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ABSTRACT

Experimental and finite element study of the behaviour of structural
members to combined tension and torsion loadings

Nuri M. ZarrougyB.Sc.Eng. M.Sc
This research work is concerned with the determination of elastic-plastic deformation
behaviour of structural members to combined tension-torsion loadings. Three aspects
of the work were examined. In the first, an adaptive control system is developed for
performing combined tension and torsion tests on solid and thin-walled tubular
specimens by using systems supplied by National Instruments to control the axial
and torsion loads on the specimen through data acquisition boards. The LabView
software in conjunction with data acquisition board, servo-controllers and servo-
motors form the adaptive control system for the torque-tension machine. The second
aspect was to carry out experimental investigations, where solid steel rods (structural
steel) were subjected to non-proportional combined tension-torsion loading paths. In
these loading paths, initial elastic tension followed by torsion, holding corresponding
axial displacement constant and initial elastic torsion followed by tension, keeping
the corresponding angle of twist constant, were examined. The experimental
programme also considered the non-proportional combined tension-torsion loading
of thin walled steel tubes. It has been observed experimentally that, when the rod is
initially subjected to an axial load keeping the corresponding axial displacement
constant and then followed by subsequently application of the torque the rod behaves
as if its axial load carrying capacity decreases without affecting its torque carrying
ability. Similarly when the rod is initially subjected to a torque, keeping its
corresponding angle of twist constant, and then followed by subsequently application
of the axial load the rod behaves as if its torque carrying capacity is reduced without

affecting its axial load carrying ability.

The third aspect was devoted to the finite element analysis. The finite element
analysis package ANSYS (version 5.7) was used for the analysis of the combined

tension-torsion loadings of the steel rods. The geometry of the steel rod was supplied



to the Ansys package and meshed The precondrtioning conjugate gradient (PCG)
and the spare direct solver were used to solve all the combination of loads
Experimental results obtained were compared with computed values from the finite
element analysis and are presented Reasonably good agreement is obtained between
the experimental and computed stresses and displacements This work has direct
bearing on the relaxation of tightening torques or axial loads as experienced by
critical engineering components, such as couplings, bolted joints, rotating shafts, and
steel structures that are subjected to similar types of combined loadings It is also
hoped that the information generated 1n this research work will guide the designer

towards the use of more realistic materials and achieve better design
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CHAPTER ONE

INTRODUCTION

1.1 JUSTIFICATION FOR THE WORK

Many mechanical and structural components are subjected to variable loads The
stress analysis of such components often turns out to be very complicated when ever
plastic strains and deformations occur If the plastic strains are very large, as in many
metal forming processes, the elastic component of strain 1s considered negligible and
the matenial 1s assumed to be perfectly plastic On the other hand where the elastic
and plastic components of strain are of the same order, the problems are elasto-
plastic These types of problems are of paramount importance to structural engineers
and designers In many engineenng applications, such as aerospace, automotive and
mussile, economucal and environmental concerns have driven the need for Lighter but
safe structures [1] With more attention having been made on the weight saving in
these applications, large factors of safety can no longer be used by designers and the
design must be done on the basis of mimmum weight, which invariably means

designing 1nto the plastic range to obtain maximum load to weight ratios

In the design of load carrying parts, 1t 1s a general rule to make sure that yielding
does not occur under service loading as usually structural elements are designed so
that material does not yield under the expected loading conditions The magnitude of
the stress, which causes the material to yield under uniax:al or combined loading, can
be predicted by various theoretical yield criteria For structures composed of
members carrying loads in the elastic-plastic range, deformation 1s more difficult to
calculate than elastic deformations because relationships between the stresses and
strains are non-linear and are dependent on the loading history The stress
distribution 1n most structural members loaded into the elastic-plastic range 1s

difficult to determine because the shape of the elastic-plastic interface 1s 1tself related



to the stress distribution and 1s therefore unknown until the complete solution has
been found For a solid circular rod carrying combinations of axial load and torque,
this restriction 1s removed since the shape of the interface must be annular to
preserve axial symmetry If a circular bar 1s subjected to combined axial load and
torsion, yielding does not occur until the combined stress state reaches a critical
value, that 1s, equivalent yield of that particular material reaching the yield locus, 1if
axial load and /or torque 1s further applied, plastic flow starts in the material The
linear elastic torsion theory stipulates that the maximum shear stress occurs at the
outer fibre of the material [2] There are limited experimental works regarding the
biaxial (combined) loading of solid rod, which have been subjected to combined
torque and tension loads within the plastic region to observe the elastic-plastic
response of the material For simplicity, 1n most existing research works, thin-walled

tubes have been used to conduct these types of investigations

The demands for assurance of quality and rehability 1n engineering structures or
components have steadily increased over the past two decades All manufacturing
bodies are trymng to cut raw matenal costs, improve designs and enhance
manufacturability Since almost all manufacturing involves some form of component
assembly, one logical place to tackle the problem 1s in the items and methods used to
hold these components together The task of holding all the components together 1s
usually achieved by using fastening bolts They are by far the most commonly used
system for achieving safety, reliability and maintainability The bolted joints are
fundamental elements 1n most mechanical equipment It 1s frequently the most highly
stressed element 1n a structure and the bolt 1tself is likely to be the component of
smallest cross-section The information on tightening bolted joints 1s 1mportant to the
design engineer, 1n order to ensure the reliability of the joint and a minimum clamp
load which 1s necessary to provide adequate 1n-service durability Therefore
designers are drawn more and more towards tightening processes which minimise
clamp load vanation 1n order to obtain the benefits of more predictable service The
designs of bolted joints and technmiques used to tighten them have received increased
attention by the Automotive, Aerospace and Petro-Chemical industries Considerable
investigations are still being carried out into bolted joints, especially into the quality

