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ABSTRACT

The free edge of a quenched plate is subject to zero stress in a
direction perpendicular to this edge. Therefore the thermal stresses
set up in such a component must be modified in the vicinity of the edge
in order to allow the required stress configuration to be produced.
This is referred to as the 'edge effect' and its magnitude is
conventionally estimated by the well-known Saint Venant Principle.
However a detailed understanding of the variation in stress in such a
specimen is not well understood and it has been the objective of the
present programme to make a detailed elastic/plastic analysis of the
stress generation process using a finite element method. To this end a
disc specimen has been considered, so that both experimental and
theoretical estimates of the stress fields are not influenced by the
presence of sharp corners, which lead to a very complex stress system.

The stress generation process has been followed by a finite element
axisymmetric model. The use of such a plane strain representation has
been checked by comparison with a full 3 dimensional elastic analysis,
at a very early stage in the process when plastic flow was not present.
The results obtained by the two methods of calculation were in good
agreement and justify the use of the plane strain model.

The finite element programme calculated the thermal history of the
specimen by the Crank-Nicholson method, and the weighted mean technique
was selected as the best method of smoothing the results. The effects
of different element stress functions, and element size, as well as time
and load steps have been studied and the optimum combination selected.
Considerable difficulty had been experienced with the stability of the
results, which was found to be due to limitations in the BERSAFE finite
element package. The elimination of this problem led to a situation
where successive stages in the stress generation process were calculated
and examined with confidence, although great care was required to
balance the time step with the thermal loading step.

The results from this model in the central region of the plate were in
good agreement with those results reported by earlier workers.

The complex variation of stress distribution predicted by the model as
the free edge is approached has been -examined and justified against the
classical governing equations. This includes non-linear decay of
in-plane stresses and the development of axial and shear stresses near
the edge of the plate. A further product of this work has been an
evaluation of the development of plastic zones during the quench
process.

Although the effect of the edge on the inplane stresses differs with
axial position in the plate, the derivation of an overall edge
correction factor (which is a mean ratio of average stress to the stress
on the axis) provides a value which is consistent with the Saint Venant
Principle. Therefore, it is concluded that the use of edge correction
factors based on the linear decay of in-plane stresses from a position
that is one plate's thickness from the edge is satisfactory for
determining "real" body stresses from a finite difference model.
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1.

1

INTRODUCTION

GENERAL

Residual thermal stress and strain is of importance to
manufacturing processes where the use of a quenching
operation is necessary to achieve particular physical and
structural properties of a component. The thermal gradients
and phase modifications which transpire when using liquid/gas
quenchants or induction hardening techniques cause
displacement within the component and thereby produce
accumulative stress and strain which is retained in the
structure at the end of the treatment. Invariably this state
of internal stress/strain can lead to one or more of the
following problems, depending upon the severity of quench and

composition of material:-

(a) If the accumulative stress reaches that of the material's
fracture stress, quench cracks may be formed either
during or within a short period after the hardening

process.

b) The bulk straining of the material causes varying degrees
of distortion of components and as such can cause great

difficulty in achieving critical dimensional tolerances.

(c) Even if cracking and gross distortion do not occur, the
retained stress pattern within a part can cause further
displacement and warping if that part undergoes selective
machining after the hardening process. This is because
the stresses must accommodate the loss of material which

contained balancing forces and thus restore equilibrium.

(d) The residual stresses present in a component may change
its in-service properties; e.g. surface tensile stresses

can contribute towards the susceptibility of stress



corrosion cracking; also the stress magnitude and nature
will modify the mean stress fatigue level of a component
which may be for the good or detriment of the article

depending on the form of dynamic loading applied during

service.

The assessment and rectification of such problems in industry
(e.g. the case carburising of automotive gears) is still
based upon trial batch determinations. These trials indicate
the required adjustments to either component dimensions
and/or treatment parameters to achieve a satisfactory post
treatment article. Unfortunately such practical assessments
are time consuming, costly and rarely yield results which can
confidently be applied to a full production run. This
unreliability may be attributed to the large number of
variables which contribute in a complex manner to the final
stress distribution and which may alter during the time span

of a manufacturing process.

If the manifestation of significant residual stresses and the
accompanying effects can be theoretically predicted, this
would save time and costs, increase yield and ultimately
ensure an increased service life for components. The
limiting factors for a theoretical prediction of internal
stress are (as for the production method) the multiplicity of
variables which in many cases are highly sensitive to the
sample preparation and testing environment; yet the most
difficult problem is encountered in obtaining accurate
mechanical and physical property data of the material for a
wide temperature range. Because most physical properties are
temperature dependant, large quantities of data have to be
experimentally determined which are not readily available due
to such criteria being unique to a material of that

particular composition.

