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PREFACE
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The results presented in the thesis are, as far as is known,
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Management was successfully completed. The candidate's performance
during this course was assessed by means of written examinations and
continuous assessment of specific assignments. The details of the

course are given below:-
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1. Process Metallurgy,
2. Mechanical Metallurgy,

3. Applied Thermodynamics.

MODULE - IT

1. Accountancy,

2. Economic Analysis and Financial Control.
3. Numerical Methods and Prograﬁming,

4, Operational Research.



MODULE - IIT

1. Corrosion Resistant and High Temperature Metals and Alloys.

2. Stainless Steels,

3. Powder Metallurgy.

4. Heaﬁ Treatment and Transformations.

5. Automatic and Computer-Aided Control of Metallurgical Operations.

6. Quality Assurance.

MODULE - IV

Three Industrial Case Studies.

One of the Case Studies, which is related to the current research

work, is presented with this thesis, as Appendix III.

Beside this, International Symposium on the Calculation of Internal
Stresses in the Heat Treatment of Metallic Materials (Linkoping, Sweden
1984) and The First National Conference on Production Research

(Nottingham, England 1985), were attended.

In addition, seven research papers have been written and to date
five have been accepted for publication. The details of these papers is

as under:-

1. "The Effect of Martempering on Thermal Stress and Strain". By
F. Abbasi, A.J. Fletcher and A.B. Soomro. Proceedings of the First
National Conference on Production Research, The University of

Nottingham, September 1985. To be Published.

2. "The Effect of Stress Relaxation Rate on the Generation of Thermal
Stress and Strain". By A.J. Fletcher and A.B. Soomro. To be

published in "Materials Science and Engineering", Elseviern, Oxford.



"The Effect of Transformation Temperature Range on the Generation
of Thermal Stress and Strain". By A.J. Fletcher and A.B. Soomro.

To be published in "Materials Science and Technology" , London,

"The Effect of Plate Thickness on the Generation of Thermal Stress
and Strain in Quenched Steel of High Hardenability". By
A.J. Fletcher and A.B. Soomro. To be published in "Steel Research"

(Achiv fiir das Eisenhiittervessen), Dusseldorf.

"Aspects of the Generation of Stress and Strain in Quenched Steel
Plates". By F.S. Allen, A.,J. Fletcher and A.B. Soomro. To be
presented at "International Conference on Residual Stresses",

October 1986, Garmish-Partenkirehen.
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THE GENERATION OF THERMAL STRESS

AND STRAIN DURING QUENCHING

A. B. Soomro

ABSTRACT.

A visco-elastic-plastic mathematical model was used to calculate
the thermal stress and strain generated during the quenching of an
infinite plate of high hardenability steel (835M30) in water, oil and
Polymer. In the present work the mathematical model was modified to
include the effect of initial stress on the rate of stress relaxation,
which has been found to be significant. The data required to incorporate
this effect into the calculations, were obtained experimentally during
the:present investigation. The effect of an applied stress during
transformation (transformation plasticity) was also introduced in the
mathematical model. The new model produced a marked improvement in the
degree of agreement between the calculated and experimental residual
stress, although the corresponding level of agreement in the case of
residual strain was less good. In particular, strains after water
quenching agreed less well with experiment as a consequence of the change
in the model, although this drawback was not found after oil and polymer
quenching. The new mathematical model was used to investigate the effect
of martempering, section size and transformation temperature range on
the generation of thermal stress and strain. A salt bath treatment
above the Ms temperature followed by air cooling prevented residual
stress development, but an oil quench after the salt bath treatment
generated a level of residual stress at the end of cooling that was
similar to that obtained after a direct oil quench from 850°C. Neither
martempering process was successful in reducing”résidual strain.
With. an increase in section size a reduction in the residual stress and
an increase in the distortions was obtained after a water quench.
However, after oil quenching the overall effect of section size on
residual stress and strain was small. The effect of variation in the
transformation temperature range was found to be small in the case of
residual stress but an increase in Ms temperature produced a
significant increase in the level of residual strain.



A)
B)

Al

I)
J)

NOMENCLATURE

Parameters used in the standard linear solid equation.

Constant used in equation 2.6.2.1.

Distance between the reference axis and position N on the
plate at inclination.

Correction factor for levelling at position N during
through thickness.measurement.

Young's modulus, MPa.

Yield function.
body forces

'Finite Element Method.

Shear modulus, MPa.
Coordinates, used to define stress and strain components.

Length, mm.
Position number at which through thickness is obtained.
Thickness of plate in hardened condition, mm.
Thickness of plate at position N, mm.
Thickness of plate in softened condition, mm.
Volume in hardening condition, mm3 )

) used in equation
Volume in softened condition, mm~ ) 4.4.4
Volume fraction of martensite.
Volume fraction of austenite.
Percent volume change associated with the structure change
from ferrite and carbide to martensite.

do

Strain hardening coefficient (EE_) , MPa.
P

Length of plate in hardened condition, mm,

Length of plate in softened condition, mm.

= Percent change in length.



= Constants relating linear variation of E and v with

b) temperature, according to E/(l-v) = a-bf
eIJ = Strain tensor.
h = Surface heat transfer coefficient, Wm_zoC.
i = Node position subscript.
3 = Number of elements in half thickness of plate.
m = Subscript used for mean stress or strain.
n = Node time subscript.
g; = Thickness of plate at position 1 and 11 (figures 98 and 99).
SIJ = Deviatoric stress tensor.
t = Time, s.
At = Time interval, s.
n+l . . .
t = Total time elapsed in the n+l interval.
O—
oex = Coefficient of linear thermal expansion, C .
. s 2_-1
atd = Thermal diffusivity, m S ~.
§ = !
1 Kronecker's delta.
€ = Strain.
: . -1
€ = Strain rate, S 7.
€ = Creep Strain.
creep
€e = Elastic Strain.
€p = Plastic strain.
€T = Total strain.
€tp = Transformation plasticity strain.
. € = . . .
thermal Strain due to thermal expansion and contraction only.
eve = Viscous strain.
£xX)
EYY) = Strain in x, y and z direction,
€2z) .
n = Coefficient of viscosity of the mechanical model, MPa.s.



) = Temperature, °c.

6A = Quenchant temperature, oC.
6o = Initial temperature of the plate before quenching, °c.
6s = Surface temperature of the plate.
-1 ©

A = Thermal conductivity, Wm ~ C.
v = Poisson's ratio.

. -3
2 = Density, kg m ~.
o = Stress, MPa.
o] = Average stress level in half thickness of the plate, MPa.
ge - = Equivalent streés, MPa.
agf = Flow stress with uniaxial stress system, MPa.
o© = Initial stress, MPa.
Ot = Current stress, MPa.
(6)r = Stress when edges of plate are restrained, MPa.
OR = Rate of stress relaxation, MPa S—l.
(Ao)Rel: = BAmount of stress relaxation in time At, MPa.
oxx)
oyy) = Stress in x, y and z directions.
0zz)

¢ = Material parameter.
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1. INTRODUCTION

Thermal stress and strain induced during heat treatment is a
substantial problem in the manufacturing of engineering components,
particularly where the use of quenching‘operations is necessary to achieve
optimum properties in a component. Generation of thermal stress as high
as the flow stress of the material during quenching causes plastic flow
of the material, which is retained in the component at the end of the
treatment. The thermal stress and strain during the quenching may result
in cracks during hardening or within a short period afterwards and may
cause changes in dimensions above the allowable tolerances. Distortion
and stress retained in the component make it difficult to achieve the
critical dimensions of the component by machining and in some cases may

result in the rejection of the component.x

The traditional approach to the assessment and rectification of these
problems has been an empirical one, based on previous experience and
experimental trials. Unfortunately, such assessments are tedious, time
consuming, costly and rarély yield completely satisfactory results.

