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ABSTRACT

Most machine components and structural members are subjected to complex loading
conditions during service Typical complex loading conditions can be observed 1n the
case of a bolt When a bolt 1s tightened to bring machine components together,
stresses such as tensile stress (clamp load/area), and torsional or shear stresses
(proportional to applied torque) are developed in the shank and bolt threads To
simphfy the complex relationship between tightening torque, friction co-efficient and
the preload in the fastener, a circular rod 1s chosen to represent the problem
Investigations were carried out to determine 1) how the external tensile load affects
the magnitude of the imitially applied torque, and 11) how application of torque affects
the imtially applied axial load or preload 1in a specimen 1n elastic-plastic range

A preliminary study on copper specimens was undertaken to gain knowledge
about elastic-plastic behaviour under combined tension and torsion loading
Various combinations of combined tension and torsion loading conditions were
applied on the specimens to establish the proper functioning of a recommissioned
tension-torsion machine and a dedicated LabVIEW program

Experimental investigations on AlS1C MMC rod specimens reveal that the rod
can sustain combined axial load and torque well beyond the combined initial
yield curve When the specimen 1s subjected to an 1nitial axial load or torque
followed by torque or axial load respectively, the subsequent load or torque
becomes dominant 1n describing the elastic-plastic behaviour of the specimen
The 1nitial load or torque 1n the specimen does not affect the subsequent torque
or load carrying capacity of the specimen

A specimen subjected to a constant relative extension and angle of twist can
sustain the combined axial load and torque well beyond the combined initial
yield curve It 1s apparent that the specimen carries relatively higher axial load

when the load-torque path 1s closer to the axial load axis Similarly, the



specimen carries relatively higher torque when the load-torque path 1s closer to
the torque axis

In addition to the experimental investigation, a comprehensive finite element
modelling of combined tension and torsion loading of a model was undertaken
that includes both geometric as well as large deformation effects for capturing
axial and shear stresses

A methodology for the finite element analysis of solid rods under combined
tension and torsion loads was developed The numerical models have
successfully captured the basic features of the elastic-plastic response of the
Al1S1C metal matrix composite and demonstrated the effect of particle inclusion
in the overall flow properties of the composite, while demonstrating some

limitations
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1 INTRODUCTION

11 BASIC PRINCIPLES

Most structural materials undergo an elastic state before a plastic state 1s
reached This applies to both material behaviour of a cross-section and the
structure as a whole For a structural member under increasing load, the variation
of the load from a fully elastic state to a fully plastic state 1s shown in Figure
1 1 It can be observed that each point termed plastic hinge, corresponds to a
fully plastic state of a certain cross-section in the member The elastic state of
the member corresponds to a load level below the first plastic hinge The elastic-
plastic state of a member corresponds to a load level between the first and the
last plastic hinge Analysis at this load level 1s called elastoplastic or elastic-
plastic analysis The slope of the curve indicates the relative stiffness of the
stiuctuie, the stiffness decreases as more cross-sections become plastic Elastic-
plastic design makes use of the reserve strength beyond the elastic state of the
structure, and this reserve strength was obtained due to the strain hardening
property of the material Strain hardening occurs when a metal 1s strained beyond
the yield point Plastic deformation of the metal creates dislocation Upon
extensive deformation, dislocations multiply and increase the strength of the
metal An increasing stress 1s required to produce additional plastic deformation
and the metal apparently becomes stronger and more difficult to deform Plastic
deformation beyond yield point of the metal requires an increasing load but at a
decieasing rate The reserve strength of a structural member, which allows the
members to be loaded just over the yield load, 1s utilized 1n the elastic-plastic
design of the members As a result, a more economical design due to material
saving can be achieved when using an elastic-plastic design method

Standardised test procedures such as tension testing, torsion testing, and bend testing

are carried out on material to determine 1ts mechanical properties such as Young’s



modulus, Yield strength, and Ultimate strength These test procedures can predict
with some certainty how the material will behave in actual service Yet, these
uniaxial tests were found to be 1nadequate to describe the material behaviour
completely Most machine components and structural members are subjected to
complex loading conditions during service Typical complex loading conditions can
be observed in the case of a bolt When the bolt 1s tightened to bring the machine
components together, stresses such as 1) tensile stress (clamp load/area), i) torsional
or shear stresses (proportional to applied torque) are developed in the shank and bolt
threads In addition to these stresses, thread friction and frictional forces between the

component surface and nut face are also developed during bolt tightening

!

Elastic Elastoplastic

Load ® 3

Plastic Hinges

Displacement
Figure 1 1 Elastic-Plastic state of a structural member

12 INTRODUCTION TO THE RESEARCH TOPIC

Structural elements and machine components are usually designed so that material
does not yield beyond a plastic strain of the magnitude of the elastic strain under the
expected loading conditions The magnitude of the stress, which causes the material
to yield under uniaxial or combined loading, can be predicted well using various
theoretical 'yield criteria’ Structural engineers and machine designers are much

concerned with elastic-plastic problems where the plastic strains are of the same



order of magnitude as the elastic strain With much attentton being paid to the saving
of weight 1n aircraft, missile and space applications, designers can no longer use
large factors of safety and designing must be done for maximum load to weight ratio,
and this inevitably means designing into the plastic range

Deformation 1n the elastic-plastic range 1s more difficult to calculate than elastic
deformation because the relationships between the stresses and strains are non-linear
and are dependent on the loading history Furthermore the stress distribution 1n most
structural members loaded 1nto the elastic-plastic range 1s also difficult to determine,
because the shape of the elastic-plastic interface 1s 1itself related to the stress
distribution and 1s therefore unknown until the complete solution 1s found However,
for a solid crrcular rod subjected to combined torque and tension, this restriction 1s
temoved since the shape of the interface must be annular to preserve axial symmetry
[1] One of the many applications wherein a solid circular rod 1s subjected to

combined tension and torsion loading condition 1s the bolt
13 INDUSTRIAL APPLICATION

Greater demand for safety, reliability and maintainability are being placed on
products through government regulations and consumer pressure On the other hand,
companies are trying to cut raw material cost, improve design and enhance
manufacturability Since almost all manufacturing involves some form of component
assembly, one logical place to tackle the problem 1s 1n the items and methods used to
hold these components together
Assembly applications can be classified into three categories as,

e Permanent joints, created by welding two components,

¢ Semi-permanent joints using rivets or pins and,

» Temporary Joints using bolts and nuts, screws, etc ,
Fastening bolts are still the most frequently used method in joint technology They
ate by far the most commonly used system for achieving safety, reliability and

maintainability



Designers aie reducing the margin of safety that 1s built into the machine This
change 1s accountable to the aerospace industry, which works with a very low safety
factor as the maximum expected load This forces fastener systems into more acute
peiformance ranges Considerable investigations are still being carried out into bolted
joints, especially into quality of the tighteming involved and into the bolt itself
Bolted joints still pose many problems for engineers, since they involve complex
paits working under severe and often limiting conditions

The design and assembly of bolted joints must assure that the joint remains tightly
clamped and the fastener 1s capable of withstanding the static and dynamic loads that
are apphied Service performance of the joint depends on many factors, such as the
properties of the fastener material and the structure being clamped, response of the
bolt and the joint under additional load, the tightening process and lubrication It 1s
well known that during the tightening process a fastener 1s subjected to torsion as
well as axial stress conditions Subsequently, when the joint 1s subjected to external
load, the fastener 1s subjected to additional axial load due to external load It 1s
expected that the plastic yielding of the fastener would occur when the combined
axial stress and shear stress value reaches a maximum axial stress governed by von
Mises yield criteria, after which the bolt starts deforming producing instability It 1s
impottant that the components for structural application are designed to experience a

maximum load that produces least or no significant deformation
14 METAL MATRIX COMPOSITES

