpots (linear
vimcoelastic elements) and friction blocks (perfectly plastic
elements). Hilton (20) hes shown how non linear creep for
time independent temperatures end stresses may be obtained
from such a model.

A comparatively recent development is the application

of the laws and concepts of classical thermodynamics to
inelastic strained solids. The subject is reviewed by Martin




-
( 21 ) and it is shown that the general framework thus
ueveloped includes the description of viscoelastic materials,
for example. This approach is promising, especially as
regards the development of congtitutive relations.

2.3 Yield surface theories for cyclic plagticity
The yield surface theory of kKroz ( 22 ) consists of a series
of nested loading surfaces surrvounding the yield surface
(fig. 2.5). Jach surface grows and translates once it has
come into contact with the gtress vector or another surface.
Once & particular surface has started to move, the work
hardening modulus stays constant until the next surface is
contacted. This amounts to approximating the uni-axial
stregss-strain curve by a series of linear segments. During
nonproportional loading, such as preloading in one direction
and loading in another, it is asgsumed bthat the surfaces cannot
intevsect sach other and in fact behave like a get of nested
frictionless rings lying on a flat surface. This theory is
then applied by Mroz ( 23 ) to the problem of alternating
torgsion and gteady tension. For simplicity, only two loading
surfaces are assumed, the inner and outer ones behaving in
a purely kinemstic and isotropic fashion respectively.
Degpite this simple model the strain equations become quite
complex. No experimental results for comparison are presented.
A similar theory by Krieg ( 24 ) is described as a two
surface Mroz theory with a continuum of intermediate loading
surfaces whoge distribution is agsumed beforehand. The model
congigts of an igotropic - kinematic yield surfrce and an
igotropic -~ kinematic limit surface. These two do not touch
but are both affected by plastic straining. The work
hardening modulus is determined by the distance between the
surfaces at the tip of the stress vector. The theory is then
applied to tension compression cycling but the resulting
equations hecome quite complex. Agreement with experiment
ig good, but a large number of empirical relations had to

be usged.

it kSt i

S e s s e g s e



% e S e

-9

Chandler ( 18 ) has suggesied, from considerations of
the cyclic behaviour of mild steel under steady tension
and alternating torsion, a steady-gtate yield surface which
can be deseribed as a semi-ellipse ind~Tatress gpace
expanding within a limiting isotropic ellipse (fig. 2.6).
It is also shown that the plastic shear gtrain during each
loading half cycle must exceed a critical value 5!?befora
any significant axial creep cen occur. The steady state axial
cereep rate deP/dNis obtained from the following equation.

.g% - ’zs%:‘fft d¥®  ror ¥ ¥’ 25

whered = applied tensile stress

T;= maximum shear sitress reached during cycle
The theory works well for larger plastic shear strain ranges
(>0,025 for fn 3 and En 18 steels) while it overestimated
creep rates for smaller shear gtrain ranges.

Treudenthal and Ronay ( 25 ) showed that cyclic strain
induced creep can alsgo be interpreted as an irreversible
second order effect amplified by an applied follow up load.
The second order effect arises from a quadratic term in the
congtitutive equation which is usually ignored for monotonic
loading. In a cyclic loading cage its efflfect accunulates,
however,and cyclic strain induced creep is predicted cven
in the absence of a follow up load, as was actually observed.

2.4 Viscoplagtic theories for cyelic plasticity

Jome work hse already been done in the application of con-
ventional creep equations to the cyelic loading case ( 26, 27),
but only for coincident cyclic and follow-mp loads.

Rashid ( 28 ) briefly reviewsg some methods of creep
analysis of gtructures subjected to variable mechanical and
thermol loading histories at high temperatures. These methods
include expressing the creep rate éﬁ as the gradient of a
potential function f.
as well a8 using non linear viscoelagtic equations. Some
methods of numerical analysgis are described ag is the
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obtaining of materisl data. Three numerical examples are
worked out to compare different equations but no experimental
comparison is made.

It has been pointed out by Valanis ( 29 ) that, for
time independent plasticity, the stress in a strained solid
"depends on the set of all previous states of deformation
of that neighbourhood, but it does not depend on the rapidity
gt which such deformation gtates have succeeded one another",
For this reagon, it is suggested that the history of defor-
nation be related to a 'time" scale, which is not measured
by a clock, but intrineically related to the deformation
history of the material. This concept may be extended to
time dependent plasticity by having the intrinsic "time"
depend on both the deformation history and the external,
real, time. It is suggested that an intrinsic time increment

d& may be written as
dé’= g’dt® «+ hidg’ 2.6

ynere At is a real time increment

df is a deformation increment

g and h are gcalar material parameters

Valanis then developed a theory of viscoplasticity from

theraocdynamical considerations and showed that stress and
gtrain can be related by a hereditary integral similar to
4. 2.4 except that the integral is evaluated over an interval
of intrineic, rather than real, time. Por the particular case
of tension and tors*on regpectively.

b = f E(z -2 )defdz"dz’ 2.7
T= [Glz-z)-d¥13z" d 2.8

where £ is an internal btime scale, which is a function of
the time meassure

ds = df /(E) » 2.9

d%, the chormation :ncrement, may be written as

dg kidede; + k,de;de; 210

where X, and Kz in general depend on Eh
E(z), G(z) are expressed as a sum of decaying exponential

Lerns My
E@) = ) Ee %= 2.1
r=0

B
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G(Z) = Z{}Gr e"“rz 212

were positive material constants.

In further work on this endochronic theory (30, 31, 32)
Valanis found that:

(a)

(b)

The form of f(§) in eq. 2.9 that gave the best results

was f(g) =14 g
2 = 1/;3;-3109(1 . Bk) 2.13

Tor monotonic loading & one term approximation of
“(z) and G(z) could be used while for loading -
unloading a two term approximation sufficed.

E(z)= Eoe““'z
Gz)=G,e~dZ

where g and Gy are the initial slopes of the
respective stresg-strain curves.