The unreliability of the empirical approach méy be attfibuted to the large
number of variables involved in the quenching process which contribute

to the final stress distribution. Experimental determination of residual
stress and strain is laborious and ekpensive; such costs can only be
tolerated where large production runs are involved. These problems have
led to increasing interest in an alternative approach which has led to

the formation of theoretical models for the prediction of thermal stress

and strain.

The use of realistic models has become possible with the arrival of
high speed digital computers, which allow the possibility of extremely

complex calculations. Simultaneously, progressively more detailed

- 15 -



investigations of the physical and mechanical properties required in
these calculations have allowed a steady improvement in the accuracy of

the results obtained.

The work described in this thesis is part of a long-term investigation
whose object is the understanding and control of distortion and thermal
stress in commercial steel components. The present calculation involves
a visco-elastic-plastic model, which has been applied to an infinite
plate of 835M30 steel. This has allowed the use of the simplifications
associated with plane-stress conditions- Most of the physical and
mechanical properties used have been obtained in earlier investigations,
but the present work, has included the determination of the effect of
initial stress and prior deformation on stress relaxation rates, over
the range of temperature involved in the quench. The basic mathematical
model was also derived in an earlier investigation, but has been improved
by the introduction of the data referred to above, as well as by an
improvement to the equations used to represent the effect of applied

stress on transformation strain (transformation plasticity).

The infinite plate used in the calculation produces a simple plane-
stress system and so avoids the complications associated with more complex
geometries. At the present time the level of agreement between calculation
and experiment leaves much room for improvement, so the use of a simple
shape is a sensible strategy until the present discrepancies have been
erradicated. The use of a high hardenability steel confines the
transformation effects to the austenite-hnartensite reaction and the wide
range of quench severities tests the model over a wide range of cooling

rates.

Although, the mathematical model has been used to follow the

generation of thermal stress and strain in a wide range of quenchants,

16 -



most of the previous work connected with its development suffers from

the limitations that only one plate thiékness and one steel has been
involved. Therefore, in the later stages of the investigation the thermal
stress and strain generated in thicker sections and in steels with
different Ms and Mf temperatures has been determined. This has
indicated'improvements to the mathematical model not evident in the

work on the thin plates of 835M30 steel.

The model uséd ih the present investigation, contains all the
relevant properties of the material and the gquenchants as well as
transformation plasticity. Hence the results obtained from such a model
should be realistic. The level of reliability obtained from the
calculated results has been checked by experimental investigations of

the residual stress and strain distributions at the end of the quench.

- 17 -



2* LITERATURE REVIEW
2.1 Introduction

In order to explain residual stresses several terms have been used,
which include thermal stresses and internal stresses”'"'”"
Thermal stresses arise from two causes. In one case the application
of a temperature gradient produces differential expansion or contraction
of the component parts @). In the second an external constraint
inhibits the free movement of a body as its temperature changes.
Internal stresses refer to those stresses existing in bodies upon which
no external forces are acting. They are also referred to as 'locked up'
stresses G). The term residual stresses is best confined to stresses
resulting from non-uniform temperatures, mechanical operation and

metallurgical treatment that persist at the end of the operation. This

obviously does not include all thermal and internal stresses.

The residual stresses are classified as either macro or micro
(78 . .
stresses . Macro stresses act over large distances within the body
(therefore they are also known as body stresses) and affect long range
properties and external dimensions. They may be due to external
influences such as mechanical, chemical and thermal factors. Micro
stresses are stresses that act over short microscopic distances and
which occur at microstructural inhomogeneities in the material. The
stresses around precipitates or inclusions after deformation and the
stresses due to lattice defects are examples of micro stresses, which
49 (5 10)

are also known as textural stresses ' and tessellated stresses

Measurement of macro stresses may be carried out by mechanical and x-ray

diffraction techniques, whereas micro stress are measured by x-ray

Fec¥inMues A1)

The present work will principally be concerned with macro stresses

and these will be referred to as thermal stresses.

18 .



2.2 Effect of Thermal Stresses
The state of thermal stresses during and after the quenching
operation can lead to one or more of the following problems, depending

upon the type of quenchant and the composition of material

(@) Quench cracks.
) Distortion of the component.
(©0 Change in service properties.

d Distortion during machining.

The stress development during quenching may cause quench cracking,
if it reaches the fracture stress of the material, but the precise levels
of stress required for this to occur are generally unknown. The
occurrence of such cracks has been found to be very erratic, and highly

12)

dependent upon the geometry of the component , which greatly

influences the stresses. For example an assessment of quench crack
occurrence was undertaken by Kobasko ﬂ3), who investigated the effect

of cooling rate on the-susceptibility of Si/Mn/S/P steels to quench
cracking. A wide range of cooling rates was achieved by the use of
quenchants of varying severities (Hot, Warm and Cold Water, Saturated
Nacl Solution and a 12% NaoH Solution). The greatest tendency to cracking
was found to be at a cooling rate of 300-350°C/sec., whilst undergoing

(14) mentioned

transformation, (see figure 1). In a later paper Kobasko
that surface cracking which appeared after the martensitic transformation

has been completed, was due to the large tensile stresses which had

developed at the surface of material.

The generation of stresses in a material during quenching will
cause plastic distortion of the component when the magnitude of the
stress developed rises above the elastic limit. Such distortions can

cause great difficulty when critical dimensional tolerances are required.

19 .



The distortions which occur as a result of high level of stresses
during quenching have been classified into three types by Sachs(ls)
viz:-

(i) Change in volume.

(ii) Change in shape.

(iii) - Warping.

An important consequence, which has long been recognised, is the
effect of residual stresses on the service propérties of the component,
particularly in corrosive environments. Thevsurface tensile stress
can contribute towards the susceptibility of stress-corrosion cracking,
while a compressive residual stress will modify the magnitude of

(7)

fatigue strength of the component .

Residual stresses within a component can cause warpage or even
fracture of that component when it undergoes machining processes after
the hardening operation(7). This arises as the stresses are redistributed,

following the loss of material during machining, to balance the forces

and moments within the component.

It is evident that serious practical problems arise from the
occurrence of thermal stress and strain during the quenching operation,

and that their study is of considerable importance.

2.3 Factors Affecting the Development of Thermal Stress and Strain
(6) (16-20)

the later work

(22,23)

From the earlier work of Scott

(21)

and others,

- of Denis et al and recent work of Fletcher and Abbasi and

others (2_4_27)

, it was recognised that the development of thermal stress
and strain during and after the quenching operation of steels is influenced

by the following factors:-

- 20 -



(i) Geometry of the component.

(ii) Temperature .gradients.

(iii) Thermal contraction due to cooling.

(iv) Expansion due to transformation of austenite to other phases.
(v) Viscous processes.

(vi) Transfofmation plasticity:

The geometry of the body has a»marked influence on the generation
of thermal stress and strain. Thermal residual'étresses are self-
equilibrating when the component is free of-éxtérnal constraint. The
resulting stress pattern is usually symmetrical about the centre of‘the
body as the‘cooling pattern tends to show this symmetry. In figure 2,
the effect of specimen size on the‘residual stress in water quenched
SAE1045 cylinders is shown.  Bulher and Rose(28) have shown that the
temperature gradients and residual stresses in a 10 mm cylinder were
smaller to those in a 100 mm cylinder quenched under identical
conditions. The complex effect of geometry on the thermal strain has

(12)

been illustrated by Thelning who used examples of dimensional changes

that resulted from the hardening of plain carbon low alloy steel and
high speed steels. The examples covered a wide range of engineering

components and showed marked variation in behaviour.