Another logical area of improvement 1s in the material itself Metal matrix
composites offer the opportunity to tailor a material with a combination of
piroperties unavailable in any single material Combining the very high tensile
strength and modulus of elasticity of silicon carbide particles with the low
density of alumimium, a composite material with a higher strength-to-density or
modulus-to-density ratio can be obtained The properties thus obtained in a
composite material are superior to any known single alloy In addition, because

the reinforcing agent 1n the composite has a relatively high melting point,



barring degradation of the fibre by chemical interaction with the matrix, the
strength propertics of the composite can be retained at relatively high
temperatures
In metal-matrix composite an 1nteraction between components does usually occur
which leads to interface layers with their own properties The influences of such
layers on the behaviour of composites are as follows
e The plastic properties of the matrix near the more rigid fibre can be
different from those of the bulk matrix
e An intermetallic compound formed at the interface can give rise to an
increase 1n the strength of a composite to some extent, if this third
component 1s strong enough
e Cracking of a brittle interfaced layer can give rise to an apparent increase
1n the ultimate stress of a fiber similar to the increase of the limiting stress

of a rigid-plastic specimen with a notch
15 COMBINED TENSION AND TORSION LOADING

In recent times, more attention has been paid to the experimental investigation and
analysis of results using simulation packages to determine the mechanical behaviour
of material, under complex loading conditions since uniaxial experiments have been
found to be inadequate for revealing the material behaviour completely Experiments
carried out by Al and Hashmi [2] on circular steel rod subjected to combined torque
and tension loading reported that the shear stress and axial stress itelationship was
found to be non-linear Similar experiments carried out by Meguid et al [3-6], to
determine the behaviour of thin walled tubular specimen made of Mild steel (En8)
under non-proportional straining gave results in good agreement with the von Mises
yield condition It 1s possible to obtain almost the entire positive quadrant of the yield
curve from a single test, without unloading and reloading the specimen Further, 1t
was found that at constant angle of twist and increasing the axial load, the
experimental shear stress trajectory follows the von Mises yield curve upto a point

and subsequently deviates, crossing the von Mises yield curve This can be attributed



to the deformation prior to and during the onset of necking of the specimen [7] This
1esearch describes the investigation made on the behaviour of copper and AISiC
metal matrix composite material under combined tension and torsion loading The
specimens were subjected to different combined loading paths using a purpose built
tension-torsion machine to establish the behaviour 1n the elastic-plastic region until
faillure Four different types of biaxial nonproportional loading paths were
considered In addition, the specimens were subjected to different proportional
tension and torsion loading paths The results from the experiments were analysed
and found to be consistent with the theoretical analysis of the combined load test
based on the Ideal Plasticity Theory, namely that there is no one to one relationship
between stiess and strain over the yield plateau

In this respect, 1t was felt that investigation should be carried out to determine how
the external tensile load affects the magnitude of the mmitially applied torque or how
the application of torque affects the initially applied axial load or preload in a
fastener 1n the elastic-plastic range To avoid the complex relationship between
tightening torque, friction co-efficient and the preload n the fastener, a circular rod
was chosen to represent the problem However, during the tightening process other
stress components do arise due to the effects of the helix angle and the geometry of
the thiead, the effect of these stresses were not considered in this study because of
the simple design of the test specimen Most of the existing research works
concerning the elastic-plastic response of materials have been conducted using thin-
walled tubes for the sake of simplicity of analysis since the area under consideration
1s mimimal and subsequently the stress variation is negligible, as the hinear elastic
torsion theory stipulates that the maximum shear stress occurs at the outer fiber of the

material
16 FINITE ELEMENT ANALYSIS

The finite element method has become a powerful tool for the numerical solution
of a wide range of engineering problems In the finite element mecthod of

analysis, the structural member defining a continuum 1s discretised into simple



geometric shapes called finite elements The material properties and the
governing relationships are considered over these elements and expressed 1n
terms of unknown values at element corners An assembly process, considering
the loading and constraints, results in a set of equations Solution of these
equations gives the approximate behaviour of the continuum The finite element
software package ANSYS was used to numerically simulate the experimental
tests Copper and AlS1iC MMC models were stmulated on a macro scale for
validation of the test results The model was subjected to combined tension and
torsion loading conditions The mechanical behaviour of the models were

investigated and compared with the experimental results
17 SUMMARY

This chapter introduced the elastic-plastic analysis of a structural member,
specifically a circular rod subjected to combined tension and torsion loading
conditions Industrial applications for such loading conditions were observed to
exist tn bolts Designing a bolt in the elastic-plastic range, when the order of
plastic deformation 1s same as elastic deformation, could reduce the weight of
the bolt and consequently the assembly considerably Contribution from high
strength and low density AlS1C MMC material enables further reduction in
weight of the bolt



2 LITERATURE REVIEW

21 INTRODUCTION

To date experimental 1nvestigation on combined stresses has been concerned with the
validation of test results with analytical and numerical solutions of the elastic-plastic
stress-strain relationships proposed by various investigators and verification of
different yield criterita A yield criterion 1s a hypothesis concerning the limit of
elasticity under any possible combination of stresses Interpretation of yield criteria
1s possible either mathematically or by physical justification by conducting
experiments The latter approach was mostly followed in this investigation The
determination of the axial stress distribution i a rod during plastic yielding 1n
tension 1s simple, whereas the determination of the shear stress distribution during
plastic yielding 1n torsion becomes complex which restricted the use of a solid rod
specimen to reveal the stress-strain relationship under combined tension and torsion
loading paths In a rod subjected to torque, yielding starts at the outer periphery of
the 10d and progresses towards the center Most of the early investigators used thin
walled tube specimens to reduce this complexity Moreover, as detailed experimental
work under combined axial and torsion loads involves complex loading paths, and
hence the need for a versatile test machine, very few attempts have been made to
study the behaviour of solid rods This chapter presents a review of the earlier
investigations carried out mostly on thin walled specimens and few on solid circular

rods

22 A REVIEW OF PREVIOUS RESEARCH WORKS IN COMBINED LOADING PATH
221 Solid circular rods

D S Brooks [1] presented an analysis of a round bar carrying both proportional and
non-proportional loading combinations of axial force and torque, to study the effects
of compressibility, strain-hardening and monotonic loading paths Ramberg-Osgood

curves were used to describe the material behaviour and Prandtl-Reuss incremental



stress-strain law and the von Mises yield criterion for analysis (see Appendix-B)
Numerical results for both proportional and non-proportional loading conditions were
obtained and 1t was concluded that the transverse stresses arising from elastic
compressibility are extremely small in comparison with axial and shearing stresses
and may be neglected for all practical purposes In problems involving elastic-plastic
deformation, the plastic strain rates may vary with position and time by several
orders of magnitude, even for constant total deformation rates For certamn metals and
alloys, such large variations 1n plastic strain rate cause significant changes of flow
stress

Al and Hashmu [2] carried out experimental investigations on the elastic-plastic
response of a circular rod subjected to non-proportional combined torque and
tension loading When the rod is imitially subjected to a torque and then, keeping
the corresponding angle of twist constant, to a gradually increasing axial load,
the 10d behaves as if 1ts torque carrying ability has been drastically reduced
without 1n any way affecting 1ts axial load carrying ability Similarly, when the
10d 1s mmtially subjected to an axial load and then keeping the corresponding
axial displacement constant, to a gradually increasing torque, the rod behaves as
1f 1ts load carrying ability has been considerably reduced without in any way
affecting 1ts torque-carrying ability The mechanisms of such reduction 1n loads
were compared with the theoretical predictions based on Gaydon’s analytical
model [10]