E(Z): E, + E,E""“"‘»z
G(Z)::G. + G, e"’“‘*z

where

£+ E,:: Eo
G+ G,= G,

B, and &) are limlting slopes for large strains.
The theory was then applied bo various aspects of
plagticity including cyclic strain induced creep

( 32 ) and good agresment with experimental results
was obtained.

for loading 2.14

for loading - unloading 2.5

2.% Concluding remarks

0f ‘the forezoing theories, is was decided ‘to select two for
further investigation as these seemed the most promising.
Theme were the expanding ellipse yield surface theory ( 18 )

T X

ey i L



e e BT TR R i, AR e i S T L A ey

D

ST D B Pt e S i S g o

( 32 ). They will be developed and discussed in more detail

and the endochronic theory of viscoplagticity by Valanis
below.

e e, e S, 5 Y TS

B e




-3

S e A i 5 e e A i i

3ANIL

d3343 {JIWHLI¥VICT)
JdN1Ivd3dW3i WO0Y

d3343 3YNLVYHIdWIL HOI

High Temperature and Room Temperature

Thermally Induced Creep

Flgc 2.1

e S 3 -



. «:o_mﬁ:ml
}
{
[

|
4
El'x
!
.

———— =YIELD SURFACE |
; STRESS
? LOADING SURFACE PATH
| = ——=WITH INDEPENDENT ~p
& HARDENING dej
| =--e=—-= LOADING SURFACE
WITH
; DEPENDANT HARDENING N\ _ T~~2><C-..___
:,{ ' 61

FIG.2.2 PIECEWISE LINEAR YIELD SURFACE THECRY

Dol

-71.

S

i gz

€ RO S i e B

S - = e e — e e -




Py

I S

YIELD .

SURFACE

FIG. 23 _ISOTROPIC HARDENING THEORY

LOADING | >k _ g
SURFACE | . \ o

. STRESS
PATH

—adeP
deij

3,

-Sl..




- | ,
YIELD SURFACE —./ ~_ [ / -de;
' | | I.STRESS

LOADING SURFACE
PATH

FIG. 24 _KINEMATIC HARDENING THEORY

I S P R S N -




-[1-

FIG25 MULTIPLE LOADING SURFACE THEORY OF MROZ(22)




-18-

30VdS SS3HIS 7 €f-F NI(8l) S3ov4HNS QI3IA ONIGNVEX3E 9T 9Id
HOL33A SS3YIS=S

f1
4P

? ®

g2

FAVRNS
31VIQ3WY3INI
g o s
d ) M\ K\‘N\c 404L0SI 9NILIW m\rxpc

O R oo g TS i © T TR T o A B g B S e, S o e 3 o B e g B



ekt oy Blemras e B SR

e

AL e

B e

3

~1Gm

CHAPTER 3

EXPERIMENTAL DQUIPMINT

3.1 General

The equipment consisted of an Instron TT-CM testing machine
of 50 kN capacity which was modified so that cyclic
torsional loads could be superimposed on the normal tensile
operating mode.

The modifications consisted of a tension-torsion drive
train fitted between the Instron cross heads. The torque wag
applied to the drive train by an electrical motor via a
V-belt, a 3600 : 1 reduction gear box and a chain drive.
Tengsile and torsional loads were measured by load cells
incorporated in the drive train. The tensile load was applied
by the Instron machine and the standard Instron eguipment was
uged for load control and measurement. Shear and axial gtrains
were obtained from a strain gauged clip on extensometer.
Torgque reversal was achieved by a purposely bullt electronic
circuit capable of monitoring either the shear stress or
shear strain signal voltage. Shear stress T and shear strain O
were ploetted on an X - ¥ pen recorder while axial strain &
as well as O were recorded on an X~t recorder.

Tig. 3.1 is an schematic representation of the experi~
mental equipment. Relevant specifications of equipment may
be found in Appendix A

3.2 Material and Specimensg
The material used was a Huletts B5LS-TF aluminium silicon
alloy, which was received and tested in the solution heat
treated and aged condition. Fig. 3.2 gives its chemical
compogition and other properties stated in the test
certificate of the bhatch. The material was received as %n
lengths of 27mm diameter extruded round bar and all material
wag from the same casgt.

The specimens were thin walled tubes with ends designed
to transmit both a torque and a tensile load to the gauge
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length (fig. 3.3). Similar specimens had been used in other
investigations ( 18 )} and it had been found that the wall
thickness was small enough to justify the assumption of
constant stresses, yet large enough to prevent severe
torsional buckling. In order to further inhibit torsional
buckling, a lubricated mendrel was ingerted into the specimen.
To prevent Hinding and erroneous torque readings, especizlly
when large negative diametral strains occurred, the mandrel
was machined down to give a clearance of 1 mm between it and
the tube wall over the gauge length (fig. 3.3). Even after
considerable axial straining of the specimen, the mandrel
could still be rotated freely.

Becausge of the dimensional accuracy required in the
épecimens, egpecially as regards the uniformity and constancy
of the wall thickness, the machining procedure was as follows.

(2) The required lengths of round bar were cut, faced to

the correct overall lergth and centres drillzd in
both faces.

(b) The bar was inserted between a centre and a driving

centre and turned down to the maximum outer
diameter ( 26 mm ).

(c) It was then placed in a collet (high precision chuck)

and the central hole drilled and reamed to the coxrrect

depth. &

(d) A mandrel was placed in the hole and the specimen
fixed between centres on a profile lathe where the
profile was cut in three roughing cuts of 1 mm each
and two finishing cuts of apporximately 0,25 mm each.

(e) Finally the flats on the thickened specimen ends
were milled.

3.3 Torsion test modification

3.3.1 liotor, gear box and chain dxrivse
A three phagse electric motor was chosen to apply the torque
because it could be reversed almost ins%antaneously by
changing over two of the phases. Since the torque required
from the motor was very low ( 0,014 Nm ) compared to its
rated capacity of 4,8 Nm, the motor speed was practically
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synchronous ( 750 rev/min ) and produced a saw tooth twist-
time curve.

The speed reduction required between motor and specimen
was achieved by & Renold Crofts 3600 : 1 double reduction
gear box mounted on the Ingtron frame and driven by the
motor via two 80 mm PCD pulleys and an A-section V-Belt
(fige 3.4). The belt tension could be adjusted by lowering
or raising the motor on its support.

Sprockets were fitted on the vertical output shaft of
the gear box as well as on the top of the drive train and
connected by a single 3/8 in. piteh chain. The chain tension
could be adjusted by shifting the gear bhox on its supporting
rails. Several sprocket sizes, all interchangeable, were
available to obtain different twisting speeds. Throughout
the present invegtigation, however, the twisting rate was
maintained at 0,78 Ys.