of the tightening involved and into the bolt itself [3] During the fastening process, a



fastener 1s subjected to torsion as well as axial stress Subsequently, when the joint 1s
subjected to an external load, the fastener 1s subjected to additional axial load due to
the external load It 1s expected that the plastic yielding of the fastener would occur
at the combined yield load Accordingly, this research programme has been
undertaken to carry out detailed experimental investigations to know how the
external tensile load affects the magnitude of the initially applied torque or how the
application of torque affects the initially applied axial load or pre-load 1n a bolt in the
elastic-plastic range A circular rod has been used as a specimen for this investigation
to avoid the complex relationships between the tightening torque, friction coefficient
and pre-load 1n the bolt During the tightening process other stress components arise
due to the effects of the helix angle and the geometry of the thread, the effect of these
stresses are not considered in this study because of the simple design of the test

specimen

In this research programme, the specimen 1s subjected to various complex non-
proportional biaxial loading paths In these loading paths, elastic torsion followed by
application of tension, holding the angle of twist or the torque constant and elastic
tension followed by application of torsion, holding the axial displacement or axial

load constant, untl failure of the specimen was examined

1.2 FINITE ELEMENT ANALYSIS

Finite element analysis (FEA) 1s a computer based numerical technique for
calculating the strength and behaviour of engineering structures [4] It can be used to
calculate stresses, deflections, vibration, buckling behaviour and many other
phenomena With the advances 1n computer technology and CAD systems, complex
problems can be modelled with relative ease and several alternative configurations
can be tested on a computer before the first prototype 1s built In the finite element
method of analysis, a structure (or rather, the mode) 1s mathematically divided 1nto a
set of connected blocks, or elements which can have various shapes The material
properties (such as young’s Modulus and Poisson’s ratio in linear elastic and

1sotropic  problems) and the governing relationships are considered over these



elements and expressed in terms of strain and stress at element corners The
behaviour of an individual element can be described with a relatively simple set of
equations Just as the set of elements would be joined together to build the whole
structure, the equations describing the behaviours of the individual elements are
Joined 1nto an extremely large set of equations Solution of these equations gives the
behaviour of whole structure under the set of boundary conditions With the
replacement of analog with digital computers and the development of the first
commercial finite element analysis codes in the early 1960’s, linear static analysis
was available to the analysts who could justify the expense The finite element
method was introduced to the plasticity problems 1n the late 1960’s when an elastic-
plastic constitutive equation was incorporated in the standard solution routine that
had been used 1n the solution of elasticity problems The large increase in computer
speed and the power and more availability of finite element software, made these
commercial finite element packages available for analysts and engineers The
number and variety of packages available appears to be increasing rapidly with
different strengths and weaknesses Abaqus, Marc, Ansys, Sap and MSC/Nastran are

some of such finite element analysis packages

In this research work the commercial finite element package ANSYS [5] (version
5 7) was used for the analysis of the combined tension-torsion loadings of the steel
rod and thin-walled tubes The geometry of the rod and tube were modelled to be
consistent with the specimen used 1n the experiments The loading method used 1n
the fimte element analysis was 1dentical to that used in the experiments The analysis
was carried out in two steps In the first step, an 1nitial axial load or 1nitial torque was
applied to the model The second step consists of applying the torque beyond the
yield torque or applying the axial load beyond the yield load The preconditioning
conjugate gradient solver (PCG) and the spare direct solver were used to solve all the

combination of loads

13 AIMS OF THE STUDY
In this research work, the main objectives can be summansed in four sections as

follows



e The first section 1s to develop an adaptive control system to perform
combined tension and torsion tests by using systems supplied by National
Instruments to control the axial and torsion loads on the spectmen through
data acquisition boards The LabView software in conjunction with data
acquisition board, servo-controllers and servo-motors form the adaptive
control system for the torque-tension machine

e The second section 1s to carry out a detailed experimental investigations using
servo-controlled 1nstrumented torque-tension machine to determine the
elastic-plastic deformation behaviour of structural steel rods under combined
tension and torsion loadings under different controlled and boundary
conditions

e The third 1s to use the finite element analysis package ANSYS (version 5 7)
for the analysis of the combined tension and torsion loadings of the steel rods
and tubes

e The fourth one 1s to compare the experimental results obtained during the
combined loading with the results from the finite element analysis To
achieve the above mentioned objectives, the following method of approach

has been adopted

14 METHOD OF APPROACH

The method of approach adopted 1in this research work, as schematically shown 1n
figurel 1, has been divided into four sections The first section was concerned with
the development and application of an adaptive control system for performing
combined tension and torsion tests by using systems supplied by National
Instruments The LabView software 1s used to control the axial and torsion loads on
the specimen through data acquisition boards

The second was devoted to the experimental investigations, where mild steel rods
were subjected to different combined loading modes using a purpose built torque-

tension machine Four different modes of loading the rods were considered



(1) Inwial torque, within the elastic range, was applied and then, holding 1its
corresponding angle of twist, constant an axial load was gradually applied beyond
the uniaxial yield load