Swift [9] presented the results of a study on the effects of large torsional strains upon
the subsequent extensional behaviour of low carbon steels According to Swift, 1f the
toisional prestrain exceeds a given value the specimens failed in a brittle manner
when subsequently loaded 1n tension - the fracture being distinctly different from the
normal cup and cone failure which 1s obtained with smaller torsional pre-strains
Swift also found that 1if there 1s a reversal to the original condition the large torsional
deformation apparently does not affect the ability of the steel to carry tensile loading

applied along the longitudinal axis of the specimen



Gaydon [10] developed analytical expressions for the stress distributions and
deformations of solid circular bars subjected to combined tension and torsion 1n the
elastic-plastic range The analysis was restricted to a matertal with a specific
Poisson's ratio, (a value of 05) and the effect of elastic compressibility was not
considered Gaydon considered various combinations of twist and extension and
detived expressions for shear stress and axial stress of a cylindrical bar subjected
propoitional and non-proportional loading 1n elastic and plastic regions The Reuss
equations were used throughout and these were integrated, for different cases, to give
the shear stress and tension 1n the plastic range The stresses rapidly approach their
asymptotic values and are within 1 or 2 percent of these values when the plastic
strains are still of the same order as the elastic strains

Rockey [11] tested solid rod specimens with large imitial torsional strains and
subsequent extension in tension He observed that up to a certain value of torsional
prestrain the change 1n ductility 1s small and the form of fracture being normal cup
and cone Whereas for higher torsional prestrains, the specimen failed in helical, low
ductility manner with the specimen sheared along the helical plane that experiences
the high compressive prestrain For the given testing condition, the transition
prestiain was observed to be 47-49 percent The results show that large shear strains
reduces the materials subsequent extension ductility, the material failing on those
planes subjected to compression in the torsional pre-strain Contrary to Swift's [9]
claim that the reversal to the original condition after large torsional deformation will
not affect the ductility of the material, Rockey's work claims that large torsional
deformation would reduce the ductility of the specimen and the specimen has not
1eturned to exactly the same condition as the unstrained material, on reversal of the
toique

Gaidiner [12] explained the relationship between torque and tension According to his
repott, the relationship between torque and tension was governed by both direct and
indirect parameters The direct parameters consists of tangible items such as fastener
strength level, surface finishes, hardness of the components, lubrication, class of

thread fit and resiliency of the clamped assembly The indirect parameters consists of
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intangible 1tems which affect this relationship and are related to operation
performance, assembly methods, tool driver speed, etc , Torque which 1s the input
variable 1n the relationship represents strain and every rotation on the screw thread
produces an elongation 1 the bolt producing a tension (stress) in the fastening
system The response of a fastener system to the assembly operation induces a load
on the bolt, which includes axial load and torque, and prevents product failures The
combined load should fall within 50-85% of the ultimate strength where optimum
vibration resistance occurs

Chapman et al [13] analysed the mechanism of tightening bolted joints and the
stress distribution 1n the bolt They observed that the bolt tightening operation
induces both torsional and tensile stresses The bolt behaves elastically when
external loads are applied to the joint even when the bolt was tightened to its
tension-torsion yield point When the bolt 1s tightened to the tension-torsion
yield point, the joint can withstand higher working loads before opening In
addition, fatigue strength of the joint 1s increased to 1its maximum value because

fatigue failure mainly occurs when the joint opens
222 Thin Tubes

The conditions under which various materials begin to deform plastically have been
the subject of many experimental investigations from the late 18th century Among
these 1nvestigations are the tests on rock materials, marble and sandstone, zinc and
steel and concrete under combined stress Tests on other metals such as iron, copper,
nickel, and mild steel were also reported in reference [8] The most detailed
experimental investigation under combined stresses in the elastic-plastic range has
been carried out by Lode [7]

Meguid and Campbell [3] carried out a number of 1nvestigations, both theoretical and
experimental, under combined torque and tension for rate dependent material Thin
walled circular tubes of both elastic-perfectly plastic and work hardening materials
were used 1n their work Bilinear deformation paths of twist at a constant rate

followed by extension at different rates were examined to evaluate the plastic flow of
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the material under abruptly changing deformation paths and strain-rates
Experimental results were compared with the existing strain-rate dependent theory
The experimental results indicate that there exist appreciable differences between the
von-Mises equivalent stress versus equivalent plastic strain curves for the different
bilinear paths investigated These differences were attributed to strain rate sensitivity
of the particular material However, i almost all their experimental works they have
considered only one non-proportional biaxial loading path, 1 e, torsion followed by
tension keeping angle of twist constant Numerical solution for wvarious
proportional and nonproportional straining paths were obtained The radial and
hoop stresses were found to be small compared to the normal and shear stresses
on the cross section A closed-form analytical solution has been derived on the
assumption that the elastic strains are negligible A series of fully plastic limit
loc1, each corresponding to a given maximum effective strain rate, for quasi-
static straining, an explicit equation for the locus has been obtained

Meguid et al [4] carried out experimental investigation on thin-tubular specimen
of annealed mild steel (En8) under combined proportional and nonproportional
stramning The lower yield region of the proportional tension and torsion loading
paths 15 clearly evident by a segment of neutral loading along yield locus, while
the upper yield points are only apparent for cases where the resulting load-torque
path 1n the elastic range 1s close to torque axis When the combined stress path 1s
closer to the axial stress axis, as soon as the combined axial stress and shear
stress reaches von Mises yield curve, the combined stress path follows the yield
curve shortly before proceeding 1n the normal direction to the yield curve When
the combined stress path 1s closer to the shear stress axis, the combined stress
path crosses over the yield curve shortly and falls back to the yield curve before
proceeding 1n the normal direction to the yield curve In the non-proportional
deformation path the load-torque trajectory during the axial extension at constant
angle of twist traced almost the entire positive quadrant of the von Mises yield
curve Due to strain hardening little deviation from the von Mises yield curve 1s

observed due to rate-sensitivity of the material
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Meguid [5] carried out experiments on strain-gauged thin-walled tubular
specimens of annealed medium carbon steel (En8) at room temperature 1n
combined twisting and extension Bilinear deformation paths of twisting at a
constant rate followed by extension at three different strain rates were
investigated The results indicate that there exist appreciable difference between
the von Mises equivalent stress and equivalent plastic strain curves for the three
strain-rates investigated These differences are attributed to the rate-sensitivity
of the material The plastic strain-rate vector direction initially approaches the
direction of the tensile axis much faster than the deviatoric stress vector It was
found that neither the Perzyna rate-dependent law (see Appendix-B) nor Prandtl-
Reuss rate-independent law could account for the non-coaxiality between the
plastic strain-rate and deviatoric stress vectors observed for the adopted bilinear
path

Meguid and Klair [6] investigated the plastic behaviour and work-hardening
characteristics of medium carbon steel (En8) Perzyna’s visco-plastic
constitutive law for strain-rate sensitive and work hardening material behaviour,
and the strain-rate independent theory of Prandtl and Reuss were compared with
the experimental results According to Meguid, both Perzyna’s visco-plastic
constitutive law and theory of Prandtl and Reuss gave good agreement with the
time histories of the lack of coaxiality between the plastic strains and stress
trajectory However, neither of these theories could account for the lack of
coaxiality between the plastic strain-rate and deviatoric stress vectors observed
in the experimental results for the bilinear deformation path

Hohenemer [14] also carried out experimental investigation to verify the validity of
the Reuss-stress-strain equations, which allows for the component of the strain in the
Levy-Mises equations Hohenemer carried out tests under two different sets of
critical conditions one in which the twist 1s such that the bar is all elastic imtially,
the other 1n which the twist 1s such that the bar 1s plastic to a given radius 1nitially
Pre-strained mild steel thin tube specimens were used to secure a sharp yield point

and reduce the rate of hardening to a value small compared with the elastic modulus
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However, no conclusion was found regarding Hohenemser's experiments from any
published paper