3342 Drive train and load cells
The upper part of the drive train consisted of a bearing
houging bolted onto the upper Instron cross head, a torsion
load cell and a thrust bearing (Ffige 3.5). The bearings in
the bearing housing were designed to accommodate the bending
moment caused by the one-gided pull of the drive chain,
while the thrust hearing prevented tensile loading of the
torsional load cell.

The torsional cell wasg hollow for greater sensitivity
and a bolted on cap provided for the driven sprocket. lour
gtrain gouges were accurately mounted on the cell to form
a complete bridze. The cell was calibrated by removing the
sprocket cap and fitting the two adapbtors (fig. 3.6) for
ingertion into a previously calibrated Avery torsion testing
machine. The resulting calibration graph was found to be
linear (fig. 3.7).

The tensmile load cell ( see fig. 3.8 ) was pinned to
the fixture on the lower Instron cross head. Four strain
gauges woere accurately mounted on this cell, two at right
angles and two parallel to its centre line, and spaced in 90°
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intervals aromwnd its circumference. This was found fo give
good results. The calibration of this cell which was used
with the Instron chart recorder wag carried out by dead
weight loading, using the standard weights provided. Pinned
connections were used throughout the drive train to facilitate
agssembly.

3¢3.3 Specimen helders
The jaws holding the gpecimen were of the self aligning type
which had beer used in other investigations ( 18 ). The jaw
blocks ( see fig. 3.9 ), made of LTAH hardened to R.62, were
able to slide in the jaw carrier, which in turm wags free to
move in the jaw head. The jaw blocks were tightened against
the milled flats on the specimen by means of the bolt shown
and a recess wag provided for the unmilled specimen end
( see fig. 3.10 ).

3.4 Tengile load application

The gteady tensile load was applied to the specimen by the
Instron machine which was set to operate in the load cycling
mode. Thus the tensile load was varied and was kept to %57
about the selected mean value. The varigtion was sufficiently
small for the load to be regarded as static.

3.5 Ingtrumentation

3.5l Azial and shear gtrain transducers
The axial and shear straing were measured by a specially
congtructed gtrain gauge extensometer. This consigted of two
spring loaded jaw pieces joined by two curved spring steel .
gtrips, one of which could deform when the specimen elongated,
the other when it twisted. Dach strip was fitted with a four
gtrain gauge bridge for maximum sengitivity. Three pointed
screws on each jaw plece fixed the extensometer firmly o
the specimen. Tige. 3.1l shows the extensometer clamped in
position on the specimen. During preliminary investigations
with other types of extensometers, it was found that this
arrangement wag the besgt snd that the cyclic creep rate was
unaffected by the chogen clamping metlhod.
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The extensometer was calibrated for twist by fixing it
to a standard torsion specimen of the same diameter as the
tension-torsion specimen and twisting it in the Avery torsion
testing machine. The linear relatlon between the shear strain
in the torsion specimen and the aumber of drive wheel
revolutions had been determined previously by means of a
twist meter. The resulting calibration curve was linear
( fige 3.12 ).The slight deviation from linearity for §> 0,025
did not affect the results since torsional cycling wag never
carried out in that region. IV was found that the effect of
twisting on the axial strain signal was negligible.

Axial strain calibration was carried out by fitting the
extensometer to a long mild steel tensile gpecimen, together
with a dial gauge extensometer, and straining the specimen in

an Amsler Universal testing machine. Care was taken to prestrain

the gpecimen past the yield region, where straing were
susceptible to local variations over the specimen length,
before the extensometers were connected. The calibration
was approximately linear ( fig. 3.13). An axial strain also
produced = rsading on the extensometer's shear strain bridge.
The effect of this during steady tengion -~ cyclic torsion
testing would be, due to the manner in which torgue reversal
was achieved, to cause a torsional cyoclic creep accumulating
with axial deformation. However visual ohsexvation of the
extonsometer after prolonged cycling showed no such
accumulated twist, indicating that the cross efi ict was
absent during torsional cycling.

3.5.2 Recording and amplification eguipment
The slrain gauge bridges on the torsional load cell as well
as on ‘the axial - and shear strain transducers were supplied
with a constant voltage ( 6,00 V ) by a gtabilized single DC
powey supply operating in the constant voltage mode. The
tengile load cell bridge wag supplied directly from the
Instron machine.

Because of the small signal voltage generated by the
torgional load cell and the strain transducers, a high gain
D¢ amplifier was used to pre—amplify the signal voltages.
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Gains of the order of 10CO were employed. The amplifier was
also used to zero any initial imbalance in the bridge circuite.
The pre-amplified gignal voltages were then fed into the
regpective recorders ( fig. 3.1). The reason for
duplicating the shear strain on the X-~t recorder together
with the axial strain € was to provide a time and cycle
reference for €.

3.5.3 Torsional load reversal
To enable torque reversals at either preset shear stress or
shear strain limits, an electronic comparator capable of
reversing the electric motor wag designed and built. This
compzrator was triggered when the input signal reached a
preset maximum or mirimum value. The comparator circult was
supplied with ~12V - OV - +12V by a stabilized dual DC power
source. Fig. 3.14 is a schematic view of the control system.
Throughout the present investigation the pre-amplified shear
strain signal voltage was used to trigger the torque reversals.

3.6 Setting up the equipment
The gear box and motor were installed as shown in fig. 3.4
and the belt tension adjusted. The upper part of the drive
train ( fig 3.5 ) was lowered through the hole in the upper
Instron cross head after the torsional load cell wires had
been threaded through the hollow cross head. The assembly
was bolted down, the sprockets and chain placed in position
and the chain tension adjusted. The tensile load cell and
the jaws were inserted (fig. 3.8) and the load cell connected
to the Instron machine.

The recording, amplification and control equipment was
arranged es shown in figs. 3.15 and 3.16 and connected
(fig. 3.1). The polarities of the load cell and extensometber
outputs, the comperator input and the motor phases were
checked for proper recording direction and torgue reversal.