(11) Procedure (1) was repeated except the nitial torque applied maintained constant
rather than the angle of twist

(111) Initial axial load within the elastic range was apphed and then, holding its
corresponding axial displacement constant, torque was gradually applied beyond the
yield torque

(1v) Procedure (111) was repeated except the 1nitial axial load maintained constant

rather than axial displacement

The experimental programme also considered the combined tension-torsion loading
of thin-walled tubes The third was wholly devoted to the finite element analysis
(FEA), where the finite element analysis package ANSYS (version 5 7) was used to
simulate the deformation behaviour of the muld steel rods The geometry of the rod
was modelled to be consistent with the specimen used in the experiments The
loading method used 1n the finite element analysis (FEA) was 1dentical to that used
in the experiments The preconditioned conjugate gradient solver (PCG) and the
spare direct solver were used to solve all the combination of loads The fourth 1s to
compare the experimental results with the computed values from the finite element

analysis results

15 OVERVIEW OF THESIS

Thus thesis 1s divided 1nto seven chapters Chapter one gives an introduction to and a
description of the problem under consideration together with the justification for
undertaking the present investigation Chapter two gives a review of the relevant
Iiterature while chapter three contains the details of the experimental set up, where
the technical detaills of the torque-tension machine, transducers, amplhifier and
labview programme are presented Chapter four contains the analysis of the
experimental results and discussions Chapter five gives the theoretical outline of the
numerical methods used to solve the problem and also contains the analysis of the

finite element simulation results and discussions Chapter six 1s devoted to the



verification of the finite element simulation results against experimental results
Chapter seven draws general conclusions from the present research, highlights the
contribution arising from this research and pin-points areas of research which may
further contribute to this field of study, this 1s followed by a list of references,

appendix and list of publications
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CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

The experimental investigations of material behaviour under combined stresses have
attracted much attention in recent years, since uni-axial experiments have been found to
be inadequate for revealing the material behaviour under complex loading conditions.
There are very few experimental studies regarding the combined loading of a solid rod,
w hich has been subjected to combined torque and tension, as most of existing research
works concerning the elastic-plastic response of materials have been conducted using
thin-walled tubes for sim plicity of analysis since the area under consideration is minim al
and subsequently the stress variation is negligible, as the linear elastic torsion theory
stipulates that the maximum shear stress occurs at the outer fiber of the material. Most of
these experimental investigations in the elastic-plastic or in the fully plastic region were
conducted either to verify different analytical and numerical solutions of the elastic-
plastic or plastic stress-strain relationships or to verify the various yield criteria,
suggested by various researchers. This chapter gives a review of the previous research

works on the combined loading.

2.2 Historical back ground of combined loading in the elastic-plastic region

A study of the conditions under which the materials begin to deform plastically have
been the subjected of many investigations conducted chiefly in the last few decades.
M ost investigators performed experiments on thin-walled tubes by combination of
tension, torsion and internal pressure. Investigations have also been carried out with
the tension and torsion of a solid cylinder subjected to pressure on its lateral surface.
Among the investigators who have studied these conditions Nadai, [6] who outlined

tests on various materials such as, ductile metals, rock materials, marble and sand



stone under combined stress Also tests on 1ron, copper, nickel, aluminium, mild

steel, glass and brass were reported 1n reference [6]

Lode (7] carried out the most detailed experimental investigations under combined
stresses 1n the elastic-plastic range as mentioned by Mendelson [1] This research
tested thin-walled tubes of steel, copper, and nickel under various combnations of
longitudinal tension and internal pressure loads in an effort to determine the
influence of the intermediate principal stress on yielding Lode devised a very
sensitive method of differentiating between Tresca and Von Mises criteria, and used
a parameter called “Lode’s stress parameter” to account for the influence of the
intermediate stress 1n the Von Mises critena The experimental results favoured Von
Mises yield criterion Lode also carned out the same type of experiments, as
mentioned by Hill [8], to investigate the validity of the Levy-Mises stress-strain

relations

Guest carried out tests with thin tubes of steel, iron, and copper according to [8]
These were subjected either to pure axial tension, to axial tension simultaneously
with internal hydraulic pressure, or to a twisting moment and a tensile force For

these tests Guest concluded that the condition of yielding of the metals he had

investigated was expressed by a linear equation connecting 0,-0, and 0, +0,

(0,>0,>0,) whereo,, o,and o,are principal stresses

Experimental investigations have been carried out by Hohenemser [9] to verify the
validity of the Reuss stress-strain equations In the report a cylindrical tube was
twisted to obtain an approximately uniform distribution of stress at the point of
yielding and then holding the angle of twist constant, the tube was extended
longitudinally A pre-strained mild steel thin tube specimen was used to secure a
sharp yield point and reduce the rate of hardening to a value small compared with the

elastic modulus

To verify different yield criteria, Taylor and Quinney [10] performed experiments 1n

which copper, mild steel, and aluminium thin-walled tubes were loaded (n tension in
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to the plastic range, then partially unloaded and twisted until some further plastic
flow occurred The axial load was held constant while the torque was increased, so
that stress ratio were not constant The torque twist or torque extension diagrams
were extrapolated back to zero twist or zero extension to establish approximately, but
fairly accurately, the torque at which plastic flow recommenced The degree of
amsotropy was kept within the allowable limits by observations of the change in
internal volume of the tubes during pure tension Although the report 1gnored the
possibility of an elastic increment of strain during plastic flow and concluded that the