Taylot and Quinney [15] used aluminium, copper and mild steel tubes, which were
nearly 1sotropic, to test in combined tension and torsion to verify different yield
cuiteria Thin walled tubes were first subjected to tension into the plastic range and
then partially unloaded and twisted until further plastic flow occurred The axial load
was held constant while the torque was increased, so that axial and shear stress ratios
were not constant The torque-twist or torque-extension diagrams were extrapolated
back to zero twist or zero extension to establish, fairly accurate torque at which
plastic flow recommenced The degree of anisotropy was kept within allowable limits
by observations of the change in internal volume of the tubes during pure tension By
first straining each specimen 1n tension, they were able to pre-strain the material by
any desired amount and to detect amisotropy 1n the material Although Taylor and
Quinney 1gnored the possibility of an elastic increment of strain during plastic flow,
they also found the same results regarding the von-Mises yield criteria and concluded
that the deviation from the von-Mises criterion was real and could not be explained
based on experimental accuracy or 1sotropy

Morrison and Shepherd [16] subjected thin hollow tubes to tension and torsion to
tollow a complex path of stress to compare the experimentally found strain paths with
those calculated by Prandtl-Reuss and Hencky stress-strain relations Here plastic and
elastic strains were comparable The material used was 5 percent nickel steel and 11
percent silicon-aluminium alloy They applied first tension, and then holding the
tensile stress constant, applied torsion, followed by further tension and torsion to
obtain various strain paths The measured variations of length and twist were in
substantial agreement with the predictions of the Reuss equations

Naghd: et al [17] carried out tests with aluminium alloy tubes 0 75 inch internal
diameter and 0 075 inch thickness The tubes were initially subjected to tension,
followed by torsion with the tension held almost constant, the tube remaining
elastic but approaching yield Both tension and torsion were then increased until

yield had distinctly occurred Several tests to this kind with various ratios of
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torsion and tension thus provided data for an initial surface The loading on each
of the tubes was, after complete removal, followed by a re-loading in torsion to a
chosen value, and then full unloading Each tube was subjected to the same
sequence of testing as was previously the case and until yielding was again
evident The data from this set of experiments enabled a first subsequent yield
surface to be found A second subsequent yield surface was calculated from
further tests on the tubes after a second reloading to a chosen value of torsion,
one that was larger than the initial torsion Most surprising in these results ts the
lack of cross-effect that torsion produced, prior over strain in torsion apparently
had no effect whatsoever on the uniaxial tensile yield stress The change of
shape of the immitial von Mises yield curve with increasing pre-tension indicates
that 1sotropic strain-hardening theories are somewhat away from reality

Daneshi and Hawkyard [18] built a tension-torsion machine using hydraulic system
for load application Aluminium and Copper tubular specimens were subjected to
extension and twisted while being immersed 1n liquid nitrogen at 78°K At 78°K and
292 K, he observed that the elastic parts of the stress-strain curves appear to coincide
and the elastic moduli for aluminium and copper increase by about 3-4% with a
decrease 1n temperature from 292°K to 78 K The limit of proportionality increased
for copper at 78°K while the results for aluminium do not clearly support this point
For both aluminium and copper, the work hardening rate was higher at 78°K than
292 K In reference [19], tubular specimens made of alumimium and copper were
tested at 1oom temperature and 78 K, to determine initial yield surface and
subsequent yield surfaces after pre-strain 1n tension and torsion The results support
the von Mises yield criterion as being suitable for defining initial yield at 78 K for a
homogeneous and 1sotropic material However, there seems to be distortions and
translations of subsequent yield surfaces at 78°K and at room temperature The
specimens subjected to loading and reverse loading shows strong Bauschinger effects
and little cross effects in the initial and subsequent yield surfaces on perpendicular
loading Imitial and subsequent yield surfaces are smooth and convex and strain

increment vectors are almost normal to the yield surface

15



Ohashi and Tokuda [20] 1nvestigated the plastic behaviour of thin-walled tubular
specimens of initially 1sotropic mild steel under combined loading of torsion and
tension The specimens were subjected to stress trajectories consisting of two
straight lines at a constant rate of the effective strain The specimens were
subjected to tensile or torsional prestrain followed by torsion or tension loading
respectively The specimens were also subjected to combined tension and torsion
loading after tensile or torsional prestrain It 1s found that the effect of the third
invariant of the strain tensor appeared even for proportional deformation
consisting of torsion and axial force Moreover, 1t 1s observed that the effective
stiess drops suddenly with increasing effective strain, and coaxiality between the
stress deviator and the plastic strain increment tensor 1s seriously disturbed just
after the corner of the strain trajectory

Phillips and Lu [21] presented results of combined stress experiments with
tubular specimens of pure aluminium with stress controlled and strain controlled
loading It 1s observed that creep straining appeared during stress controlled
experiment and stress relaxation occurred during strain-controlled experiments
Fuirthermore, they proposed the existence of three regions in stress space a) the
region inside the yield surface, b) the region between the yield surface and
loading surface, ¢) the region outside the loading surface A motion of the stress
point 1nside the yield surface produces only elastic strains and 1t leaves both the
yield surface and the loading surface unchanged A motion of the stress point
between the yield surface and the loading surface leaves the loading surface
unchanged but moves and changes the yield surface, and, in addition, small
plastic strains are generated A motion of the stress point towards the outside of
the loading surface moves and changes both surfaces and generates plastic
strtains which are larger than those generated by a comparable motion located
between the two surfaces

Khan and Wang [22] carried out experiments on thin-walled tubes made of
annealed polycrystalline copper subjected to loading, partial unloading, and then

loading 1n a different direction The experimental data were compared with the
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predicted values from the Ziegler and Mroz kinematic hardening models, and the
endochronic theory (see Appendix-B) The experimental observations confirmed
that the plastic strain increment vector 1s neither coincident with the deviatoric
stress vector, nor 1s i1n the direction of the deviatoric stress increment vector,
after sudden directional change of loading path Therefore, constitutive models
without back stress cannot predict the direction of plastic strain increment
correctly for the entire loading path within the prestress loading surface Among
the three models, the predictions of the Mroz kinematic hardening model were
shown to agree quite closely with the experimentally determined directions of
plastic strain increment, especially when the strains reached the larger extreme
of the infinitesimal deformation region
Ikegami1 and Nuntsu [23] carried out experimental investigation on the plastic
deformation of thin-wall tubular specimen 1n complex loading conditions The
effect of plastic prestrain on the subsequent loading and the stress-strain curve
was examined The subsequent loadings were carried out at a different
temperature from that of the prestrained temperature The testing temperature
ranged from room temperature to 600° C It 1s observed that
1) The plastic hardening 1s remarkable in the transverse direction to
prestraining and the hardening behaviour 1s represented by the egg-shaped
equi-plastic strain surfaces,
11) The effect of temperature history on flow stress 1s small for
monotonic loading, but the effect 1s observed 1n the stress-strain relations
1n reverse loading,
111)  The creep strain had the same hardening effect as the plastic strain
at room temperature However, the effect of creep strain on plastic
hardening 1s weak at high temperature compared with that of hardening by
plastic strain
Wu and Yeh [24] investigated the factors affecting the experimental
determination of yield surfaces, such as the elastic moduli and the zero offset

strain and the strain domain The initial and subsequent yield surfaces of
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annealed AISI type 304 stainless steel tubular specimens were determined 1n the
axial-torsional stress space The definition of yield of 5u€ equivalent plastic

strain was used 1n the experiments Using a single specimen, the initial yield
surface and eight subsequent yield surface were determined The effect of
prestrain on subsequent loading was also examined
1) The yield surfaces are both translated and distorted during the
course of plastic deformation The translation was found to be in the
direction of prestrain or prestress The distortion pattern of the yield
surfaces 1s related to the direction of prestrain or prestress as well
11) The yield point can be influenced by the number of data points used
to approximate the elastic moduli, the corresponding zero offset strain,
and the orientation of the probe, but the probing rate has negligible effect
m)  There are uncertainties and difficulties 1n the determination of the
centre of yield surfaces
Jlang [25,26] reported the plastic deformation of thin-walled tubes subjected to
combined axial and torsional loads to probe the classic kinematic hardening theory
(see Appendix-B) that predicts the material behaviour under non-proportional loading
conditions It 1s observed that the material behaviour 1s strongly path-dependent, and
some extra hardening effect, which varies with the extent of non-proportionality and
the kinematic hardening rule has certain capability to describe such path dependency
and extra-hardening effect, and that these effects disappears when the steady state is
reached It was concluded that the linear kinematic hardening rule gives different
material response for different loading paths The material exhibits higher hardening
under non-proportional loading as compared to that under proportional loading and
this difference cease to be significant at larger stresses
Wu et al [27] conducted experiments on cast and extruded high purity aluminium
tubular specimens under monotonic large strain torsion condition Both free-end
and fixed end torsions were studied Shear stress-strain curves obtained from
free-end and fixed-end torsion tests of long, medium and short specimens were

found to be consistent Axial extension increases with shear strain in free-end
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torsion Hoop strain in free-end torsion 1s of significant magnitude compared
with axial strain at large shear strain level Axial stress 1s always in compression
for the fixed-end torsion and it 1s significantly influenced by temperature