3.7 Testing procedure
A warm up period of at leagt half an hour was allowed bhefore

tegting commenced so that the electronic components, and

especially the strain gauge bridges, could attain thermal
equilibrium.
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3.7.1 Pure tension testing
Pure tensgile tests were conducted on the Insgtron machine
using an extension rate of 0,2 em/min. ¥o mandrel was
required in the specimen. Stress and stradin values were
obtained from Load-deflection curves from the Instron's

chart recorder,

3.7.2 Combined tension-torgion testing
The tensile load cell was calibrated, the Instron switcned
to the load cycling mode and the tensile load limits set.

The axial extension rate was retained as 0,2 em/min. The
required amplifier gains and recorder sengitivities for

and were calculated and setv go as to give a simple relation
between the signal voltage and the recordsr pen deflection.
Thus 1 cm on the Y-channel of the X-~Y recorder was set to
correspond to a shear gtress of 20 WPz in the specimen, 20 cm
on the X-~channel of the I-Y recorder corresponded to the total
shear strain range, while 1 in. on the X-t recorder represen-
ted 0,005 axial strain.

The specimen was then inserted, tightened and the extenso—
meter fixed to it. A spacer between the extensometer jaw
pleces was required to ensure conditions identical to those
during calibration. After withdrawal of the spacer the axial
strain signal was zeroed and the specimen preloaded in tension.

The zero screw on the amplifier was used to apply a
gimulated shear struin signal to the comparator in order to
set the upper and lower shear strain limite. The shear stress
and shear gtrain signals were then zeroed and the chart drive

and motor switched on.
It was found to be advantageous to select a higher chart

gpeed (~ 60 mm/min) on the x~t recorder during the first ten
torsional loading cycles so as to note the trensient axial
strain behaviour. The calibration of the extensometer and
load cells was checked after every few tests but very little
variation was found.

3.8 Tegting Programme
The main part of the testing consisted of steady tension -

cyclic torsion ltegts to find the cyclic creep behaviour of
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the aluminium . Shear gtrain ranges ranged frem 0,01 to 0,04,

" while the applied tensile gtresses varied from O IPa to

200 MPa. A maximum of four hours was allotted to each test.

In addition a number of pure tensile tests wp to fracture
as well o3 fully reversed torsion tests were conducted to
obtain the elagtic constants and the monotonic leading
behaviour.

Additional tests consisted of subjecting specimens to a
gteady tension and a cyclic torque until the torsional
hypteresis loop had settled down to a gteady state. The
specimens were then tested in pure tension up to fracture and
the yield behaviour noted. This was done for a high and a low
shear strain range ( 0,032 and 0,012 ) ag well as for tensile
stresses ranging from 0 MPe and 200 NPa.
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fige. 3.2 Propertieg of Aluminium Alloy Tested

Chemical analysis (50)

Cr IAl

Cu «{Zn
I Remainder

0,58' o,eai 1,o3| 0,53 lo,omalo,o79 0,015‘0,010

Alloy + temper B518-TF

B.S5. designation

1474/HE 30 TF

IL.5.0 designation s ALSilhigiin
0,2,5> Proof stress : 265 lPa
UTs : 313 iPa
Ylongation ¢ 144

Fauge length ¢ 50 mm
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1. Motor supports

2. Motor

3. V=belt

4, Gear box on supporting raile
5. Chain

6. Drive train

3.4 Rear View of Tngtron Machine
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Sprocket

Sprocket cap

Bearing housing

Torsion load cell

Thrugt bearing

01d tensile load cell used as spacer
Supporting plate

Adaptor piece

Torgion Load Cell Assembly
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CHAPTER 4.

BEPERIMAENTAL RESULTS

4.1 Pure reversed torsion and pure tengion

Two examples of the reversed torsion stress-gtrain curves are
shown in fig. 4.1. It can be seen that, immediately after the
drive motor reversal, slack in the drive train had to be

taken up, allowing stress relaxation rather than elastic
unloading to ocecur. This indicates that the materiz . was

strain rate sensitive and for that reason the twisting rate

was kept constant throughout this investigation. The stress-
strain curves were not quite identical which possibly indicates
small variations in specimen dimensions.

Mg, 4.2 shows one tensile stress-sirain curve. For
comparison the effective siress-strain curve in torsion has
been included in this figure. It can be seen that the
aluninium possessed a considerable degree of plastic anisotropy
although the work hardening slopes were very similar. The
ratio of tensile to torsional yileld strengths was obtained
ag 2,369, This anisutropy asrose most probably from the
extrusion process used in manufacture. Unfortunately further
heat treastment failed to remove this and so subsgequent tests
were carried out on the as received material.

The elastic shear modulus G, was obtained from several
torsional hysteresis loops and the mean value calculated to
be G, = 26 750 MPa, which is similar to pubiished figures.
&, , the limiting tangent sbhear modulus, was obtained from
fize 5.1 and found to be G, = 260 IPa. Young's modulus i,
wag found ag 67 000 liPa.

4.2 Steady tension and alterneting torgion.

Although tiae total shear strain range A8 was one of the
controlled variables, a more meaningful measure of deformaution
wag the plastic shear girain x‘angcaAX', which varied from
0,N00119 to 0,02817. The creep c¢ltrain values obtained from
these tests were all referred to the strain at the end of

the firet quarter loading ¢ycle.
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4.2.1 Cyclic strain induced creep
Contrary to expectations, not all the creep curves were
monotonically increasing. Figs. 4.3 to 4.6 are representative
exanmples of the four types of creep curves observed. The only
common feature of 2ll curves was a region of constant cyclic
creep rate. In some duplicated tests with the same loading
parameters, the steady state cyclic creep rate was the same
even though the transient behaviour differed ( fig. 4.7).

It was noticed that the primery creep rate was usually
negative for small values of A¥’and d . wor larger A?f or b
it became positive while for very large b no primary creep
occurred at all. The steady stafe secondary creep rates were
negative for small values<mf£38'or b but increased rapidly
with increasing AY and‘b. The tertiary creep behaviour was
actually a tensile insgtability phenomenon and not of interest
in the present investigation. The steady gstate creep rates
have been plotted against b for each.Z\3'1ﬂ.*1 gs. 4.8 - 4.10.