deviation from the Von-Mises yield criterion was real

Mornson and Shepherd [11] used thin-tubes of 5 percent steel and 11 percent
sitlicon-alumimum alloy The thin tubes were subjected to tension and torsion to
follow a complex path of stress to compare the experimentally found strain path with
those calculated by Prandtle-Reuss and Hencky stress-strain relations The elastic
and plastic strains were of comparable magnitude The tension was applied as first
step, holding the tensile stress constant, applied torsion, followed by further tension
and torsion to obtain various strain paths The length and twist were measured and

found to be 1n substantial agreement with the prediction of the Reuss equations

Hill and Siebel [12] strained steel bars of circular cross section in combined bending
and twisting, to investigate the rapidity of approach to the plastic-rigid yield point
values The ratio of bending and twisting was kept constant tn each test In the study
the experimental results were compared with the calculated yield point of the bar and
obtained upper and lower solutions The results show that the plastic-rigid yield

points may be used 1n design calculations

A theoretical and experimental investigation was carried out by Meguid et al [13,
14] under combined tension and torsion loading for elastic-perfectly plastic and
work hardening matenals, In reference [14] the behaviour of a circular bar of elastic-
viscoplastic material subjected to either proportional or non-proportional straining 1n

tension and torsion was investigated Closed form solutions were obtained for the
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stresses, load, and torque corresponding to fuily plastic conditions, for quasi-static

straining and for a range of finite effective strain rates

Naghdi and Rowley [15] carried on their tests with ten tabular 24S-T4 aluminium
alloy specimen These were subjected to combined tension and torsion with variable
loading paths Tension was applied alone then followed by torsion and permutted the
determunation of the imtial shear modulus when twisted began The experimental

results were discussed 1n the light of incremental strain (flow) theories of plasticity

Prager and Hodges [16] and Gaydon [17] determined explicit expressions for the
stress distribution and deformation of solid circular bars subjected to combined
tension and torsion 1n the elastic-plastic range The analysis was restricted to matenal
with Poisson's ratio (v =0 5) 1n both cases, 1e they did not take the effect of elastic

compressibility

Gaydon considered various combinations of twist and extension The Reuss
equations were used through out and these were integrated, for different cases, to

give the shear stress and tension 1n the plastic range

Sved and Brooks [18] investigated the behaviour of a round bar subjected to axial
loading and torque 1n the elasto-plastic range, elastic compressibility of the material
was taken 1nto account, and the von-Mises yield condition was used, together with

the Reuss stress-strain relationships

A method for the analysis of a round bar subjected to combned axial load and torque
1n the elasto-plastic range was presented by Brooks [19] Ramberg-Osgood curves
were used to describe the material behaviour and the analysis was based on the
Prandtle-Reuss incremental stress —strain laws and the von-Mises yield criterion The
elastic compressibility was taken 1n to consideration, which was shown to be

neglhigible for al} practical purposes
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Experimental 1nvestigations have been carried out by Ali and Hashmi [20] to
determine the elastic-plastic response of a circular rod subjected to combined torque
and tension Specimens were 1mtially loaded either by torque or by axial load within
the elastic range of the matenal, then either the tensile load or torque was gradually
applied beyond the elastic range, holding different parameters such as angle of twist
or torque or the axial displacement or tension constant The results showed that the
mitially applied torque or tension started to decrease when the combined stress

reached the uni- axial yield stress of the material

Tsangarakis et al [21] loaded Alumina fiber-reinforced aluminium composite 1n
combined tension-torsion The tests were conducted in a MTS servohydraulic
machine The experimental results indicated that the super-imposition of a 0 0025
shear stramn reduced the tensile strain to faillure by 67 percent Similarly,
superposition of a 00007 tensile strain reduced the shear strain to failure by 81
percent It was inferred that applying the torque first and then the axial load or the

axial load first and then the torque, had no significant affect on the failure envelope

Rees [22] examuned the flow and fracture behaviour of particulate reinforced 2124
aluminium from combining torsion with either tension or compression Incremental
loadings were applied along both radial and stepped paths The results of all tests
show that the yield locus for the material obeys a von Mises description The
observed flow behaviour 1s compared with that predicted from the Prandtl-Reuss

incremental plasticity theory

Maguid [23] subjected thin-walled tubular specimens of annealed medium carbon
steel (En8) to combined tension-torsion at room temperature using a closed-loop
servo-controlled, electrohydraulic biaxial testing machine Bilinear deformation
paths of twist at a constant rate followed by extension at different rates were
investigated to evaluate the plastic flow of the material under abruptly changing
deformation paths and strain-rates The experimental results indicated that there exist

appreciable differences between the von-Mises equivalent stress versus equivalent
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plastic strain curves for the different bilinear paths investigated These differences

were attributed to the strain-rate sensitivity of the matenal investigated

The kinematics and stress analyses of the tension-torsion test of a thin-walled tube at
finite strain were discussed by McMeeking [24] The relationships between
increments of tension and torque and increments of extension and twist for an elastic-
plastic material at finite plastic strain were formulated for the most common
constitutive assumptions Also the vahdity of the Prandtle-Reuss equations for