Khan and Cheng [28], the predictions made 1n reference [22] were compared with
the experimental stress and strain data on copper specimen The multiple

ditectors model for the description of anisotropic plastic behaviour includes two
elastic constants G and v along with eight material parameters Most of the

material parameters 1n the model were estimated from experimental data from
one-dimensional stress-strain relation and a subsequent yield surface The
determination of the remaining material parameters was completed through the
numerical 1mplementation of the model According to Khan, a practical
anisotropic elastic-plastic constitutive model can describe polycrystalline metals
in terms of a large number of randomly distributed director-slip systems

Liang and Khan [29] 1investigated four constitutive models to predict the
mechanical behaviour of the materials in comparison to experimental results The
models under consideration were Johnson- Cook (JC) model, Zerilli-Armstrong
(ZA) model, Bodner-Parton (BP) model, and Khan-Huang (KH) model (see
Section 3 2) According to Liang, JC model has the inherent problem of
describing the work-hardening behaviour of metals, such as tantalum, where the
work-hardening rate decreases when strain rate increases ZA model does not
describe the work-hardening behaviour of materials with strong temperature and
strain tate dependencies BP model does not consider the temperature effect
Modification of the model leads to increase 1n material constants The KH model
1s more capable of predicting the strong work-hardening behaviour in a large
strain-rate range than that of the BP model The strain and strain rate must have
coupled effect on the description of work-hardening relation of the materials to
predict the work-hardening behaviour

Liang and Khan [30], in succession to the previous paper [29], described the
elastic-plastic behaviour of three body-centred cubic metals, tantalum, tantalum

alloy with 2-5% tungsten, and Aermet 100 steel over a range of strains and strain
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rates and temperatures A new viscoplastic model was proposed based on the
experimental results The material constants of the proposed constitutive model
were determined using the uniaxial loading experimental data The proposed
constitutive model gives an excellent correlation with the experimental data over
a wide strain-rate and temperature range for finite deformation According to
them, the agreement between predictions and measured responses was found to
be almost perfect

Ishikawa [31] proposed an elasto-plastic constitutive model for large torsional
strains using three kinds of equiplastic strain surfaces, a yield surface and two
other surfaces from which the power law for stress-strain relation 1s confined
The proposed model 1s for macroscopic plasticity and the concept 1n the model 1s
based on the assumed power law During free-end torsion, an axial strain
develops as a manifestation of the evolution of deformation - 1nduced
anisotropy, and an axial stress 1s induced during fixed end tests The model
predicts these phenomena SUS 304 stainless steel specimens were used for the
experiments and were subjected to solution heat treatment before testing Tests
were carried out at two different strain rates to study the effect of strain rate on
the stress-strain relationship There 1s a significant difference 1n the
experimental results at the two strain rates, while there is no noticeable
difference between the results with fixed end and free end

Khan and Liang [32] carried out experimental investigation to demonstrate the
capability of the constitutive model created in the previous paper to predict the
behaviour of three BCC metals during nonproportional multiaxial loading The
tantalum, tantalum alloy and Aermet steel thin-walled cylindrical specimens
were subjected to nonproportional torsion-tension and biaxial compressive
expetriments to show the material behaviour at finite strain and wide strain-rate
1tange In the torsion-tension loading, the specimen was subjected to free-end
torsion first, followed by tension (holding torque constant), and then torsion
again (holding force constant) A dramatic strain-rate reduction 1s observed when

changing from torsion to tension since the rotation increased more quickly 1n
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t

order to keep the torque constant during tension The constitutive model
prediction was found quite close to the observed response except in the initial
change of direction

Firancois [33] proposed a modification of the classical elastic-plastic models
including distortion of the yield surface to enhance the modelling of metallic
materials behaviour 1n nonproportional loadings Aluminium alloy 2024 T4
tubular thin-walled specimens were used for experimentation under both
proportional and nonproportional tension-torsion loading paths The stress
deviator S involved 1n the classical von Mises based expression was replaced by
a new distorted stress S; The proposed new yield criterion allows a simple
modelling of the distortion of yield surfaces and has many possible applications
such as metal forming, fatigue, forming limit curves, etc ,

Dominique and Cailletaud [34] described the macroscopic behaviour of single-
crystal superalloys under tension-torsion loadings on tubular specimens Finite
element analysis was used to analyse the complex stress redistributions arising in
the spectmen The plastic flow was 1n pure shear for radial tension-torsion for a
small amount of tension Then, the torque was decreasing when the plastic flow
starts along the axial direction The yield surface was computed from Schmid
law Schmid law predicts strain heterogeneity along the circumference of the
specimen, while any quadratic criterton, as Hill criterion, predicts a uniform

strain distribution
223 Metal Matrix Composites

Kanetake and Ohira [35] proposed a general theory by connecting the Eshelby’s
incluston model and the Ashby’s secondary slip model to calculate the flow
behaviour, stress-strain curve, of a MMC reinforced by short fibers or particles
The theory was established for general combined stress states, in which the
effect of shape, size, volume fraction and orientation of dispersing ellipsoidal

particle are considered for alumimium MMC dispersed Silicon carbide particles
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Adding hard particles can increase the load carrying capacity and the work
hardening capacity of a matrix can be achieved by dispersing fine particles

Huda et al [36] similar to Kanatake, carried out analytical study for the stress
analysis of MMC The stress was calculated using Eshelby’s inclusion model, the
Ashby’s secondary slip model and Mori-Tanaka’s back stress analysis The
stress-strain characteristics of the composites mainly depend on the stress-strain
characteristics of the matrix material

Shyong and Derby [37] investigated the deformation characteristics of Silicon
carbide particulate reinforced aluminium alloy 6061, experimentally and by
numerical methods The matrix microstructure was systematically heat treated to
natural aged, peak aged, and over aged conditions The tensile strength and
stiffness of the composites increased with increasing particle volume fraction for
heat treatments 1f 1t was over a lmiting value The peak-aged specimens had the
highest tensile strength, but the natural aged specimen had the highest elongation
and ratio of tensile to yield strength The addition of the reinforcing particles
causes 1ncrease 1n the stiffness and the ratio of tensile to yield stress, but
decreases the strain to failure According to Shyong, the finite element model
can predict the overall stress-strain response as well as the local stress and strain
fields around the particle However, the model cannot simulate the effect of
particle size As the particle size increases, there was a tendency for brittle
fractute to occur 1n preference to debonding of the interface