Tt was interesting to note that IFreudenthal and Ronay (25)
had found a positive axial strain accumulation for aluminium
subjected to pure torsional cycling, while the opposite
occurred here. even for & nonzero tensile stress, The tube
shortening was probably due to anisotropy and the results
were as to be expected from Hill's analysis ( 33 ). The aim
of this investigation, however, primarily was to study the
steady state cyclic creep behaviour, which was unaffected by
any initisl anisotropy.

4.2.2 Torsional hysteresis loops
Several of these were obtained during each cyclic strain
induced creep test. It wasg found that the steady state loop
wag reached very soon (within 5 cycles) and changed little
with progressing axial straining. Some cyclic hardening
occurred which was more noticeable for the low plastic shear
gtrain ranges (0,00119 - 0,00252) ag evidenced by a shrinkage
of the loop (fig. 4.11).

The éteady state hysteresis loop was little affected by

the presence of a tensile stress. This can be seen in fig.4.12 ,

where the areas of the loops have been plotted ag&nmﬂ:b for
different values of Y P. The large devistions for a few of the
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tests were most probably caused by variations in the specimen

dimensions.,
4.2.3 Tracture behaviour
Two types of fracture were observed in those specimens that

failed within the allotted time., Specimens subjected to large
tensile stresses failed by local necking and tensile fracture,

the fracture plane being inclined at 459 to the specimen
centre line. In some cases the crack did not completely
propagate around the circumference, indicating a nonuniform
wall thickness. High strain fetisue fracture, evidenced by
& longitudinal crack was obgerved in gpecimens subjected to
smaller tensile stresses. If cyeling continued after for-
mation of the fatigue crack, further cracks started from the
crack tip and spread in circumferential direction.

4.3 Tensile response after previous torque cycling

To obtain informetion abuut the material anisotropy after
some torsional cycling, specimens were subjected to a cyclic
torque and a steady tensile load until the hysteresis loop
had reached a steady state. The specimens were then tested
in tension up to fracture and the yield stresses determined
by a Liode sxtrapolation technique, taking into account the
reduction in cross sextional srea caused by the tensile load

during previous cyeling. The ratios of the tensile yield stress
to the maximum shear giress attalned during cycling have been
plotted against the tensile stress during cycling for each Ax?
(fize 4.13). Tor comparison the ratio of tensile to torsional

vield gtress for the previously unstrained material has also

been included. It can be geen that the initial anisotropy was
decreased by cycling at lerge plastic shear strain ranges and

small applied tengille stresges. However some hardening wasg
caused by large applied tensile stresses.
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CHAPTLER 5

YIELD SURPACH THLORY

5.1 General
It has been suggested ( 18 ) that, for a material subjected
to cyclic torsion and steady tension, the loading surface
in =T stress space may be represented by an expanding
semi-ellipse within a limiting isotropic ellipse (fig. 2.6).
This makes it posgible to calculate the steady state cyclic
gtrain induced creep rates.

For the material co-ordinate axes ag in fig. 5.1, the
equation of an intermediate loading surface =uay be written as

2 2 2
Frliv $Ta + 4 Zn-1=0 5.1

where a is a constant = ') 'rmax
b varieg from O to T ax
dince the plagtic strain increment is normal to the yield
surface

P df
dt‘.’;J = dk-gf;;—- 5.2
iiote thet in eq. 5.1 the shear stresses ?3;3 and't,.are

nurerically equal,; but, as far as the differentiation in
eq. 5.2 is concerned, they are not identical. Thus

def=def = dA%}%ﬂﬁ-:dA%br 5.3
ds’=2 dEez = dkug%ﬁ-:d)\ 2% 5.4
Y¥rom egs. 5.3 and 5.4
, 2
def =2 2 dyf 5.5
From eqs 5.1
bz - T

‘ o ,‘IGI
Subgtituting into eq. 5.5

dEP = 3;::.; - b2 dx? 556

Mrom eq. 501, fOI‘ b z'tmﬂ” snd r=tm

)|

*
a‘=3 ?:max

e i s o e

e et i b e
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2 2 2
3Toer = 0 =T,
Substituting into eg. 5.6
dEP =-b-31—d6’9
3 T
Integrating this over one complete torsional loading
cycle, the steady state cyclic creep rate is obtained

de? _

aN- = &g(fdﬂ 5.7

Wote that #TA¥Pis the specific plastic work done over
one cycle. Since no net elastic work is done over that period.

§Td¥P= §Td¥= arca inside torsional hysteresis loop

Because the hysteresis loop is hardly affected by either
the tensile stress or by progressing axial feformation, cyclic
creep calculations in a design situation may be based on the
results of cyclic torsion tesis. In the present work, however,
each cyclic creep estimate has been calculated from the
properities of the corresponding hysteresis loop. The
experimental gteady state creep rates togetner with those
obtained from eq. 5.7 have been plotted againgt d in figs.
5e28 =~ 5.2je It can be geen that the theory overestimates
the creep rates considersbly, especially for the smailex
shear streln ranges and stresses.

5.2 Determination of the Approximate Yield Surface

The tests described in section 4.3 were used to determine
whether the agvoumption of sn isobtropic limiting loading
gurface uged in eq. 5.7 was justified. This agsumpltion was
baged on the notion that cyeling in the plasiic region removes
the effects of any previous deformation history ( 34 ). It
would thus be expected that the initial material snisotropy
88 shown in fig 4.2 would have been removed once gteady gtate
cycling hzd been achieved, IFor a material, which has been
cycled in torsion with a superimposed steady teﬁéﬁén, ‘the
limiting yield surface, assumed to be elliptical, ig given by

5.8




-1

where By is the tensile yield stress. For the particular
value of ® during cycling, whenT=Tm

tmax = Tm /\/| - b‘/b; ' 59

From the tests mentioned above, the values of Timax and
'by/Z‘;m,,have been calculated the latter plotted in fig 5.3.
It seems that the limiting loading surface, for this msterial
at least, is not isotropic. There is a small dependence of
By /‘Z’m“on the shear gtrain range and the tensile siresg, but
as it is small, a mean value of 2,07 hag been used in rederiving
¢qQs 5.7 The latter is now changed by replacing the factor
3 by 2,07*. Hence

P )
%ﬁ' = %28 TL f’td&” 510
This decreases the previous egtimates of the cyclic creep
rate by a factor of 1,43 which is still not sufficient to give
clogse agreement with actual behaviour. These results have been
plotted in figs. 5.2a - 5.2] from which it can be seen that,
although the theory considerably overestimates the creep rates,
theoretical and experimental curves tend towards having
similar slopes at higher tensile gtressg values.