The stress and strain pattern is not only dependent on the size
and shape, but the influence of the edge of the component is of great
importance, as the residual stress and strain in the plane of plate

decays towards zero at a free surface. At the same time stresses and

strains develop in the transverse direction(24). These comments were

first made by Saint Venant in 1885 and the later work of Horvay(lg)

(20,29)

and others gave a theoretical foundation to Saint Venant's

(19,20)

principle. The work of Horvay gave an indication of how elastic

- 21 -



normal and shear stresses vary in the vicinity of an edge. The effect
of the edge on the profile of quenched plates of 835M30 steel was
investigated by Fletcher and Price(3o), (Figure 3). It is evident from
this figure, that consistent results were only obtained at distances

greater than one plate thickness from the edge, and that the change in

plate thickness was significant.

The effect of the free edge on the thermal stress has been

(24)

predicted recently by Fletcher and Lewis , using a finite element
technique. They have shown that the residual stresses deveiloped in

the interior of the plate began to fall at about 1.5 times the plate
thickness from.the free edge and became progressively smaller as the

edge was approached, (see figure 4). This suggests a larger edge

affected region than that suggested by Horvay or Saint Venant.

The temperature difference within the body during quenching ie
the root cause of thermal stress generation. The largest temperature
gradient develops in the early stage of quench, but this gradually
diminishes as the tempefature of the body approaches that of the
surroundings. The thermal gradients produced by different cooling
rates are responsible for volume changes which produce thermal stresses.

Andrews(7) (31)

and Rose and Hougardy have illustrated the stress pattern
developed by thermal contraction in the quenched cylinders. At the
initial stage of quenching, the surface ofAthe~cylinder, which is in
contact with the qﬁenchant, cools and contracts more rapidly relative

to the core of the cylinder. This means.that the specific volume is
greater in the core than in the surface region. The volume contraction

in the surface is prevented by the higher specific volume in the core,

so that a tensile stress is producea in the surface. As the forces within

the material are in balance, a compensating compressive stress will

arise in the centre. The nature and magnitude of these stresses vary

- 22 -



with time and the magnitude of the temperature gradient between surface
and core. It is shown in figure 5, that the stress at any point reaches

a maximum value wheﬁ the temperature gradient reaches a maximum value,

('"W' on curve). When the temperature difference between surface and

core is reduced, unloading of these stresses will start as a consequence Of
a faster cooling rate in the core. If there has been any plastic flow
within the material, a compressive residual stress at the surface and

a tensile residual stress in thé core will be left when fhe temperature

reaches ambient throughout the body, (curve "b"). If there is only

elastic deformation, then the stress in the surface follows curve "a"
and once the temperature gradient has disappeared there will be no

residual stress left in the body.

Thermal gradientsand contraction in the quenched body are markedly
influenced by quenchant severity and the thermal properties of the
material: the higher the quench severity the higher is the temperature
gradient, and the greater the deformation of the material. Numerous
surveys have been carried out on the influence of different quenchants
(32,33) and much of the data is available in the form of cooling curves.
Water gives higher cooling rates than does oil and so produces a high
level of stress, on account of the higher temperature gradients

associated with water quenching(34).

The successive formation of transformation products (i.e. Ferrite,
Pearlite, Bainite or Martensite) is connected with the expansion of the
material. The magnitude of this effect depends upon the type of phase
change; e.g. austenite>ferrite or pearlite, austenite-bainite or
martensite, whereas ‘the formation of transformation products depend on
temperature and rate of cooling. 1In the case of an austenite »>martensite
transformation, a typical expansion is shown by the dialatometric curve

in figure 6.

- 23 -



As mentioned before, the transformation procésses are controlied
by the temperature history, which is different for different points in
the quenched body. During quenching, the surface reaches the -
transformation temperature earlier than the centre: this unequal
transformation in different parts of the body will provide additional
stress increments. The situation is well explained in figure 7(12).

At time tl the. surface starts to transform and expand so that the thermal
tensile stresses are counteracted. The stress reﬁersal takes place
earlier than would be the case if no phase transformation had occurred.

At time t, the core starts to transform which causes another stress

2
reversal. After cooling, transformation induced stresses dominate over

the thermally induced stresses and finally, there will be a compressive

stress at the core and a corresponding tensile stress at the surface.

In some circumstances, a steel component may transform to more than
one phase, each of which have differing mechanical and physical properties,
e.g. martensite in the surface region and bainite at the core, see
figure 8. In addition to stress generation as a consequence of unequal
transformation rates at different points , the presence of these phases
will cause residual stresses within the component, on account of
differences in specific volumes of the structures present before and
after quenching. Even if no plastic deformation occurred during
quenching, the misfit caused by the differences in specific volumes of
structures present in the different parts of a component will cause

residual stresses in the component after quenching.

The process of viscous flow may produce a significant effect on
the generation of thermal stress and strain. This is because in such
cases, stress relaxation and creep, which are dependent upon time,

temperature and the level of stress may become significant. This occurs
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even when the stress level is below the yield point of the material-In
addition, it has been observed that if a phase transformation occurs in
the presence of a stress, plastic strains may occur in excess of that
expected from the associated volume expansion, even if the stress lies
well below the overall elastic limit. This plastic strain is called

. . L (€3) . . .
transformation induced plasticity . The plastic strain due to this
type of induced plasticity greatly influences the development of thermal

stresses and strains

The effects of transformation plasticity and viscous flow on the
generation of thermal stress and strain represent major aspects of the
present programme. Therefore the earlier work concerning these two

topics 1s discussed in greater detail in section 2.4 and 2.5.

2. 4 Viscous Processes

In real solids, a linear relationship between stress and strain
can be observed only at relatively low levels of stress and temperature.
At high temperature and high stress levels, the material deviates from
this elastic behaviour; and a more complex stress-strain relationship
is observed. This behaviour is partly due to viscous properties of the

material, i.e. creep and stress relaxation.

Creep 1s a temperature sensitive process which may be defined as
the time-dependent inelastic flow of materials under constant stress,
but it may also occur when the load is not constant. A schematic
representation of a set of fundamental creep curves observed in a creep
test is shown in figure 9. The shape of the curve depends upon both
stress level and temperature. The four distinct stages of the curve

can be distinguished on the time-strain rate.

Instantaneous strain occurs on loading followed by a decelerating
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strain rate stage (primary and transient creep). This may be followed
by a steady creep rate stage (secondary creep), which isfinally followed
by accelerating creep (tertiary creep) thatends in fracture. The
precise sequence and the relative importance of each stage depends upon
stress and temperature. Beside metallurgical influences, temperature
time and stress level are the main factors that affect the creep
behaviour of metals. All the stages described above may occur together

in a single test if a suitable combination of these factors is available.

If a metallic component under load is prevented from changing it's
shape, the load that it supports may decrease with time. The phenomenon
is described as stress relaxation and experimental evidence conclusively
shows that this process is thermally activated at high temperatures

. . . (37)
> 0.4 T*, where T" is the melting point of alloy) . At lower

temperatures a smaller amount of stress relaxation occurs, which falls

to zero after a certain length of time (see figure 10).