Sorensen et al [38] reported the analysis of the effect of reinforcement
orientation on the tensile response of particle and whisker reinforced metal
matiix composites A three dimensional unit cell model was used for numerical
simulation The numerically predicted average tensile stress levels are found to
be sensitive to small deviations from perfect alignment of the whiskers with the
tensile direction The tensile stress-strain response becomes rather insensitive to
the precise value of the misalignment angle when the misalignment was
sufficiently large The stress levels predicted for a particle reinforced metal

show less sensitivity to the reinforcement orientation than found for the short

22



fibers with aspect ratio 3 For spherical particles whose aspect ratio 1s unity,
there would be no influence of orientation Unit aspect ratio cylinders result 1n a
higher average stress level than the same volume fraction of spherical particles
The geometry of the reinforcing phase can have a strong effect on the elastic and
plastic response of fiber reinforced and particle reinforced composites

Zhu and Zbib [39] developed a micro mechanically based continuum model to
analyse the enhancement of plastic properties of Silicon carbide particulate
reinforced aluminium metal matrix composite over matrix materials An energy
method was adopted to obtain the overall constitutive relation for the composite
based on the local nonuniform deformation fields The energy approach evaluates
the macroscopic stress from the rate of plastic dissipation The plastic flow 1n
the composite 1s strongly dependant upon the particle shape in addition to the
volume fraction Particles with large shape 1ndex exhibit much more
reinforcement than that of spherical particles Prolate particles (whiskers) were
more effective than oblate particles (discs) in strengthening the matrix The
etfect of particle misalignment and clustering were minimal for an aspect ratio of
1, 1 contrast to large particle aspect ratios where the flow strength drops
pronouncedly Composites with ellipsoidal inclusions, either prolate or oblate,
have higher strength than those with spherical particles An explicit expression
for the composite strength was proposed that accounts for various materials
parameters, such as matrix properties, volume fraction parameter, and shape
effects

Bhaduri et al [40] described the processing and properties of Silicon carbide
particulate reinforced 7010 aluminium alloy matrix composites Addition of
Stlicon carbide particulate resulted 1n lower yield and ultimate strengths at room
temperature and higher yield and ultimate strengths at temperatures above 200°C
compared to base alloy This was due to the premature fracture of the
reinforcements 1n the presence of pre-existing flaws Once the reinforcement
fractures the net load carrying capacity of the composite decreases thus resulting

in the reduction 1n the yield stress value The addition of Silicon carbide
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significantly improves the elastic modulus value The most beneficial effect of
Silicon carbide addition was realised at the higher temperatures for the 7010
series alloys

Stefanos [41] investigated the mechanical behaviour of cast Silicon carbide-
teinforced aluminium alloy It was reported that Silicon carbide reinforcement
substantially increased the work hardening of the matertal The increase in
hardening became more significant with increasing volume fraction of carbide
The yield and ultimate tensile strength, and the elastic modulus of the material,
increased with heat-treatment and volume fraction of the carbide at the expense
of ductility These properties were inferior to those of other reinforced, more
complex, alumimum alloys processed by other methods In heat-treated
1einforced alloy specimens, the fatigue strength at 107 cycles decreases with
increasing carbide particle size

Davis [42] reported the flow rule for the plastic deformation of Al-Silicon
caibide/T1 particulate MMC Two different types of 3-dimensional models were
considered 1) a simple cubic lattice of spherical particles and 1) random digital
models that are approximately 1sotropic According to Davis, the second model
can reveal the existence of a flow rate The validity of the flow rule 1n the
second model was associated with the absence of shear planes that extend
throughout the solid without intercepting any particles Such planes can be drawn
in the simple cubic lattice for some shear deformations and particle volume
fractions Localised shear bands occurring on these planes results 1in a shear
response essentially 1dentical to that of the unreinforced matrix material

Fang et al [43] described the numerical simulation of particulate reinforced metal
matrix composite to predict the effective elastic moduli and elastoplastic stress-
sttain behaviour Three dimensional finite element simulations on the base of
cell models and micro mechanics were used Four particle shapes were
consitdered, spherical, cylindrical, cubic and rectangular parallelepiped In the
direction of particle alignment, the weakest composite contains spherical

particles, the strongest composite contains rectangular parallelepiped particles,
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based on the cffective axial moduli The reason was that the aspect ratio of the
patallelepiped particle was far larger than that of spherical and cylindrical
pairticles The particle orientation has significant influence on the effective shear
modulus The effective shear modulus increases with increase 1n angle of
orientation of the particle with loading axis The work hardening rate increases
with increase i1n particle volume content and the varying particle shape and
ortentation

Dong et al [44] described the numerical simulation of the mechanical behaviour
of short fiber reinforced MMC with a given fiber orientation The flow behaviour
of the MMC was 1nvestigated by combined cell model 1n conjunction with the
finite element method A combined cell model was developed to represent the
geometric description of arbitrarily oriented fibers, taking into account of the
fiber aspect ratio and the fiber volume fraction The overall flow behaviour of
composites was estimated by averaging and integrating the averaged stress-strain
curves of different cells with a weighting fraction of the fiber orientation
density

Steglich and Brocks [45] described the Micromechanical modelling of ductile
damage by void nucleation due to either particle cracking or particle matrix
debonding, void growth and coalescence In this method, the influence of the
plastic behaviour and yielding can be separated from the effects of particle size
and shape According to Steglich, the principal drawback was that the volume
fractions of particles and resulting voids are rather large and hence, violate the
basic assumption that the voids are small enough so that they do not interact in
the early stages of growth The constitutive equation of Gurson, Tvergaard and
Needleman was chosen to describe the behaviour Some discrepancies with
respect to the ratio of elongation and reduction of diameter between test results
and the cell model was found This discrepancy was due to the following
assumptions not being met, 1) an initial volume fraction that equals the volume
fraction of graphite particles and 11) the voids were spherical and grow 1n a self-

simtlar shape
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Roatta and Bolmaro [46,47] extended the Eshelby model to handle incipient
plastic deformation, and to find the elastoplastic field in the general case of
ellipsoidal particles under thermal and mechanical loads Under a uniform stress
applied at infinity, very far from the particle in the Z-direction, the plastic strain
develops 1n a small region in the z-axis very far from the particle interface
According to Roatta, the 1nitial plastic relaxation of the cells transfers stresses to
a region located at a zenithal angle of PI/4 and another intense and very localised
plastic region develops there The plastic yielding starts spreading all around the
particle The finite element simulation 1llustrated similar plastic yielding as
initially localised 1n the direction of the applied stress and later on spreading
around the particle, keeping away from the interface except over the interface at
P1/4 The plastic yielding was more intense in prolate inclusions than that in
oblate and spherical particles The fiber reinforcement was capable of relaxing
stiesses by a higher localised plastic deformation The relative importance of the
load transfer mechanmism of reinforcement was slightly diminished but plastic
relaxation provides an additional mechanism for strengthening by stress
redistribution

Roatta et al [48] described a generalised Eshelby model allowing interaction
among reinforcing particles The influence of interaction among particles over
the plastic yielding induced by the presence of inclusions under traction was
much more 1mportant than the one observed 1n the case of plastic relaxation due
to coefficient of thermal expansions mismatch Spherical inclusions seem to
induce higher plastic relaxation volumes for higher volume fractions of
inclusions This softening mechanism would predict that stress-strain curves
should show a lower slope for higher volume fractions at the onset of plastic
strain

Pandorf and Broeckmann [49] reported a microscopic finite element model of a
20% Al,0; particle reinforced 6061 Aluminium alloy MMC under creep loading
An 1dealised unit cell model with a periodic arrangement of particles under plane

strain condition was investigated for its creep response The creep behaviour was
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found to be strongly influenced by reinforcement particies and the time to
fracture was shorter for the reinforced material than for pure matrix material
Rees [50] examined the flow and fracture behaviour of 17% and 25% Silicon
catbide particulate reinforced 2124 aluminium subjected to torsion combined
with tension or compression The brittle tensile behaviour of an MMC 1s due to
1ts notch sensitivity Inclusions and poor surface finish increase the stress locally
to provide the initiation site for a fracture with limited ductility The stress
levels required to yield and fracture the material under tension and compression
were similar, but there was a marked difference 1n their respective ductility’s
The elements of the classical theory of plasticity such as, 1) a von Mises 1nitial
yield locus and a plastic potential, 11) 1sotropic hardening and 111) the normality
1ule, apply to the particulate MMC