different ranges of plastic strains were evaluated

Spring back of rectangular bars under combined torsion and tension was investigated
by Narayanaswamy and Samanta [25] The tension-torsion experiments were of two
types First the bars were initially pulled at different level of axial strains in the
plastic region, then were twisted for different angles of twist Load and torque were
removed simultancously at the end, and both spring back and twist back were
measured The other type of experiment, the specimen twisted and then pulled It was
concluded that the angular spring back was analytically predictable and twist
followed by pull produced smaller spring back than that produced deformation 1n the

reverse order

The strain hardening of copper and steel under combined tension and torsion was
investigated by Schmidt, as mentioned by Hill [8], who simultaneously twisted and
pulled permanently hollow thick-walled cylinders 1n the tension-torque machine
The ratio of the shearing and the axial normal stress was maintained at constant value
during the permanent distortion of the spectmens Schmidt concluded that a strain

hardening function 7

oct

= f (7,,) expresses the behaviour of a ductile metal under

increasing value of the stress

Correa et al [26] carried out expertmental investigations on Cu-Zn brass samples

The experiments were performed 1in a MTS servo-hydraulic testing machine The
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tests were conducted at room temperature Three sequences of strain paths were
performed tension-torsion, torsion-tension and tension-torsion-tension Monotonic
tenston angd torsion expenments were also conducted The results were observed 1n
terms of effective stress-effective strain and strain hardening rate-effective strain
curves The influence of strain path changes on the flow behaviour of Cu-Zn brass
has been analyzed The results were compared with the results obtained for low

carbon steel 1n reference [27]

We: Jiang [28,29] investigated the elastic-plastic response of thin-walled tubes
subjected to combined axial and torsional loads The kinematic hardening model was
used and exact closed-form solutions were obtained for linear loading path The
stress-strain relationships with the corresponding movements of the yield centre were
discussed for both monotonic and variable loadings The response of the tube under
non-proportional loading was shown to be path-dependent Simular work carried out
by Jiang and Wu [30] as mentioned above, where thin-walled tubes subjected to

combined axial load and internal pressure instead of torsional load

Non-proportional torsion-tension and biaxial compressive experimental results were
presented on tantalum, tantalum alloy with 2 5% tungsten, and AerMet100 steel by
Khan and Liang [31] The torsional test was performed first with free-end condition
after certain deformation, torque was kept constant and axial tension was applied,
then axial load was kept constant and torstonal deformation was continued These
test results formed a comprehensive set of data to show the material behaviours at

complex strain and strain-rate deformation

To mvestigate yield surfaces and stress-strain relationships Danesh: and Hawkyard
[32] used a tension-torsion machine in which aluminium and Copper specimens were
pulled and twisted while being immersed 1n liquid nitrogen The test materials were
especially treated to approach conditions of 1sotropy and homogeneity Stress-strain

curves 1n simple tension and pure shear were obtained at T=292K and T=78K The
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report concluded that at 78K the mitial yield surface obeys the von-Muses yield

criterion

A few relevant works regarding experimental investigations under combined tension
and torsional loading have been carried out to obtain the initial and the subsequent
yield loci for different matenals under different loading conditions The experimental
investigations to obtain the initial yield locus were carried out by Meguid et al [33]
Thin tubular specimens of annealed mild steel (En8) were tested under combined
torque and tension They obtained almost the whole positive quadrant of the nitial

yield locus from a single run without unloading or reloading (neutral loading)

Phillips et al [34-38] carried out the first expernments on pure aluminium They
subjected the specimens of aluminium 1100-0 specimens to pre-stressing in tension,
in torsion, and 1n combined tension and torsion They observed that the subsequent
yield surfaces were convex and that cross effect was weak Translation of the
subsequent yield surface 1n the direction of pre-stressing was observed and the yield
surface changes 1ts size in the direction of the pre-stressing and becomes smaller

when moved away from the origin and larger when directed towards the origin

Naghdi et al [39] investigated the subsequent yield surface by carrying out tension-
torsion tests using tubular specimens of 24S5-T-4 aluminium alloy The shapes of the
subsequent yield surfaces were determined 1n the first and fourth quadrant of the
axial stress and shear stress plane It 1s observed that the imitial as well as subsequent
yield surfaces were convex Bauschinger effect and a lack of cross effect were also

observed

Tenston-torsion tests were carried out by Mair and Pugh [40] on thin-walled copper
tubes The specimens were pre-strained in tension, partially unloaded, and then
strained 1n torsion Yield was defined by the Lode extrapolation technique The yield
surfaces were consistent with 1sotropic hardening accompanied by relatively slight

distortion
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Moreton et al [41] conducted experimental investigations where thin-walled tubular
specimens were subjected to combination of internal pressure, axial load and torsion

to investigate the yield surface behaviour of the steels

The 1nitial and subsequent yield surfaces of annealed AISS type 304 stainless steel
have been experimentally determined by Han and Yeh [42] in the axial-torsional
stress space Three loading paths were studied Pure axial path, a pure torstonal path
and a proportional axial-torsional path Each path included loading, unloading,

reloading and the cyclically steady state

Expennmental investigations by Daneshi and Hawkyard [43] are made into yield
criteria and strees-strain relationships for aluminium and copper at room temperature
and 78K by tension-torsion testing of tubular specimens Initial and subsequent yield
surfaces are determined after prestrain in tension and torsion The laws of normality
and convexity and the possibility of the existence of corners on the yield surfaces are