2.4.1 Models Involving Viscous Flow
Viscous flow may not be separated from the other types of deformation.
Hence, the influence of this process has been described by three theories:

i.e. the Elastic-Viscoplastic, the Viscoplastic and the Viscoelastic (38 39)

The Elastic-Viscoplastic theory has been reserved for those
materials that show viscous properties in both the elastic and plastic
regions. This theory assumes that the inelastic deformation is
proportional to a function o (F) , where F is the yield function

. o . . (38)
obtainable under conditions where viscous flow is absent . The
experimental conditions made it difficult to describe quantitatively the

yield condition for an elastic-viscoplastic material. Therefore the

theory has not yet been used to solve practically important problems.
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The Viscoplastic theory has been described within the framework of
strain rate and the loading path (i.e. static or dynamic)(38). Such a
theory considers viscous (time dependent) flow tQ occur in a material
only in the plastic range, while it has only elastic properties before
yielding. "Although the theory has its foundation on certain assumptions
which cannot always be satisfied in reality, the. quantity of work that
has been carried on this model is immense. Perzyna(39) proposed a
viscoplastic constitutive equation for strain rate in the following

form, in which the strain rate is resolved into an elastic and

inelastic part.

oF
o

ceee. 2.4.1
5 2

1 . 1-2v -
, ==—S,. + .20,
i3 = 27 Si3 7 Sigliy v Y [¢(F)] iy

where, Y = coefficient of viscosity

F

yield function

shear modulus of material.

=
Il

In this equation the amount of time dependent flow that_occurs at
stresses below the yield point has been ignored on account of its small
magnitude in comparison to that which accompanies plastic flow(39).

In order to make use of the-constitutiﬁe equation 2.4.1 for inelastic
flow it is necessary to know the form of ¢[F], which controls the
behaviour of the metal under viscoplastic conditions. The theory of
viscoplasticity does not indicate what this function should be, so a
variety of different functions have been chosen that allow the correct
relationship between strain rate and yield stress. Power series with
coefficients designed to give a curve of the required shape have been

used to predict relationships between yield stress and strain rate that

show the characteristic shape of the corresponding experimental curves.

It has been shown that the effect of strain rate had a negligible
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effect on yield stress when the magnitude of the former was less than
4OS~1. However the deformation rate relevant to the heat treatment of

metallic parts is much smaller.

(43)

Recently Wang and Inoue have considered the viscoplastic
behaviour of material in the determination of the thermal stress
generated during welding. The inclusion ofzgiscoplastic behaviour of
material for welding processesmaywell be reasonable, as the material is
heated beyond the melting point. 1In the case of the welding processes
during the liquid+solid phase transformations the temperature is
sufficiently high to include a substaﬁtial amount of viscous flow
despite this short time interval. This is outside the normal range of
heat treatment temperatures, where the lower temperatures do not produce

(46)

such a large effect. Inoue and Wang also used viscoplastic theory
in a mechanical model to estimate the stresses developed in a semi-
infinite body heated through the surface followed by cooling. The model
used was complex, phase transformation, latent heat and kinematic
hardening were included but not transformation plasticity. The results
obtained in this case showed a smaller effect of viscous flow than that
shown by the results obtained in the case of welded plates. This result
was due to the model of viscoplasticity used, which assumed that viscous
flow did not occur unless the yield surface was reached. Hence, the
effect of viscous flow would not be expected when the temperature was
low and yield stress high, in comparison to the case of welded plates.

(43,46) that the

It was therefore, clear from the work of Inoue and Wang
use of the viscoplastic model can only be justified for the case where

the temperatures are very close to or at melting point.

The main drawback to the viscoplastic theory is the absence of
viscous flow when the level of stress is below the yield stress of the

material. The stresses set up during quenching may be sufficient to
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cause a significant rate of viscous flow, even though the level of
stress is well below the flow stress. Therefore, there is a need for

a theory that considers viscous flow in the elastic range.

The theory of viscoelasticity and its effect on the generation‘of
thermal stresses had been described by many authors(22'4o'4l). During
the qualitative study of stress generation during the heat treatmentb
of metallic materials, the high temperatures involved and the associated
stress levels make it necessary to take into account the viscous

~-45
properties of material such as creep and stress relaxation(22’42 ).

2.4.2 Relation Between Creep and Stress Relaxation

Creep can normally be observed when material is free to deform
under a constant load, while in the case of thermal stress, the
component is constrained at any instant to a particular size and shape.
In a small time interval this constraint gives rise to a certain
reduction in stress viz stress relaxation. The relaxation is normally

characterised by the condition:
€Er = €e + €p + eve = Constant ceees 2.4.2

When a specimen is deformed to a given strain, part of‘this strain
is elastic in origin and part is inelastic. Further, because of creep,
some of the latter may be time dependent (viscous). Since the total
strain €T is held constant in a stress relaxation test, the elastic
strain €e must decrease with time to accommodate the increase in viscous
strain eve. The elastic strain can decrease only if the applied stress
becomes smaller. Hence, in stress relaxation, the viscous deformation
gradually increases, accompanied by a decrease in elastic strain and
the applied stress. Therefore,?g%ress relaxation test can also be

described as a test of viscous flow but with a variable stress(42).
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It follows from the above, that creep is related to the stress
relaxatioﬁ process and the conditions for stress relaxation process are
present during the process of quenching of steel components. Both
effects will have a significant effect on the generation of thermal
stress and strain during the process. Hence, it is desirable to
include. the effect of stress relaxation in. the mathematical models of

thermal stress and strain generation during heat treatment.

Due to the lack of data which can be directly applied to the more
complex situation of creep and stress relaxation, theoretical laws and
the use of mechanical models have been made to simulate these effects
during quenching. The results have been introduced into the mathematical

models of the quenching process.

2.4.3 Viscous Flow and the Generation of Thermal Stresses

The influence of viscous flow on the generation of thermal stresses
during quenching may be of great importance as, the components are
subjected to very high temperatures and stresses during quenching.
Although, the rate of quenching of components is rapid, there may be

(22)

sufficient time for viscous processes to occur , particularly at the

centre of thick sections.

Several workers have developed mathematical models of the generation
of thermal stress and strain during quenching, but little consideration
has been given to viscous processes. The published work that includes
this effect is extremely small, probably because there has been a laék
of appreciation of the extent to which stress relaxation can occur

during quenching.

Perhaps the first, to incorporate viscoelasticity in a model of

thermal stress generation was Landaue(47). The viscoelasticity effect
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was modelled by the Maxwell body, but his results suggested that the
introduction of wviscoelasticity had a negligible effect on the residual
stresses. The results are suspect on several grounds, including lack
of stress relaxation data, an absence of any consideration of phase

transformations or the temperature dependence of mechanical properties.

(48)

Boyer and Bovin presented a mathematical model for calculation
of thermal stress with consideration of stress relaxation. This was
modelled by considering the elastic-plastic extension and compression
of stainless steel and aluminium infinite plates. They predicted that
a significant amount of stress would be relaxed during plastic
deformation in both the cases. However, the degree of relaxation would
depend on the nature of the stress, as they observed low relaxation
rates for compressive stresses in comparison with the results from
tensile stress. They mentioned that an accurate prediction could be
made for thermal stresses by the introduction of relaxation effects in
the calculation model. Experimental stress relaxation results were
only presented for aluminium plates in a state of tension, but good
agreement was found in this case between experimental and calculated

relaxation results. The way in which the experimental results were

obtained was not fully described.