These difficulties have, in the past, led to the formulation
of theoretical models which are over simplified; but with the

efforts of previous workers in providing much of the property



data and with the advancement in fast digital computers which
can manipulate vast quantities of information, solutions with
a sound fundamental basis are now possible for residual

stress predictions.

In the development of recent theoretical models for residual
stresses it had been necessary to eliminate some complicating
factors without actually over simplifying the material
behaviour; this was accomplished by modelling an
air-hardenable material in the shape of a thin plate, which
allowed the valid assumptions of plane stress conditions and
a 100% Austenite/Martensite transformation on quenching. The
model was then used to calculate internal stress in the
'infinite' plate region (remote from any edge effect) by a
finite difference technique. The present work on modifying
this model, which is detailed in this thesis, is to
incorporate the influence of the plate's edges, and hence
approach a more realistic mechanical situation. The
classical approach to taking account of stress in the region
of a free surface is defined by Saint Venant's Principle,
which in its present form is an empirical statement that does
not give detailed explanations for principle and shear stress

re-distribution or generation in the area of interest.

The finite element technique which allows surface boundaries
to be specified in 3 dimensional space, has been used for
modelling the structure and validation of this model will be
made by comparison of results for the centre of the plate
againSt those from the finite difference solution and

experimental determinations.

10



1.2

LIST OF SYMBOLS

Definitions of mathematical symbols are given below, and are

consistant throughouf the thesis unless redefined within the

text or by reference to figures.

X,Y,Z
u,v,w

r,H,z

e O™ O

@ A > B8 3

l, m, n

“1(z;)

olm(zi)

dz
o (2z)

oy(z)

Start and finish temperatures of the martensite

transformation.

Cartesian axes. (also used as subcripts)

Displacements in the cartesian axe

Radial, hoop and axial directions in polar axes

(also used as subscripts).
Principle Stress.
Principle Strain.

Shear Stress.

Poissons ratio.

Youngs modulus.

Time increment.

Temperature.

Order of diffraction )

Wavelength ) Barrettzo

Interplanar distance )

Bragg angle )

Direction cosines

Corrected stress value )
= Measured stress value )

Distance from lower surface to )

point of measurement )

Original sample thickness )

Thickness of layer removed )

Actual residual stress in layer
Apparent residual stress in layer
Layer thickness

Plate thickness

Distance of layer from surface
Angular deflection )
Initial arc length of plate ) Rai
Layer thickness )

11-1

S.

Nt N N S

et al

Dai and Sato

28

25



f'

Mean stress of removed layer

)
Cross section removed )
Cross section remaining ) Barrettzo
Change in rod length ) (Heyn & Bauer)

Original rod length )

Diameter of bore at step considered - Ford30

Correction of stress in nth layer

due to previous removal of mth layer )

Plate thickness before removing nth
layer

Layer thickness

Change of inplane strain after layer
removal

Strain gauge constants )

) Andx:'ews’4

Direction of maximum stress from ) Beaney et a139

gauge element number one )
Plate length measurement )

Volume change due to ) Price49
transformation )

known constants of partial
differential equation
function of distance in the X axis
temperature at point n after i time
intervals.

coefficient of expansion.

surface heat transfer coefficient.
thermal conductivity.

elastic bulk modulus. )

elastic shear modulus. ) Weiner65

bounding surface. )

11-2

) Crank &

)} Nicholson

Fletcher

50

57



2.1

PREVIOUS WORK

INTRODUCTION

The definition of residual stresses has been given by several
authors 1, 2, 3, 4, 5 and can be stated simply as: "those
stresses existing in bodies upon which no external forces are
acting”. Working from this definition Orowan1 gave a
comprehensive classification of the many types of internal
stresses that is essentially accepted today, but with
inconsistency of names for the various classes. First order
residual stresses (also known as body stresses or
macro-stresses) are those which act over long range distances
comparable to the magnitude of the body, second order
stresses have influences within the range of crystal
dimensions, whereas third order stresses act only within
interatomic distances. The latter two classes are frequently
referred to as micro or tessellated stress, examples of which
have been discussed by La52106 and Dentonz, e.g. principal
textural inhomogeneities such as grain boundaries,
dislocation glide and preferred orientation will give rise to
micro-stress, as will structural transformations where there
is a mismatch between parent and product lattices; also the
third order residual stresses occur wherever solute atoms are

straining the lattice.

It is generally accepted that the source of first order

stresses which occur when quenching (as opposed to

fabrication and machining processes) arise from three
7.8,

combined causes :-

3

a. Thelning” shows the difference in cooling rate between
the surface and centre of a 100mm diameter steel bar
quenched from 850°C (Fig 2.1). This temperature
difference within the body is the root cause of thermal
stress generation and consequently the first step in
any prediction must be an accurate calculation of the

transient thermal history.

12


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