considered The experimental results verified the Mises yield criterion

Phillips and Lu [44] reported the results of two tension-torsion experiments with an
MTC computer controlled servo-hydraulic testing machine on pure aluminium
specimens The first of these experiments was with the loading being controlled
while the second experiment was with the strain being controlled For the load
controlled experiment they obtained an tnit1al and four subsequent yield surfaces, the
development of the plastic strains, and by carefully monitoring the simulitaneous
increases 1n strain they were able to judge the manner in which the yield surface
moved during the motion of the stress point on the stress path They concluded that
the loading surface may also depend on the amount of plastic strain developed during
loading For the strain-controlled experiment they obtained continued stress
relaxation at the end of each segment of the strain path and they observed that while
the path 1s located within the loading surface, plastic strains were obtained mostly

near the loading surface
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The plastic deformation of thin-walled tubes of aluminium alloy 5056 were
examuned 1n detail by Ohashi and others [45] for various proportional combined
loadings of axial force and torque, as a first stage of investigating the plastic
behaviour of 1sotropic aluminium alloy The experimental results showed that the
third 1invanant of stress deviator affects considerably the plastic deformation of the

material

As 1nvestigations for obtaining detailed information about the plastic behaviour of
real materials, precise measurements of plastic deformation of thin-walled tubular
specimens of 1nitially-1sotropic mild steel was performed by Ohashi and Tokuda [46]
under combined loading of torsion and axial force having trajectories consisting of

two straight lines at a constant rate of the effective strain

lkegami: and Nutsu [47] experimentally investigated the plastic deformation of
stainless steel at room temperature by subjecting thin-walled tubular specimens to
combined axial load and torsion The stress-strain curves after plastic prestraining are

obtained by subsequent loading along the stress path with corners

Nittsu et al {48)] investigated the plastic behaviour of S25C muld steel at room
temperature The combined loading tests were carried out with the thin-walled
tubular specimens by applying the axial and torsional loads The mmtial yield

condition of the material obeyed Tresca’s law

Khan and Wang [49] presented experimental data from combined tension-torsion
loading of thin-walled tubes of annealed polycrystalline copper subjected to loading,
partial unloading, and then loading 1n a different direction Special attention 1s
focused on the direction of the plastic strain increment, experimental values of which
are compared with predicted values from the Ziegler and Mroz kinematic hardening

models, and endochronic theory The main objective of their study 1s to investigate
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the effect of finite deformation on subsequent infinitesimal deformation due to

180°and 90" changes 1n loading paths in the tension-torsion loading space From the
comparison, the Mroz model 1s shown to predict the direction of the plastic strain

increment closest to the experimental results

Khan and Parikh [50] subjected thin-walled tubes of annealed polycrystalline copper
to combined tension-torsion, of various non-proportionate loading, unloading and
reverse loading paths using a dead weight type tension-torston machine The
experimental results were compared with predicted values from classical incremental
theory of plasticity 1n terms of true stress and true strain and a recently developed
incremental theory of plasticity by Bell 1n terms of nomunal stress and nominal strain
These experimental results reveal that the plastic strain produced by the various
proportionate and non-proportionate loading, unloading and reverse loading paths are
in better agreement with Bell’s incremental theory of plasticity as compared to

classical incremental theory

Krempl and Bordonaro [51] subjected tabular specimen of commercial Nylon 66 to
non-proportional loading 1n strain control at room temperature All tests were
performed 1n a servo-hydraulic, computer controlled, MTS axial —torsion mechanical
testing machine One specimen was first loaded to a certain axial strain which was
subsequently held constant while the tube was twisted For the other specimen
torsional strain was applied first followed by axial loading They observed that the
stresses at the same strain point were found to be path dependent The stress
corresponding to the strain that 1s kept constant drops as the other axis s being
loaded There 1s considerable interaction between axial and shear behaviour The

stress drop can be a “ plasticity effect” or regular relaxation

One of the main applications of this type of combined loading, where solid rods are
subjected to combined torque and tension, 1s in the development of fasteners As it 1s
well known that during the tightening process a fastener is subjected to both torsional

and axial stress applied simultaneously Subsequently, when the assembly or the joint
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1s subjected to external load, the fastener 1s subjected to additional axial stress or
axial and bending stress Most of theoretical and experimental investigations within
this area have been conducted for the purpose of improving the performance and
reliability of the fasteners and their joints Experimental investigations of the
behaviour of bolted joints (1€ solid bars) in the elastic and plastic region have been
carried out by Maruyama and Nakagawa [52] The direct tension test of the bolt
under uniaxial load firstly was carried out, then the bolted joint was tightened 1n
elastic or plastic region and the axial load was applied to that tightened joint after
screwing the joint to a material testing machine In other similar test, the bolt was
tightened at first to a certain torque and then the torque in the threaded portion was
reduced to zero, this done by untightening the bolt by a few degrees Then the axial
load was applied to that pre-tightened bolted joint The results showed that the
threaded part torque has a little influence on the axial tension-elongation curve, and
the curve under external loading approached rapidly the curve of the single bolt
regardless of whether or not the torsional stresses were eliminated by joint spring
back or backward rotation before the external load was applied It was also found
that when bolts were tightened 1nto the plastic region, the joint can withstand higher