(22 ,41)

The work of Fletcher and Abbasi introduced viscous

properties in a realistic way. They demonstrated the effect of stress
relaxation and creep on the predicted thermal stress and strain in

835M30 steel plates that had been quenched in water and oil. Visco-
elastic behaviour of the metal was simulated by a mechanical model of
viscoelastic processes in a standard linear solid. Theoretical equations
for stress relaxation and creep were obtained from the behaviour of

this model, and these were fitted to experimental stress relaxation data

that had been obtained in an Instron testing machine at wvarious



temperatures. At the upper end of the temperature range, creep tests
were also carried out in a stress rupture testing machine. The
introduction of viscous effects gave reasonable agréement between the
calculated residual stresses and strains and those obtained by
experiment in the case of oil, but when water quenching was used the
agreement was not as good. They also concluded that the introduction
of viscous effects in the mathematical model had a particularly great
effect at temperatures just below the Ms temperature. A major criticism
of this work is that it is based on stress relaxation data obtained at
only one level of initial stress at each temperature. Although this
stress was the best estimate available, coupling between stress,

transformation and time rate brought these estimates into doubt.

2.5 Transformation Plasticity

It has been observed that when transformation takes place in a
metal or alloy subjected to a non-zero stress state, strain occurs in
excess of that expected from the dilatometry data obtained from
stress-free specimen. This extra strain is plastic even though'the
level of stress lies well below the overall elastic limit of

(23,25,49,50)

material . This phenomenon is called 'Transformation

Plasticity'.

Although, there is no direct evidence of this process, various
suggestions have beén made to explain the phenomenon associated with
transformation plasticity. Attempts have been to describe this effect
on a microscope scale in the case of transformation of iron and steel
_(i.e."rg;a transformation)(49). The generation of this plasticity was
explained by the suggestion that during transformation, atoms, located
at the phase boundary diffuse preferentially in the stress direction

with the result that extension occurs in the same direction as that of
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(50,51)

stress. However, others attribute the transformation plasticity

in iron solely to the internal stresses.set up by the change in volume.

(35) suggested that the dislocations generated by the

Bush and Bokros
martensitic transformation under the influence of the stress affect

significantly the transformation strain.

(52)

Porter and Rosenthal have expressed the opinion that increased
rates of nucleation of the product phase as a consequence of the
applied stress created a number of dislocations, which piled up at
coherent boundaries between austenite and martensite. When the nucleus
looses its coherency with the austenite matrix the advancing intexfaces

act as sinks for the piled up dislocations and enhance the plastic

deformation observed during transformation under the influence of stress.

The qualitative characterisitics of the phenomenon have been known
for a very long time, although the implications for the calculations of
thermal stress and strain generation during heat treatment has only

(21,23,25,46,53,54)

been considered very recently . Two methods have been

used to introduce this into the calculation of thermal stress and strain.

(a) Reducing yield stress of the material during transformation.

(b) The use of an additional strain term during transformation.

The first approach was suggested by Sattler and Wessermann(49).

In this model the yield point, which must be éxceeded when deformatidn
is produced, is lowered sufficiently to produce such an. effect for the
duration of transformation only. However, this approach is not
satisfactory since neither they nor. any later investigators have found
experimental evidence of an exceptionally low yield stress during

transformation from austenite to martensite.

The second suggestion was developed by Greenwood and Johnson(so).
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A rigid-ideal plastic model ofvthe deformation was considered togeﬁher
.with the assumption that all the plastic flow occurred within the region
of the weaker phase. A range of transformations were considered
including the  y»+0 transformation in iron. Greenwood and Johnson
suggested that an additional strain term could be calculated for a
complete transformation in the presence of a uniaxial stress state.

The quantity of such strain was obtained from the equation:

5 (AV/V)

tp%‘é‘ Y eo 0o 2.5-1

€

where, € Transformation plasticity strain.

tp
Av . .
v = Transformation strain.
Y = Yield strength.
oz = Applied stress.

They described transformation-induced plasticity as an anisotropic
effect which occurs only in the direction of stress and is proportional

to the applied stress.

A reduction in yield stress was the first method used to simulate
transformation plasticity during quenching of steel. Denis et al(zl)
incorporated the effect of transformation plasticity into thermal stress
calculations by means of a decrease in the yield stress of the material

(23)

during the martensitic transformation. Fletcher and Abbasi have
also introduced transformation plasticity in a mathematical model of
thermal stress and strain by a reduction in the flow stress of 835M30
steel at temperatures between Ms and Mf. None of them have presented
any experimental evidence of such a reduction in yield strength'during
transformation from austenite to martensite. In fact, Fletcher and

(18, 30) have found a steady. increase in yield stress as martensite

Price
formed. The discrepancy between the experimental results and the data

used for calculation might be justified if no transformation occurred
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during}ggothermal tensile test. If there was no transformation the
yield stress obtained would not be reduced as a consequence of
transformation plasticity. During continuous cooling, however the
occurrence of the martensite transformation might be associated with
unusually low yield stresses. Hence, the calculations that show a
reduced yield stress during the martensitic transformation do not
appear to be based on direct experimental measurements and are contrary
to all the experimental data. It is probably the reason why this

method has not been used extensively.

The reduced yield stress model of transformation plasticity has
lost popularity in favour of the Greenwood and Johnson model because
of its controversial nature to the experimental evidence and the
unavailability of any data that could be used directly to model the
effect of transformation plasticity by this method. The essential
features of the equation proposed by Greenwood and Johnson are that
the amount of transformation plasticity strain should be proportional
to the applied stress and this suggestion is supported experimentally

as well as theoretically by a large number of investigations(21,23,53 55)

(53)

Beck et al have observed the transformation plasticity effect
during the martensitic transformation as enhanced dilation when a
specimen was transformed in the presence of a tensile stress. The
amount of enhancement in the dilation was proportional to the applied

stress, which supported the Greenwood and Johnson model.

Abrassart(sw

proposed a linear relationship between applied stress
and strain component during transformation plasticity that was

consistent with the relationship established by Greenwood and Johnson.

5
He suggested that the E)term in Greenwood and Johnson's equation should



A~ 1 (@av/v)
£tp % ¥ crz 8.5.9

Both the relationships (2.5.1 and2.5.2) are plotted in figure 11.
It is evident that both the curves are identical in shape, but the
strain values associated with transformation plasticity at a particular

stress level are much smaller for the latter equation.

(25)

Experimental investigations of Denis et al have shown the
effect of a tensile stress up to 285 MPa during the martensitic
transformation in a 0.57% carbon steel. The relationship obtained
between the applied stress and the transformation plasticity was
similar to those presented by other models (see figure 11). However,
the amount of transformation plasticity associated with the applied

stress was closest to that predicted by Greenwood and Johnson model.

The direction of applied stress under which transformation takes
place influences the sign of the associated transformation plasticity
strain. ©None of the above mentioned authors have examined the effect
of compressive stress on the transformation characteristics. Recently

@3) (>4) have reported the effect

Fletcher and Abbasi and Desalos et al
of negative stress on the dilation produced during transformation.

The presence of a compressive stress reduced the overall dilation

during transformation and even contractions have been observed as the
level of compressive stress was increased. A finite element analysis
was carried out by Desalos et al 64), to demonstrate the effect of
stress on transformation strain during transformation of an austenite
grain to martensite. This work involved complex assumptions in the
theoretical analysis and very low levels of stresses in the experimental

investigations. However, a linear relation was established between

transformation plasticity strain and the applied stress.