5.3 Apsumption of & Critical Plasbic Shear Strain ¥& for Creep
The results ghown in figs. 5.2a -~ 5.2) indicate that the
expanding ellipse loading surface theory could be used
provided modifications are made to the loading surface shape.
It seems that the loading surface does not expand from the
zero shear gitress axig as the curvature, and hence ‘the plastic
gtrain increment, is too high. An alternative form has been
assumad in which the loading surface translates along the

T~ axis uwntil a criticel value of C has been reached after
which 1t expands elliptically as bofore (See fig. 5.4). To
determine the loading surface behaviour, it is more convendient
to introduce a critical shear sirain b‘; at which the ellipse
storts to expand, rather then at a critical Ce. B'g is clearly
a function of the tenglile stress b, increasing with dow
creasing b . Approximate values of ¥ g could be obtained from
experimental results by congidering the value of b at which
the cyclic creep rates, for a particular plagtic ghear gtrain
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Tange Axp, began to increase rapidly. Values of AB"’ against
d have been plotted in fig. 5.5 which may now be used to

find & : from & . The modified theory is only approximate as
it now only predicts oreep that ocours for A¥™> L.

Referring to fig. 5.5, it was agpumed thatl the inter-
mediate and limiting surfaces were semi-ellipses with the
major axis situated at €T =Te. .he equation of the eliipse
is thus:

2 w
.:‘ + (‘L “‘b;rc) - i 5'11
where a ig a constant
b varies from 0 to Ta; Te
T varies from T,to Tm
whon T=Tm s b = qup"‘ ¢ and
Tm’"" Tc. + (va“Tc)V' 1l - i;!/ql 5»12

The value of T for esch cyclic creep test was obtained
in the following way. Using fiz. 5.5, §& was found from & .
4 line parallel to the unloading line, but displaced from it
by Ug, wag drawn on the actual torsional hysteresis loop.
This line intersectel the loop at T=Te(fig. 5.6).

Using this procedure and eq. 5.12, the values of Tap
were obtained for the specimens tested in tension after
previous torsional cycling. It wes found that the ratio of
'by/"l:'..m wag virtually the ssme ag before. The constant Q in
eqs 5.11 could thus be set equal to 2,07 Tmay »

The cyeclic creep rate was then derived asg before.

P

z% - 2,07}3{:;*’ - %l é('rmtcydxp 5-13

where the eyelic integral is evaluated only for |Tl»T.
end ig in fact equal, to the shaded area in fig. 5.6.

The creep rates predicted by eq. 5.13 have been compared
to the actual creep rates in Ligs. 5.7a - 5.7), The agreoment
ig fairly good, ‘especially at higher shear straln ranges.

Bed Discugsion

Por design purposes, the original theory ( eqe 5.7 ) is
obviously preferable as it can be used to predict cyclic
gtrain induced creep from a knowledge of the steady state
torslion hysteresis loop only, the lutter being theoretically

SN

T

ki i S

e
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obtainable from tests on a single specimen. Unfortunately
its agreement with experiment is rather pocr as it congiderably
overestimates the axial creep rates. The modified loading
surface ( eq. 5.13 ) gives quite good results but »nredicts
creep only for AX') ¥t Unfortunately the creep rates can
no longer ve predicted from simple mechanical data. For the
modified theory to be of use in a design situation, some
simple method of determining ¥& would have to be devised.
Purther ianvestigation of the theory would have to be carried
out to enable creep velow the critical plastic shear strain
range to be calculated.
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Creep Rates (A6F/dN) against Tensile Stress During
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CHAPTER 6

ENDOCHRONTC THEORY OF VISCOPLASTICITY

6,1 3agic Theory

The endochronic theory of viscoplasticity, introduced in
gection 2.4, was applied by Valanis and " ( 32 ) to cyclie
strain induced creep in metals subjected to alteraating
torgion and steady tension. The approach used will be briefly

reviewed here.
Since thematerial behaviour is assumed to be time inde-

pendent, the intrinsic time measure dg is equivalent to the
deformation increment d 4 . Thus
|
Z=gLog (1 + ﬁ{) 6.1
2 i 2
di*=kyd€;idej; + ky deijde; 6.2
Tor the material co-ordinate axes and loading conditions

as in fig. 5.1

de, =de d € =dE€y m-—&ﬁ’e
dgna =dell=td~x d&,ﬁdﬁu ﬁdezg =d€’120
}n = 'b ” 2,“ = ’bij = 0
Luz L“ z't Z:): 3&‘=a!3 2132 = 0
5g. 6.2 thus becomes
ds = k(e X)[-’-de‘ +~—'—-db"]*
= ) 2 2 6.3

During cyelic strain induced creep, the axial strain
increment is far smaller than a corresponding shear strain
increment. In additicn, it was assumed that ¥ (€,¥) = K (¥)

only. Hence
d»f = k'Q;) ldxi

vhere K (¥) = K (~¥) =and ‘dK, ensure a monotonically
increasing "time" § « Tor a one term approximation of E (&)
and with # ag in eq. 6.1, the tensile response is

o 1 sk
b=k, (1+f4) ?f (1+ ﬁﬂf*%%- dqf’ 64
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Differentiating w.r.t. 4 and noting that b = b

= constant:
tzo
de=g2 e d4
€= .‘.!Pr_ézo.log(l'l'ﬁ{) 6.5

The creep strain is thus explicitly expressed in terms
of the total deformation g . After N torsional loading cycles

$=N § k') as]
which by the mean value theorem, becomss

£ = 4N K'(F) ¥ may
where 0 < ¥ < §max
Smax = % ¥ shear strain range AY
2? is some function of h’ma,‘ , such that

k,(i) Kqu - E (8max)

2. 6.5 now becomes
e='%'—zé‘°;'£09 (l + ‘h‘NﬁK(Xmax\’) 6.6

The value of «ide/PE, was obtained from one experimental
cyclic creep curve and used to find the variation of 4-@?(8,““)
with b’m,,, from a few other creep curves. Ia. 6.6 was then
used to predict creep results for tests with the same applied
stress be but intermediate values of &gy o Although the
azreement with experiment was good, the theory in this form
ig of limited use since the moterial consvtants need to be
obteined from a selection of creep curves before creep
behaviour for intermediate loading conditions can be predicted. |
It is thus essentially an empirical approach.