Qrn et al [51] reported the effect of particle shape on ductility of Silicon carbide
reimnforced 6061 aluminium matrix composites Two dimension model composites
reinforced with spherical, square, triangle and shuttle-shaped particles were
analysed by finite element method The plastic strain concentration in the matrix
around the pointed particle corner and residual stress concentration in the
pointed particle corner leads to the fracture of the particles at a low level of
applied stress, thus decreasing ductility of the composite Eliminating the
pointed particle corners decreases plastic strain concentration in the matrix
around the pointed particle corner and the possibility of the particle corner
fracturing so that ductility of the composite was improved

Poza and Llorca [52-54] investigated the tensile deformation characteristics of
8090 aluminium hithium ailoy reinforced with 15% volume percent Silicon
catbide particles The influence of the Silicon carbide reinforcements on the
deformation and fracture mechanism was significant The unreinforced alloy
failed by transgranular shear at approximately 45° where the plastic deformation
1s localised The failure of the composite, however, was controlled by the
progressive fracture of the ceramic reinforcements Particle fracture and damage

localisation significantly reduces the composite hardening rate Three
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Micromechanical models based on the modified shear-lag approach, the
Eshelby’s equivalent inclusion method, and the finite element analysis of a unit
cell, were developed to represent the composite Using the modified shear-lag
model, only the tensile strength, and not the complete stress-strain curve can be
computed According to Poza, the Eshelby’s model was Iimited to ellipsoidal
homogenous inclusions and 1t was difficult to extend the model to take directly
into account the presence of broken reinforcements in the composite These
limitations were overcome 1n the models based on the finite element analysis of a
unit cell

Chen et al [55] reported the analysis of three different composite models with
15% volume particles using finite element method for the effect of particle
moiphology Angular particles with sharp corners, angular particles with blunt
corners and circular particles were considered in the analysis Deleting particle
sharp corners significantly reduces the local stress concentration in particles
Compaied with the angular particles, circular particles significantly reduce the
local stress concentration in particles If the longer dimension of the angular
particle 1s along the load axis, the angular particles will carry more load than the
circular particles distinctly Deleting the particle corners can effectively reduce
the possibility of particle fracture, but has less effect on reducing the possibility
of matrix ductile failure under the large load

[smar et al [5S6] investigated the thermo mechanical behaviour of an aluminium
alloy bi-directionally reinforced by antisymmetric continuous fiber lay-up Three
different types of reinforcements, i1sotropic fibres of a-Al,0j3, Silicon carbide and
trtansversely i1sotropic carbon were considered The maximum values of inelastic
strain were located 1n front of the 1sotropic fibers 1n an area between
neighbouring crossed fibers The computation for the carbon fibers exhibits a
much more pronounced gradient of the equivalent inelastic strain owing to the
small shear modulus The higher the fiber-volume fraction 1s, the strength and

the stiffness of the composite are the larger, with a stress increase nearly linear
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to the rise of the fiber-volume fraction All computations were performed under
the assumption of a perfectly bonded interface between fiber and matrix

Savaidis et al [57] reported the elastic-plastic finite element analysis for a
notched shaft subjected to combined non-proportional synchronous tension and
torsion loading The effects of the stress amplitude, the mean-stress and the
manual 1nteraction of the cyclic loading components on the mechanical
behaviour at the notch-element were investigated The stress amplitude and the
mean-stress influence the local elastic-plastic stress-strain response at the notch
root The tensile and torsional loadings interact mutually affecting the local
elastic-plastic stress-strain response

Kim [58] described the finite element analysis using a generalised axisymmetric
element for the plastic deformation behaviour of cylindrical copper samples
subjected to torsion The finite element method can simulate the torsional
deformation well except for the near-axis region based on the hardness values
This was attributed to the limit of the conventional constitutional description,
and suggested that non-local effects should be introduced in the constitutive
equation

Yang and Quin [59] reported the fiber-fiber and fiber-matrix i1nteraction on the
elastic-plastic properties of short fiber composites Numerical results of finite
element analysis predict a very high stress domain near the fiber ends due to the
material discontinuity When the plastic deformation increases, the high normal
stress domain tend to enlarge but constraint from adjoining fibers restrict the
defoimation of the matrix to continue infinitely The shear stress tn the matrix
vailes sharply near the fiber ends The maximum shear stress appears at the
longitudinal interface near the fiber ends The shear stress was transferred from
matrix into fiber through the longitudinal interface An increase in fiber content
results 1n a significant increase of the tangent modulus of composites Due to the
stress concentration induced by the discontinuity of short fiber, the composite

yield at lower level of stress
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Lee et al [60] described the study on the stress distribution 1n particulate Al,O;
1eimforced Aluminium metal-matrix composites as a function of the interfacial
bonding strength The effect of the interfacial strength on the flow response 1n
tension and compression was examined using finite element method The
mechanical response 1n tension was found to be greatly influenced by the
interfacial bonding strength between aluminium matrix and ceramic particles
With a weak interfacial bonding strength, the elastic region of the stress-strain
curve was fairly well predicted by the calculation, whereas the numerical results
overestimated the mechanical response in the plastic region showing a higher
work hardening rate This difference was attributed to the progressive interfacial
decohesion between particles and matrix and the particle cracking during
defoimation The stress-strain responses and the onset of plastic deformation of
the composite with higher interfacial strength were well predicted by the
numerical analyses

Cocen and Onel [61] 1investigated the effect of hot extrusion on the strength and
ductility of particulate Silicon carbide reinforced aluminium alloy composites
The extruded microstructure has a more uniform distribution of the Silicon
carbide particles and the eutectic silicon by comparison with as-cast
microstructures The extruded samples have strength and ductility values
supertor to those of the as-cast samples The addition of increasing amounts of
particulate Silicon carbide increases the yield and tensile strength and decreases
the ductility The extruded samples of high reinforcement composite exhibited
better ductility levels than the forged samples due to the reduction 1n
reinforcement particle size, the absence of particle decohesion, and the

improvement of particle-matrix interfacial bond during extrusion process
23 SUMMARY

Structural members tn many applications are subjected to complex loading
conditions Uniaxial tests are incapable of best describing the elastic-plastic

behaviour of the material completely Combined loading experiments can
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describe the elastic-plastic behaviour of the material closely and satisfactorily
Research carried out on solhid circular rods and thin-walled tubes subjected to
combined tension and torsion loading conditions were presented in this chapter
From the literature review presented in sections 22 1,222, & 22 3, it 1s clear
that the analytical expressions for axial and shear stress states in a solid rod
subjected to combined tension and torsion loading were derived with
assumptions such as an elastic-perfectly plastic materital model,
incompressibility, etc Almost all the research works presented on combined
tension and torsion loading were carried out on thin-walled tubular specimens
The aim of conducting combined tension and torsion load tests on thin-walled
tubular specimens 1s primarily to determine the material properties, strain-
hardening behaviour and 1nitial and subsequent yield surfaces

Pirevious research works reviewed 1n section 2 2 2 provides an insight into the
effects of different combinations of tension and torsion loading conditions
carried on different metallic materials Predominantly tension followed by
torsion and torsion followed by tension loading conditions were used In
addition, proportional tension and torsion load tests were also carried out to
determine the strain hardening and strain rate effects of metallic material
behaviour

Previous research works reviewed in section 2 2 3 provides an understanding of
the effects of particle inclusion 1n a matrix matertal Various numerical
investigations were carried out to determine the effects of particle shape, particle
size, particle orientation, and particles volume percentage on the behaviour of
the composite under different loading conditions Almost all the numerical
investigation was based on the unit cell model or an extension of the unit cell
model From the review, it 1s understood that the addition of silicon carbide
particles increases the tensile strength of the matrix material at the cost of its
ductility The tensile strength 1increases with the increase in the volume

percentage of silicon carbide particles
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Elements of plasticity theory such as 1) a von Mises 1nitial yield locus and a
plastic potential, 11) 1sotropic hardeming and 111) the normality rule, apply to the
particulate MMC