L9 .
Recently, Fletcher and Abbasi(. ! have conducted experimental

investigations of transformation plasticity on 835M30 steel. They
determined the relatiqnship between dilatometer specimen length and
temperature, when an austenitic specimen was cooled in the presence of
either a negative or a positive stress. They have reported a decrease
in £ransformation strain under the influence of a compressive stress,
whereas, an enhanced ekpansion of the specimen has been observed during
the formation of martensite in the presence of a tensile stress.

They also suggested a linear relationship between applied stress and
transformation plasticity, but the amount of plastic flow as a result

of an applied stress during transformation was lower than that predicted
by Denis model(zs), (see figure 11). It may be that the small expansion

during the formation of martensite in this case was due to the lower

carbon content of the steel, in comparison to that used by Denis.

The linearity of the relationship between applied stress and
transformation'plasticity strain proposed by Greenwood and Johnson(so),
‘was maintained in all the cases and usually there was no threshold
stress below which transformation plasticity effect was not occurred.
However, a threshold stress of about + 40 MPa has been observed by
Fletcher and Abbasi(23): below this threshold stress no plastic flow

occurred. They have also reported that all transformation plasticity

effects occurred during the first 40°c of transformation.

Most of the models discussed above have been used to demonstrate
the effect of transformation-induced plasticity‘on the development of
thermal stress and strain during quenching. This is discussed in the

next section.
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2.6 Prediction of Thermal Stress and Strain During Quenching

It has long been realized that martensite hardening can be
accompanied by large thermai stresses and strains. They can be
detrimental and cause quench cracking or distortion or they can be
advantageous and improve the properties of the hardened steel. It is
therefore natural that large efforts had been made to predict and
understand thermal stress formation during the quenching process. The
assessment of thermal stress and strain generation during quenching

requires knowledge of the following important factors.

(i) Temperature distribution in the quenched
component throughout the quenching process.

(ii) Phase transformation history of the material.

(iii) Temperature dependent thermal and mechanical

properties of the material.

The first step in the prediction of residual stress and strain is
the determination of the thermal history of the component during
quenching. The temperature field of the quenched component is influenced
by the severity of the quehching medium. High cooling rates will produce
steeper overall temperature gradients, and hence greater thermal strains
in the body. Conversely slow cooling quenchants will produce low thermal
strain in the quenched body. The generation of thermal stresses at each
temperature depends on the strain developed and also, when plastic flow

is present, on the flow stress of the material at that temperature.

The complete history of the phase transformations has to be traced
in parallel with tﬂe temperature history, if reliable calculation of
thermal stress and strain is the object. Phase transformations are
accompanied by volume changes and this affects the coefficient of thermal

expansion. In an isotropic material both temperature changes and
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transformation will cause only a uniform volume change in a body free
to expand 63). Hence, the coefficient of thermal expansion and volume

changes due to transformation are modelled as a function of temperature.

In the course of the quenching process a large temperature range
is involved and phase transformations proceed continuously with
changing temperature. Both these circumstances make it necessary to
take into account, the temperature dependent physical properties (thermal
conductivity, specific heat and surface heat transfer coefficient) of
the material. An accurate knowledge of temperature dependent mechanical
properties (Young's modulus,Poisson's ratio, flow stress and strain
hardening coefficient) of the material is also required if reliable

thermal stress and strain calculations are to be carried out.

The calculation of thermal stress by analytical methods is well

(40‘56), which usually involve simple shapes

documented in standard texts
and simple temperature distribution, without consideration of any

plastic flow. The avoidance of plastic flow made the mathematics of

the problem more intractable”. The essential steps required in the
prediction of thermal stresses have been described by Denton.kA

Initially, the temperature distribution within the body at different
times during the quenching must be calculated. After this, the elastic
stress distribution that arises from the change in the temperature
distribution during each small time increment is calculated using elastic
moduli and the coefficient of thermal expansion, with the assumption

that the body is fully constrained by external loads and moments.

Finally, the external forces and moments are removed to allow deformation
of the body in such a way that there is complete compatibility and
residual stresses are in equilibrium. This process is repeated after

each time increment throughout the quench, and a complete history of

stress and strain generation is obtained. The introduction of plastic
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flow requires the use of a yield criterion and a rebalancing of the
force on the section considered. This leads to a lengthy iterative

process which is best handled by a numerical method.

2.6.1 Determination of Temperature Distribution

The determination of the temperature field in the quenched
component is a fundamental prerequisite to the prediction of thermal
stress and strain. The temperature distribution within a quenched

steel component at all stages can be determined by the solution of the

57
partial differential heat conduction equation &7
- + — — — — — .6.
Q? ]éTéI'] i 9x (2 dx]+ dy (2 9y]+ dz £A Tz .lf 2.6
This equation may be solved analytically but the range of

solutions is severely limited by the requirement of non-variant thermal
properties. All the thermal properties described in equation 2.6.1 are
temperature dependent during quenching and indeed vary markedly with
temperature. In the case of analytical solutions, it is necessary that
these thermal properties be invariable, or vary as some simple function
of the variable concerned. Hence, analytical methods of solution in

the present problem are not suitable.

Examples of numerical solutions are available in most of the heat
transfer text books and in many papers 68)” Solution by such
methods allows the calculation of the temperature distribution with
variable thermal properties. In the Finite Difference solution to the
heat conduction equation given by Craft and Liley and Dusinberre
the partial differential equation has been replaced by Finite Difference
equations in terms of partial quotients, which are solved for the
temperature at preselected discrete points within the body. The

temperature at a certain point is taken as representative of a certain



region which includes the point, and the heat flow at a boundary is

taken as the summation of the flows of heat from the appropriate regions.

The two types of Finite Difference solutions that are available may be

divided into implicit and explicit formulations. In the case of uniaxial heat

flow, the explicit form of the Finite Difference equation is given

as (60, 61)

. L . . tdAt
By maintaining the change in the Fourier number, a

(Ax) 2
the solution of equation 2.6.2 simplifies to the Schmidt formulation as:

OH " OR
6? = [ 11~ V1 ] 2.6.3

An equivalent implicit formulation of this problem is given by
replacing the On values on the right hand side of equation 2.6.2 by
011& values. This is termed backward solution, as opposed to the forward,
explicit solution. Another Finite Difference formulation available for
determining temperature history in the specimen is known as the Crank-

Nicolson method. This method works on central difference approximation

and in the case of unidirection heat flow may be expressed as:

n+l - On = “£d At |-(On+1 20n+1l + On+%) + (@On - 20n + On )1 2.6.4
1 9/%_,2 L 1+1 — I 1-1 1+1 I -1 J
Ax)
The Crank-Nicolson solution provides efficiency and accuracy where
the time accuracy is unimportant as the method is less accurate for short
. . (69) o . . .
time intervals . As the boundary conditions are varying rapidly with

time during quenching, high accuracy and stability of the results will

only be achieved by the use of small time steps.
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Generally the derivation of Finite Difference formulation is

. . (70)
obtained by the use of a Taylor series , but the convergence to a
stable solution is dependent on the refinement of finite intervals
(Ax), and the increase in number of finite time steps (At) over a given
period. For both the explicit and Crank-Nicolson formulations the
truncation error of Taylor series is of the order (Ax)z, but in the
case of the explicit formulation instability will not grow provided

the Fourier's number is equal to or less than 0.5(62'70'71).

Much work has been undertaken on the calculation of temperature
history during quenching steel components by the use of Finite Difference

method with digital computers(17'34'63'64'72).