working loads

The factors affecting the torque-tension relationships of fasteners during the
tightening process were 1nvestigated by Gardiner {53] This relationship 1s governed
by both direct and indirect parameters The direct parameters consist of tangible
items, such as fastener strength level, surface finishes, hardness of the components,
lubrication, class of thread fit and resihiency of the clamped assembly The indirect
parameters which affect this relationship are not related to assembly materials, but to
assembly methods The fasteners were tightened using zinc plated and cadmium
plated nuts and found that the torque needed to reach a similar load was almost twice

as much for the zinc plated hardware than for the cadmwum plated one

Hariri [54] carried out experimental investigations to determine the response of
fasteners to combined torque and axial load The bolts were mmitially pre-torqued in

the elastic range by an electronic hand torque wrench and then external tensile loads
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were applied holding angle of twist constant The uniaxial tensile load was applied
by a hydraulic cylinder The results showed that the torque started decreasing when

the combined stresses 1n the bolt reached the yield stress 1n tension

The behaviour of bolted joints tightened 1n to the plastic region has been investigated
by Tsuj and Maruyama [55,56] A new estimation method for the interaction curve
of the threaded portion 1s proposed based on the flow theory [55] They developed a
combined load testing machine 1n order to apply the tensile and torsional combined
load on the threaded portion of the bolt, and the interaction curves of the threaded
portion are obtained experimentally In theiwr conclusion, it 1s shown that the new

method 1s supenor to the traditional one considering only the local yield condition

The static and dynamic strength of bolted joint tightening the bolts to their yield
points was nvestigated by Chapman et al [57] A series of bolts were tightened to
their torque-tension yield points with the SPS joint control system, and then external
tenstle load was applied untul the bolts failed They found that all bolts behaved
elastically when external loads were applied to the joints even when the fasteners
were tightened to their torque-tension yield points Dynamic test results showed that
fatigue strength increased with the preload and high fatigue bolts gave an

improvement over standard fasteners at all preloads

23 Finte Element Simulation Studies

During the last two decades considerable advances have been made 1n the application
techniques to analyse basic structural elements as well as highly sophisticated
structures 1n various fields of engineering Among these numerical procedures, the
finite element methods are the most frequently used today Finite element analysis
(FEA) of structures plays an increasingly important role 1n engineering practice In
general, finite element analysis 1s a powerful tool 1n predicting the loads and

deformation of structural members The extensive application of the finite element
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method analysis has now become possible by using relevant software packages for

numerical sumulation

A number of simulation works concerned with analysis of different engineering
applications have been reported The effect of cross section variation on formability
of prestrained samples has been investigated using finite element analysis
stmulations of a standard sheet tensile test by Menezes et al [58] The finite element
code was used to simulate the uniaxial tensile test 1n reloading of sheet samples with
different pre-strained values using a modified swift law that describes the materal
behaviour after prestrain history The simulations presented in this investigation are
in good agreement with experimental evidence which attest the good behaviour of
the modified swift law developed, and also the good performance of the finite

element code used

Tsukahara and Iung [59] showed that the finite element method (FEM) can be used
to simulate the localisation phenomenon of Piobert-luders behaviour in an uniaxial
tensile test To simulate this phenomenon, the finite element code Abaqus version 5 6

has been used

Dumoulin et al [60] determined the equivalent stress-equivalent strain relationship,
using a tensile test on copper specimen Image analysis and a conventional
extensometer are used for strain measurements Then this equivalent stress-
equivalent strain 1s used 1n a finite element code to simulate the same tensile test
This simulation validates the 1mage analysis measurement all the more since the
strain levels simulated are identical to the experimental ones, until the onset of

transversal necking

Pietrzyk [61] reviewed applications of the rigid-plastic finite element approach to the
stmulation of metal forming processes involving large plastic deformation The

analysts of the rigid plastic fimite element approach was the objective of thus work It
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recapitulates the research on the finite element modelling of large plastic deformation

problems

The elasto-plastic finite element simulations of the plastic deformation behaviour of
copper samples during torsional deformation have been carried out by Kim [62]
using the commercial finite element code, Abaqus In another study by Kim [63] and
Kim et al [64], the results of the elasto-plastic finite element analys:s of the plastic
deformation behaviour of bulk nano-structured materials during torsion straining
process have been presented The simulated geometry (thickness distribution) of the
workpiece 1s compared with previous experimental data obtained using copper

specimens with different number of rotations

Savaidis et al [65,66] performed an elastic-plastic finite element analysis for a
notched shaft subjected to multiaxial nonproportional synchronic tenston/torsion
loading The elastic-plastic matenal property 1s described by the von Mises yield
criterion and the kinematic hardening rule of Prager/Ziegler The finite element code
Abaqus 1s used to solve the boundary value problem They also considered combined

tension/torsion loading 1n reference [66]

A three dimensional model of a twisted cord embedded in rubber matrnix was
investigated by Pidapart: et al [67] to estimate the interface stresses Finite element
analysis was performed on the models under axial and combined axial and lateral
loading using the finite element analysis package ANSYS The deformations and
maximum 1nterface stresses were obtained from the finite element analysis The
results obtained from the present analysis were validated with existing solutions 1n

the literature
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CHAPTER THREE