As a follow up of these previous works, the experimental investigation to be
cartied out 1n this study was designed and developed, primarily for silicon
carbide particle reinforced aluminium matrix material Based on the review of
previous research work, 1t 1s evident that the AIS1C MMC material could be
considered as a material to produce bolts that are subjected to combined tension
and torsion loading conditions during service In addition, the elastic-plastic

design of the bolt can substantially reduce the weight of the bolt
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3 THEORETICAL INVESTIGATION

31 INTRODUCTION

In the study of elastic-plastic behaviour of a material, one of the main tasks is to
describe the yield characteristic At the beginning of plastic deformation,
yielding was found to occur based on von Mises criterion for most materials
[15,62] After some plastic deformation, yield characteristics deviates from von
Mises criterion depending on the hardening property of the material The
evolution of 1sotropic and kinematic hardening with plastic deformation has been
studied and many models for 1t have been widely accepted The 1sotropic
hardening rule assumes that the center of the yield surface remains stationary in
the stress space, but the size (radius) of the yield surface expands due to strain
hardening The kinematic hardening rule assumes that the von Mises yield
surface does not change the size or shape, but the center of the yield surface
shifts 1n stress space Some of the models describing elastic-plastic behaviour of
a monolithic matertal were reported in the first part of this chapter The first two
models described are based on the numerical analysis of a solid circular rod
subjected to combined tension and torsion loads The remaining four models are
based on the results obtained from thin walled tube tests The content in the
second part of this chapter relates to Finite Element Analysis In this section, the
finite element analysis procedure for static, elastic-plastic problem was
explained The finite element analysis tool ANSYS approach to solve the elastic-

plastic problem was also explained
32 THEORETICAL MODELS

Brooks [1] and Gaydon [10] derived analytical expressions for the determination
of the combined stress state of a solid rod under combined tension and torsion
loading conditions Various empirical equations, such as Prandti-Reuss,

Ramberg-Osgood, describing the stress-strain relationships were used along with
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von Mises yield criterion (see Appendix-B) In addition, four constitutive models
representing the mechanical behaviour of different monolithic materials were
presented The described models were derived from uniaxial experimental

investigations and different loading histories
321 Gaydon Model

Gaydon [10] derived expressions to determine the stress state of circular
specimens at different tension and torsion loading conditions In his expressions
the Lode parameter 4 & v were assumed equal The Reuss equations were used
throughout and were integrated to give the shear stress and axial stress in the

plastic material von Mises criterion of yielding,

ol +377 =Y? 31
was used, where ‘Y’ 1s the yield stress 1n tension
In the combined torsion and tension of a fully plastic cylindrical bar, the elastic
component of the strain was assumed negligible, then the only non-vanishing
stresses are 0, =0 and 7, =7 Assuming the transverse sections remain plane
and the local rate of strain 1s a function only of ‘r’, the expressions for the

velocities u, v, w of an element referred to cylindrical coordinates r, 6, z are

lr Or:z lz

u:———, = s W=—
!

b

where the origin of coordinates 1s taken at the center of one end, which 1s held
fixed ‘I’ 1s the length of the bar, and & 1s the relative twist of the ends, a dot
denotes the time derivative

Assuming that there 1s no work hardening, the Reuss equations [62] for the

plastic region are

(32)
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dl 2cdi 1

de =— +—do, 33)
! 3 3G
rde 1

ly, = =7tdA+—d 34

o= 7T G 34
dy, =dy,, =0

where dA 1s a scalar factor of proportionality, and G 1s the shear modulus
Combined torsion and tension with constant relative extension and twist

Let h denote the imitial length of the rod and ‘e’ the external radius As the load
and torque are increased from zero the stresses ¢ and 7 increase until at some
moment o’ +3r° =Y? 1s satisfied locally While the bar 1s elastic, o 1s
independent of ‘7’ and 7 1s directly proportional to ‘¥’ Therefore, the maximum
shear stress can be observed at the outer most surface of the cylindrical bar and
the material at radius ‘a’ becomes plastic first Subsequently, when the inner

radius of the plastic region 1s ‘c’, the stresses in the elastic zone are,

c=3GIn (LJ
h

o (0<r=e), 35)
r=Gr(~)
!
= 5:%1{%} (3 6)
T F

Eliminating dA from equations (3 3) and (3 4), and using (3 1),

2
d
3d! _o_ Y°ldr 37)
rd8 v Grordé

for c<r<a

dl
It the relative rate of extension to rate of twist 1s constant, then 3—9=aa, 1s a
constant and equation (3 7) becomes

ac _© Yl dr

r T Grarc—ig

€R))
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If the value of 7 1n an element 1s constant, o 1s constant from equation (3 1),

and a solution of equation (3 8) 1s

—=— (39)
rooT
Combining equation (3 9) with equation (3 1),
Ir
at a
o=——-—"r, 7=—-5—— (cSrSa) (3 10)

I 1
LN N S
a° >

Equations (3 9) and (3 5) are compatible at the plastic-elastic boundary since it

follows from equation (3 9) and the definition of « that

A CLNEANE
T r r\ @ ré h
to usual approximation in the linear theory of elastlclty,g 1s therefore
T

continuous at the plastic-elastic boundary This, together with the fact that
equation (3 1) 1s satisfied at both sides of the boundary, proves that ¢ and 7 are
separately continuous at the boundary

The load ‘L’ and torque ‘T’ needed to maintain the constant relative rate of twist

and extension are given by

1

2 1 213\,
L _3cG M1 +Za (a2+3)2— o+ , (3 11)
h) 3

-
aYat &'y a?

1 3

4 1 2 213 3 22
d Le (%)m(—é)ﬁh% 9(a2 +3)2 —giz(az +3L2} —2(0:2 +3)2 +2(a2 +3L2}

a¥a® 2a'a a a a

(3 12)
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Twist held constant, increasing axial load

When the bar is all elastic initially

Let ¢ be the prescribed constant twist per unit length Then, while 1n an elastic

State,

0':3Gln(—l{;), 7=Crg

Suppose that at time f,, o has increased to o, [ to /,, and that the outside of

the cylinder 1s just plastic Then

o, = 3G1n[%°) , (313)
7, = Gré, (3 14)

and
o +3cl =Y’ (3 15)

Subsequently, when the bar 1s plastic to a radius ‘¢’,

a=3Gln(%) , T=Gr¢ (rSc) (316)
Conditions on the plastic boundary give

o’ +3G g’ =Y? (317)
For ¢<r<a, we put d6=0 1n equation (3 4) and eliminate d4 from (3 3) and
(3 4) Then

6% =% drido (3 18)
/ T
But, from equation (3 1),
Jrdr+odo =90
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Therefore

6G [1+ay-'

TInlzln lJ+c0nst

1-oY"

An element at radius r becomes plastic when ‘/” 1s such that

1
3G In (%) =(Y*-3G*¢*) =0, (319)

6G

Substituting g for (%) ' we have

il e e

Pe l+(/5’e +1J( Y)
= SN A

Pe +]+(ﬂe 1]( Yj

o, 1s given by equation (3 19), and then equation (3 20) gives o in terms of

r

(3 20)

~19

and ‘r ,

and
G L o
2 i 2 Y
. (5 Jrose

d ,Be_l;r— +1+(ﬁe_2% —1J("7)

Suppose, 1n particular, that ¢ 1s such that the outside radius ‘a’ 1s just about to

(321)

become plastic when the twisting 1s completed Then ¢ = G\)//_ and therefore
a

The bar will have become completely plastic when ln(%]:% Then, at the

radius ‘a’,
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