The model used by Hildenwall(l7)

, for calculating the temperature
field across infinite plates and long cylinaers of three different

steels quenched in oil involved a backward implicit Finite Difference
method. Taking full account of the temperature-dependent properties of
steels, all the input data was established by experimeﬁtal investigations.
Experiments have also been used to verify the calculated results, and

the agreement between measured and calculated temperature gradients was

often very good.

(34)

Sjdstrdm has calculated the temperature gradient in the infinite
long cylinders of various steels during quenching in water and oil and
iced water. He also used a backward implicit Finite Difference method.
Temperature dependent properties were used, but instead of surface heat
transfer coefficients the temperature dependence of the surface condition
was expressed in terms of the heat flux. The effect of phase transformation
was considered on the temperature distribution, but no experimental
investigations were carried out to compare the calculated and experimental

results.
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/ro\
Fletcher predicted the thermal history of 835M30 steel plates

quenched from 850°C by the use of a Finite Difference solution of
Fick's law of transient heat conduction with both constant and
variable heat transfer coefficients. He was able to complete the
analysis using the Schmidt formulation equation (2.6.2) with the change
in the F°urrier number of 0.5. Forty one elements were used to
sub-divide the half plate thickness and many time steps were required
to cover the whole quench. The calculated temperatures at any instant

were not compared with the corresponding experimental values.

/r o\
The heat transfer coefficient, used by Fletcher was highly

dependent on the experimental conditions. Therefore in the subsequent

(64)

work by Price and Fletcher surface heat transfer coefficients at
various temperatures have been established for stainless steel plates
quenched in water, oil and Polymers, before calculating the temperature
profile. The values were used in conjunction with an explicit Finite
Difference technique to calculate temperature profiles created during
the quenching of low alloy steel plates. Predicted temperature profiles

were checked against experimental results and a reasonably good

correlation was found.

Archambault and Chevrier (72) have used an implicit Finite Difference
method to calculate the temperature field in nickel cylinders quenched
in boiling water. The thermal properties, except the surface heat
transfer coefficients, were considered to be constant. Heat conduction
was assumed to take place in two directions; radially through the surface
of the cylinder as well as axially through its base. The calculated
temperatures at the centre of the cylinder gave a very good correlation

with those measured experimentally.
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Several workers have used the Finite Element method to determine
the temperature field in the quenched components . A Finite
Element method was first used by Inoue and Tanaka f to calculate the
temperature profile in quenched 0.43% carbon steel cylindersof 60 mm
diameter when quenched in water. Measured values of the temperature
change at the surface and the centre of the cylinder were used as initial
and boundary conditions. Heat generation due to phase transformation
was ignored. The thermal diffusivity was taken to be 7.22 mmz/sec. and
assumed to be temperature dependent; no information was provided about

other thermal properties.

©6)

Toshioka has used a Finite Element technique, to calculate the
transient temperature distribution in quenched steel bars. The effect
of time on the temperature distribution was calculated using the data
shown in table la, which was obtained from the literature. The

subsequent results of the temperature field were used to predict

distortions in the bars as a consequence of quenching.

/A
A Finite Element method was used by Inoue et al to determine

the temperature distribution in a 12%Cr steel cylinder quenched in
water. No description was given about the thermal property data used.

A heat generation term was employed to incorporate the heat evolved

due to the martensite transformation. By doing so, very large increases
in the temperature were observed during the transformation, which

temporarily halted the cooling process.

Recently, Jeanmart and Bouvaist””, calculated the temperature
gradient in gquenched 70 mm square plates of high strength 7075 aluminium
alloy using the MARC Finite Element programme assuming absence of
thermomechanical coupling To achieve an accurate thermal gradient in
the plate a very fine mesh of very small elements with very small time

increments was used. Thermo-physical properties used in the heat
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conduction equation has not been determined but most of the data was

taken from the literature? no information about heat transfer coefficients
was provided. The plate was supposed to be infinitely long and large,
with unidirectional heat flow through the thickness of plate. Temperature
gradients developed within the specimens were different with different
quenching severities and the temperature difference between surface and
centre predicted for the quenchants of low severities was less than

those for high severities. The accuracy of the results obtained has

not been checked experimentally.

2.6.2 Calculation of Thermal Stress and Strain
The calculation of thermal stresses by analytical thermoelastic
-plastic formulations is described in various texts ~ Benham and

@ and Johns(5&

Hoyle have given solutions to the steady state
thermo-elastic stress and transient temperature distributions, whereas
Benham and Hoyle” have also given a method of solution to some

problems of plastic flow. The most complete text covering the analytical
solution for both the elastic and plastic deformation situation is by
Boley and W e i n e r A range of elastic-plastic solutions was

described and in some cases viscoelastic effects are taken into account.
However, in most of the cases, the mechanical and thermal properties

are assumed to be constant. Assuming that there would be no thermo—
mechanical coupling and that the distribution of temperature across

the body was known, the thermal stress-strain problems would be

reduced to the following equations

Equilibrium Equations

3ctxx 9axy 9axz
+ = + —

“ox §y 9z Fx =0

9axy 3ayy 3ayz

+ =
3x Oy 9z Fy 0
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Stress~strain relationships
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EYY =—é— [oyy - v(oxx + ozz)] + oex:H

€2z = & [ozz -~ v(oxx + oyy)] + oex:0
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Strain displacement relations

EXX = du
90X
v
EYY = 5;
9z
1 du ov
EXY =3 oy * EE]
1 3w v
&yz =73 oy + 82]
£XZ = 1 du + v
2 lyz 9x

The solution of the above equations for a three dimensional problem
" would yield the following six stress, six strain and three displacement
components, which must satisfy the above equations with prescribed

boundary conditions.

6 stress components,

oxx, Oyy, 0zz, OXy, 0YZ, OX2
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6 strain components
exx, eyy, ezz, exy, eyz, exz
3 displacement components

u v, w

Solutions of the above equations are only possible for a small
number of cases when the geometry of the body allows the simplification
of these equations. The required stress functions are extremely difficult
to solve if such simplifications are not made. Only the plane stress
and plane strain configurations have been subjected to rigorous study.
Plastic flow, and phase transformation during the quenching process are
additional complications. Application of a yield criterion is necessary
to make an estimate of the position of the boundaries between the elastic
and plastic zones. Estimation of the position of the elastic/plastic
boundaries can be conducted by the use of Tresca or Von-Mises yield
criterion, but the Von-Mises yield criterion has been the more popular,
particularly for thermal stress calculations. This criterion states

that deformation occurs when''di-

(axx - ayy)2 + (ayy - azz)2 + (azz - axx)2 = 6GA" 2.6.2.1

strains are linearly related to the stresses in the elastic range,
but in the plastic range a more complicated stress-strain relation
arises. The solution for such a situation can be obtained from the

(74)

Prandt-Reuss equation

2.6 .2.2

(75)

Boley has described a solution of the two dimensional heat flow
and thermal stress problem with a mathematical model that uses linear

partial differential equations. He assumed both the modulus of elasticity

and the coefficient of thermal expansion to be temperature dependent.