This approach wasg used in the present investigation to
predict coyclic creep in specimens subjected to a tensile |
stress of by = 200 IPa and a shear strain half raenge of
Srax = 0,005 to 0,02. The material constants were determined f
for ¥pax= 0,015 , 0,01 , 0,006 and 0,005 by choosing a i
value of 4‘3#75 (max) and recasting eq. 6.6 into the following
form

E=Ax

b i

e e g

e g s b G S e g —enaptr et i ot

S s e g




e

where A= -'-3-%%—

% = Log (1 + 4NBR (Smax))

The value of A was then determined by a least squares
technique and the sum of the squared errors calculated. It
was found that the value of A giving the least sum of
squared errors varied from 0,007 ( for ¥max = 0,005) to 0,2
( for ¥, .= 0,015). The best compromise was to take A = 0,02.
The corresponding values of 4‘3%.(3',,..“) for a least squares
fit were then calculated and plotted against Swmay in fig. 6.1.
iTote the similarity between fig. 6.1 and the modified yield
surface theory in the previous chapter where it had been
shown that very little creep occurred below a critical shear .
strain renge. This ceritical value would correspond Lo the
point where the value of 4pf(ﬁmng) becomes zero.

From fig. 6.1 the value of 4?'2(&»,,,,,) were read off for
Smax= 05008 , 0,012 , 0,014 and 0,02. Witheb/Bk st o 0,02,
the theoretical creep curves were calculated from eq. 6.6 and
plotted in figs. 6.2 -~ 6.5 together with the experimental
curves, It can be seen that approximate agreement between
theory and experiment is only attained for intermediate values
of 8pexe Although this approach is empirical, it may be
satisfactory in meny design situations as it ig capable of
siving & reasonable estimate of creep behaviour over a smaller
range of loading conditions,

The purpose of the following sections is to attempt &
modification of the theory to see whether it cun be used to
predict creep behaviour from simple material data, such as
monotonic tensile and cyclic torsional stress-strain curves.
The starsting point used was to determine the function K (€,¥)
in eq. 6.3 from tension and torgion ‘tests.

6.2 Pure Tensile behaviour

Since shear strains are absent,y:=5(6) only and eq. 6.4
becones

o €
b=E, (I + p{(e)) "[(1 +[31(e:'3)% de’

Differentioting w.r.ht. € and rearranging:

#
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B _E. _odb
| + B4(e) B 2> b de T X (e) 6.7

This is an ordinary differential equation in € with the -
following solution

€ € € ot .
g = o I&%GNde [ Lx (e e'f TXENE Y 6 g
o

X (€) ana ;X (e)deé were found numerically from the
tensile gtress-strain curve in fig. 4.2 and plotted in
fige. 6.6+ The erratic behaviour of X at small vulues of €
was due to numerical errors. Three poggible analytical
approximations for X suggested themselves, as shown in
fige 6.6. The corresponding solutions for 6.8 are given
below

()X = k; for all €

I+ Py = c
dp=K2 e L e
(b)X'=~';.-3,€for €% €, .
]+p{=e zd‘.e','

6.9

_b;?:.e 24.€. ¢

A= k, for E> €¢( )
. F;f ﬁgdi1£§m51‘ﬂ + er.iﬁgmaa.

-

Kspe 6.10a |

d{ --JL.Q 3§(e e": d 6-10b

(c)X=0 for € % €
v By
d4 =0

X = kg for € > Ec

I+ Bf =

o ko (e-€0) 6.11b

6.11a
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The tensile gtress-strain equation resulting from the
three forms of are briefly presented for comparison

(a)?):%—";(l-— e~ *¢) 6.12

(b) Wo simple solution exists except maybe an error
function with complex variables
() b= E € €= €, 613
E b (G“G) b
?’“anc*?‘;(l"c ’ .;-) € €
6.3 Pure Torsional Behaviour

In this case =4 (¥) only and a two term approximetion will
be used for @ (2). Thus

T= [(G. + G,e""‘lcd‘l')%%rdz’

~‘3

Ll

¥ +da
T=6% + 6;(I + pfm)"[(w Be(x) P dy'

Differentinting w.r.t. and rearranging, an ordinary
differential equation identical to eq. 6.7 is obtained

o TE 6 - gL
2 2 el AN
I+ B4¥) T—6¥ ¢(X) ” 6.13a

¢(8) and {QS(K)JK were again found nuuerically snd proved
te be similar in appearance to 2’(6) and f?C(E)dG respectively
(fig. 6.7). The equations for d4 and 1 + pgleas. 6.9 -'6.:Ll)
are thus unchanged for torsion except that Kq,d,, £, €. and
€, now become Ky ,o,, & ¥, and 8, respectively. It will now
be attempted to develop a unified relation fon:'.s for the
case of simultaneous tension and torsion,

6.4 Combined Tension~Torsion Behaviouxr

During torsional cycling with a steady tensile load, plastic
deformation, and hence an increase :in-f , Will occur vhen ¥ ,
not € , excecds its critical value. The critical axial strains
€é and Gc will thus be assumed to be zero. Considering the

"o S S e g i e @ e -
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forn k(e,¥) in eq. 6.3 must +ake in order to predict the
pure tensile and pure torsional material responses, the
simplest is to let

k (6,¥) =k, () k(¥
where k, (o) = ¢, 6.14

k;(O): Cl.
For pure tension, &= d¥ = 0, and from eq. 6.9

(o) JF 4K SRS 6.15

For pure torsion, €= dé€ = 0, and from the torsional
equivalents of egs. 6.9 - 6.11, three nossibilities exist
for kz (5)

(a) K, &)= ﬁ'*l"&-’ %!' 6.16
Sagu

(b) - Kal)=yp & -——*—-re 2 &, ¥y ¥ <, 517
kacx)wr»a;- ,,,e&“-ﬂié:—"f-'l ¥ »¥. '
(¢) k@)= 0 ¥ < ¥e

PRICEA 6.18
kCgh= Y2 K o BT ¥ > ¥e
Trom eg. 6.14, the additional result is obtained

6.19

d"" l 1&.&2—.
F RS
From eq. 6.15 = 6.19 three posgible relations for &5
may be derived.