EXPERIMENTAL SET UP

31 INTRODUCTION

Mathematical theories of plasticity have received constderable development 1n the
past few decades with major analytical contnibutions from many well known
workers However, the quantity of suitably accurate experimental work, carried out
to examune the validity of the theories appear to be quite limited and adequate
evaluation had not been always possible As the theories have increased in
sophistication the accuracy with which the experiments must be performed has also
increased The application and measurement of stresses and strains must be

determined to a high degree of accuracy

Previous workers, utilizing hydraulic and mechanical systems, have used various
methods of applying torque and axial load The straining mechanisms can be
categorised as providing direct control of either strain or load (or torque) and the
manner 1n which the experiment 1s conducted 1s determuned by this As part of this
research work an instrumented mechanical torque-tension machine was used to
enable the application of the combined torque and tension loading under controlled

conditions

The machine 1s controlled from a remote personal computer using Labview software
and data acquisition devices Four transducers were used to measure the axial load,
the axial displacement, the torque and the angle of twist The measured units were
then amplified with a modular amplifier and fed to the Lab view for control and
display A closed loop 1s created with Lab view, as the programme takes action
according to the signals from the transducers These inputs from the transducers were
recorded as a database for analysis The tension-torsion experimental set up 1s shown

m figure 3 1
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32 TORQUE-TENSION MACHINE

The servo-controlled instrumented torque-tension machine ts capable of applying
combined loads (1 e, torque and tension) under controlled conditions The machine
was designed to carry a maximum tensile load of 100 kN and a torque of 200 Nm
The stiffness of the machine 1s approximately 41 SkKN/mm The overall length, width
and height of the machine are 048m, 1 00m and 1 96m respectively The main
features of the machine are as follows It can apply either simultaneous or individual
loading (torque and/or tension) according to a specific load programme It facilitates
the time variations of the control and the resulting deformation parameters using the
appropriate load cells and control elements The machine 1s controllable with either
analogue or digital (from a P C) It 1s capable of maintaining different strain rates for
both types of loading Figures 32 and 3 3 show the details of the machine The

specifications of the machine are shown 1n table 3 1 in detail

Table- 3 1 The specifications of the torque-tension machine

Axis 1 ( For tension) Axis 2 (For torque)

Capacity

Force rating 100kN up to 200Nm up to 30°/sec
48mm/min

Load range(using 2Nm to 200Nm

analogue 3kN to 100kN

command)

Cross-head speed 0 56mm to 48mm/min

range

Drive shaft’s 015° to 30°/sec

rotational speed

range
Cross - head 0 Smm throughout full
alignment travel

(no load condition)

Cross-head travel

460cm

Testing space

420cm
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321 MAIN COMPONENTS OF THE MACHINE

3.2.2 Ball Screw

Two induction hardened ball screws were used to drive the cross-head and apply the
necessary axial load to the specimen The long nut of each ball screwed in to the
cross-head so that 1t attains a linear vertical motion when ever the ball screws rotate

These screws experience only compressive forces

3.2.3 Guide Rod

Two steel shafts were chosen as guide rods When torque 1s applied to the test
specimen through the torque-tension shaft, the cross-head, and hence the ball screws,
also experience the same torque from the resulting twisting moment Thus the guide
rods were used to prevent the ball screws from experiencing the bending forces

which develop due to this twisting moment

3 2.4 Cross-Head

The cross-head was used to apply the axial load to the specimen It can attain linear

vertical motion by the pair of ball screws

3.2 5 Shafts

1 Three steel shafts were used in the machine for various purposes These are as

follows

2 Stepped shaft, this shaft was used to carry the tensile as well as torsion load

applied to the specimen

3 Torque-tension shaft, this shaft transmts the torque and the axial load applied to

the specimen

Torsion shaft, this shaft 1s able to rotate freely about 1ts vertical axis and helps to

transmit torque from the lower portion of the machine to the upper portions
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3 2 6 Specimen Holding Devices

Two steel holders to fix the specimen 1n the machine, and to transmut the necessary
loads These have been designed to withstand combined torque and tensile loads

applied stmultaneously

1) Gripper

Two steel grippers were used to hold the machine head of the specimens

1) Square Drive

A steel block of square cross-section connects the top of the torque load cell to the
bottom of the torque-tension shaft The drive experiences only the torque applied to
the specimen and does not transmut any axial forces from the drive system to the

mechanism

m) Pre-Load Umt

These pre-loading units were designed to apply a necessary pre-load to the topper

roller bearings fitted at both ends of the ball screws

3 27 Drive System

The torque-tension machine 1s operated by two separate drive systems Two” Moog”
brushless servo motors of different torque capacity and two “Carl Bockwoldt” helical
gear of different speed ratio Drive system-1 provides the necessary axial load, while
drive system-2 provides the necessary torque applied to the specimen Figure 3 4

shows the schematic diagram of a Moog brushless drive system

1) Drive System-1

Drive system-1 used to apply the axial load, which consists the following parts
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Motor-1

This 1s a’Moog D315-L15 type brushless Ac servo- motor Figure 3 5 shows the
schematic diagram of a Moog brushless servo motor The motor has a continuous
stall torque capacity of 8 INm and nominal speed of 3000rpm The characteristic
curve of this motor 1s shown 1n figure 3 6 The motor supplies the necessary torque,
which 1s converted 1n to the required axial force via the gear box, timing pulleys

timung belt, ball screws and cross-head

Gear Box-1

Is a “Carl Bockweldt” three stage, CB59-NF80 type, helical gear box Its gear ratio 1s
295 8 and the gear box has a maximum permisstble output torque at rated power of
1200Nm Its maximum permuissible input speed 1s 4000rpm The motor and gearbox

are assembled together to form the MGA unit-1

Timing Pulleys and Bel