() a4 = Jﬂ‘“ c‘._“;&?* %[%de’w%dx']t 6.20
() dp /7 Sl EEr 98T [Laer s Lav ]y .
dfzﬁ.iff. 5*31‘5'*5"#-«1‘5@[1&(5%.!.48‘]* ¥ ¥, 6.21
(o) df =T 1% [Tde +~-~d8] ¥e¥,
2

dg =7 =t e.“'gg“ J"g‘fl{jj‘rt"de *egedd x] x;xG'&'z

IS
SN S
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These will now be uged in a rederivation of the cyclic
strain induced creep equation.

6.5 Cyeclic Strain Induced Creep Behaviour
figs 645, as originally derived by Valanig, will be used as
s starting point. In addition, since de* << d¥?

{

from eq. 6.5
kef € Ky
e 5 (1 + ps) e 6.23
Substituting in 6.20 - 6.22, we get

(14-73;)% £09)|d¥| 6.24

where £ (§) depends on the form of Kk, (¥). During one tor-
sional cycle, ¥ varies as follows

¥ = O""'anx O~ “¥may* 0
This inmplies, however, that the materisl “remembers" the
original unstrained condition. Since this memory effect is
absen“b in real metals, it would be better to let ¥ vary from
b0 28,4, during any half loading cycle. Integrating eq. 6.24
over N complets torgional cycles, and back substituting for
eq., 6.23, the following result is obtained.

it H

6= Bhe. Ee gog[l +an Bgilepn )| 625

where F(UMQX) ) [ M”P'F(K\) ¥

Gongider the qualitative implications of eq. 6.25. For
larye tensile sitresses, the creep strains are large but the
factor (E.rk;UIE, is small,., This will cause the logarithmic
toum to inerease linearly with N, as was actually observed.
The same behaviour is predinted for small shear strain
ranses but this did not ocour in practice. It seems thus as
if eqge U.25 can only prediot the Logarithmic type of ecyclic
creep and hence isg applicable only to tests with small shear
gtrain ranges.

£(¥) ana (y,,, ) are, for the three cases of K,(X)

[ S SR CESE

o e it Ao o b o 2 i ST e

.




~96-~

(a)  £(¥) = %*;e'&g:x‘
ZRqEV’",” 6.26
F (%)t € I - |

(o) fle)s 2t e i
qugam;:
F(b‘m‘,‘): e a ¥ fnd , ZXM‘,* égc'

ki 8 (¥ -Y,)
F(¥)= e o S

“nﬂ(lxmax"‘xr_’l k. {38' ,

F(¥ma )2 € oa — +@ 34 -2 2¥%,,.5Y

6.27

(¢) ‘F(X)’ o] F(xm,)“"o lb’man»gxc
.F(X): %ek‘oﬁ(?b‘a 6.28

o (2¥pmay ~¥e)
F(xma:): € £ d‘lk ¢"'l 2 Yrnaw > ¥,

6.6 Cyclic Strain Induced Creep in Aluminium
e 6425 — 6.28 above can now be used to predict ecyclic gtrain
induced creep in aluminium. The required material constants
were:

Boy Gay Gy /By WP, Ky, Xy, ¥ and ¥e

Although G, and G, do not appear in the creep equations,
they were required in the calowlation of @(¥) and hence in
determining ky. By, Go and G, were assumed to be constant
regardlegs of the gtate of deformation and the values
obtained in chapter 4 were used.

ki was found from the slope of the numerically obtained
<lots cffj{(e)de ve € for specimens tested in pure tension
after initial torsional cycling. Little dependance of ky on
gither the shear strain ransge or on the tensile stress during
cyeling wag observed (fig. 6.8).

A gimilar procedure was followed in determining k*,hz'and
EC from torsional hysteresis loops with shear strain ranges
verying from 0,016 - 0,04. It was found that ky, ¥, end ¥,

g
;
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e e
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remained relatively congtant, regardless of the shear gtrain
range (fig. 6.9).

The values of d,[’ﬁ and 4:/P could not be determined from the
gtress-gtrain curves eqs. 6,12 and 6.13. In gection 6.1,
however, it was found that for a similar type of creep
equation and for ¥y = 200 MPa

oy 2L = 0‘02
From this approximate values for d./p azidd;lpcould be

determined. !

The values of the material constants uged in predicting
cyclie strain induced creep were:

3¢ = 67 000 MPa
Go = 26 750 MPe
G, = 260 1iPa
ky = 192

Ky = 73,8

3. = 0,0176
Y= 0,0097

%= 0,00 300 = 6,7
als ko oy _ .
-Fa—[:i'-p‘-‘;—?—- 4,46 (from eq. 6.19)
Figs. 6.10a = 6.100 compare the predicted and actual
cyclic creep curves for ¥ = 50 liPa - 200 MPa and ¥p,,.=

0,005 -~ 0,02, Tair axreement was achieved for large tensile !

stresses and shear strain ranges while the creep strains were
overestimated considerably for small shear strain ranges. It
ig thought that this is due to the choice of the value o:t‘v‘a/ﬁ.
A smaller value would give better agreement, but only Lo
smaller values of 7:., and Smax « ilote also that the three forms
of F(¥,,,,) in equations 6.26 - 6.28 only affect the theoretical
creecp curve to & small extent.

6.7 Discussion

The endochronic theory as applied in this investigation does !

not offer a unified approach to cyclic gtrain induced creep
in metals. The form of the creep equations derived suggests, ;
however, that the theory could be used to predict logarithmic ‘
cyclic creep for small tensile sgtresses and shear strain

o

e

B S e S g
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renges. “his type of creep, although not observed in the
present investigation, has been found to occur in steel, for
example ( 6 ).

Alternatively, the theory could be used in a semi
empirical menner in design situations where the range of
loading conditions is small. The rmaterial constants would then
have to be obtained from actual creep tegts with similar
loading parameters.

It is nevertheless felt that the endochronic theory does
work in the field will be necegsary, however, especially a
more thorough investigation into the background of the theory.
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200, X©), (X(e)de x 10
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