Hence he used dubious empirical relationships between each of these
properties and temperature. The method of solution did not incorporate
the effect of strain due to phase transformation on thermal stress
generation, which is essential in the case of the quenching of steel

(76)

components

Symmetrically cooled plates were modelled by Landau M7), using
elastic-plastic and viscoelastic effects based upon the Maxwell body,
and the temperature dependent Von-Mises yield criterion. The viscous
strain rate was obtained from the following equation, where the

coefficient of viscosity was considered to be temperature dependent.

e’7. = £. . 2.6.2.3
13 2n 13

The temperature field across the plate was determined by a Finite
Difference technique. The plate considered was thin enough to allow an
assumption of plane-stress conditions. From the analysis of the results
it was found that incorporating wviscoelasticity into the model had a
negligible effect on the residual stresses but the effect of temperature
dependent yield stress was significant. The model was based on the
equations that described the stresses developed by a slowly varying

heat input, and no account was taken of phase transformations. This
model also suffers from the drawback that it does not consider the
temperature dependence of the physical and mechanical properties.
Considerable doubt can be thrown on the correctness of the relationships
between temperature and both flow stress and the coefficient of viscosity
used in the Maxwell body. No attempt was made to verify the calculated

results experimentally.

(63)

Fletcher has studied thermal stress and strain in quenched

plates of low alloy 835M30 steel, using various values of the surface
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heat transfer coefficient. He proposed an explicit Finite Difference
method for the analysis of the unidirectional temperature field. The
choice of steel was such that it transformed completely to martensite
during quenching. Heat transfer was assumed to take place only through
the thickness of the plate, in order to produce plane-stress conditions-
An approximately linear relationship between temperature and Young's
modulus and the flow stress of material was considered whilst the
material was in the austenite condition. The flow stress of martensite

2
was assumed to be constant at 1200 N/mm . The transformation strain

associated with the martensite reaction was assumed to be 1.5%: this
reaction occurred between 310°C and 150°C. This information was used

to calculate the stress arising from the combination of that due to
temperature alone and that produced by the transformation of austenite
to martensite. It was predicted that the type of residual stress
distribution present at the end of quenching was dependent upon the
cooling rate, so that, when high values of heat transfer coefficients
(high quenching rates) were used in the calculations, the surface stresses
produced were tensile, while the corresponding stress at the centre was
compressive. However, the reverse pattern was produced with lowest
values of heat transfer coefficients (slow quenching rates). Plastic
deformation was produced during the quench and the onset of this
phenomenon was determined by the use of the Von-Mises criterion, but no
consideration was given to work hardening. The use of a heat transfer
coefficient that was independent of temperature and the absence of work
hardening and stress relaxation effects made the results doubtful, since
the level of accuracy of the predicted results was not checked by

experiment.

(18 70}

Fletcher and Price followed up the above work by using

improved mechanical and thermal property data of 835M30 steel. The
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relationship between the surface heat transfer coefficient and surface
temperature was established experimentally in the case of water, oil

and polymer quenching. The cooling curve data was used to obtain the
inverse solution to the explicit Finite Difference equation using the
method of successive approximation. Modelling of the dilatometer curve
by linear and polynomial relations was an important improvement to the
model. Work hardening coefficients that depend on the temperature and
previous plastic strain were established, and the flow stress of austenite
at temperatures between 800 C and Ms was determined. The increase in
flow stress due to the work hardening produced during each time increment
was added to the flow stress at the end of each calculation and the
Von-Mises yield criterion was applied to correct the stress wvalue before
using for the next step. The results obtained suggest that all the
quenchants used produced plastic flow above the Ms temperature but no
plasticity occurred during or after the transformation. The plastic

flow above the Ms temperature gave rise to a complex residual stress
distribution in the case of a water and polymer quench. Thus, there

was a peak tensile stress predicted just below the surface with a
compressive stress at the centre, as shown in figure 12a and 12b. This
was reversed in the case of an oil quench, and stress levels were of a
much smaller magnitude, as shown in figure 12c. The level of agreement
with experiment was dependent on the type of quenchant used. This was
good in the case of the predicted and measured results after a water
quench (see figure 13a), whereas after a polymer quench the discrepancy
between the two results was much greater (see figure 13b). As the
severity of the quenchant was further reduced, the discrepancy became
progressively worse, as can be seen from figure 13c, which indicates that
the calculated and measured stress distributions after an oil quench were
in conflict. It was suggested that the discrepancy in the case of oil

quench may be due to stress relaxation effects, as cooling rates of oil
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were low and a long cooling time would allow viscous flow to occur.

Toshioka et al(77)

have developed a model for the determination of
stresses induced during the quenching of 0.45%C steel cylinders. They
estimated the temperature distribution by fitting a simple empirical
equation, which gave a relationship between the measured central
temperature and the temperature at any point from surface to centre.

The total strains induced by the martensite and bainite transformation

was introduced in the model as constants, but these had not been determined
experimentally. The distribution of martensite and bainite after
quenching was estimated by hardness measurements. The temperature
dependence of the thermal expansion coefficient, Young's modulus and
Poisson's ratio were ignored together with the effect of strain

hardening. The yield strength of austenite was assumed to be zero while
the material was in the austenite condition, but during the transformation
the yield stress increased by an amount that was in proportion to the
volume fraction of the martensite bresent. Hence, internal stresses

were only produced after initiation of transformation at the surface.
Stresses were calculated as a function of central temperature. The
estimated residual stresses were compressive at the surface and tensile

at centre with a low quenchant severity. However, with increased severity,
the final surface stresses obtained were tensile in nature. Obvious
criticisms of the model are the use of approximations such as the flow
stress of austenite, the neglect of important temperature-dependent

properties and the lack of experimental work in support of the model.

Fletcher and Abbasi(22'4l) have recently proposed a numerical method

for the determination of stress and strain in plates of a low alloy
steel of high hardenability. They followed the work of Fletcher and

e(18,30)

Pric but included consideration of stress relaxation and creep

effects by means of a standard linear solid mechanical model. The rest
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18
of the input data for the model was the same as that used by Price( )

for water and oil quenching. In this case viscous flow was considered
to be a functioﬁ of temperature and time but not of initial stress,
whereas all these three parameters have a significant effect on the
relaxation behaviour of a metal. Hence, any model of viscous flow which
ignore any of these parameters can not predict correctly viscous strain
and the associated stress-relaxation. As Fletcher and Abbasi's model
did not consider the effect of initial stress level on the viscous
behaviour of material, this would affect the accuracy of the prediéted
results. Nevertheless, the inclusion of stress relaxation and creep
effect significantly improved the degree of agreement between predicted
and measured stress in the case of o0il, but in tﬁe case of water a
modest reduction in the corresponding level of agreement appeared. The
discrepancy between predicted and experimental residual stresses after
martemperiné was much improved when viscous flow was considered, compare
figures l4a and 14b. They have also tried to incorporate transformation
plasticity effectsinto the same model using stress-dilatometry data by
either the concept of an additional transformation strain or by a
reduction in flow stress between ﬁs and Mf temperatures(23). The use of
either method improved the degree of agreement between the calculated
and experimentally determined residual stress and strain in case of an
0il quench, although the level of correlation between the corresponding

results after a water quench was poor.

Calculation of thermal stress and strain in gquenched components

have been performed on numerous occasions by the use of the Finite

Element method (24r34,65-68,79,80) This method,which has been described

in several texts(8l—84)

, involves the discretisation of the structure
into an assemblage of elements. The elements are considered

interconnected at a number of points, termed nodes. The force at each
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nodal point is computed from the relevant displacements and the elastic

properties of the material. Matrices of the required quantities in
each element are incorporated into equations representing these
relationships within each element. These are then merged into a single
set of relationships for the whole structure with the strain energy of
the structure minimised. The corresponding stresses and strains are

(84)

then obtained from these results

Toshioka””*used the Finite Element method to analyse the distortion
produced in steel bars of a 0.37%C steel (S38C) and 0.39%C, 1.7%Ni,
0.8%Cr, 0.17%Mo steel (SNCM8) when quenched in water. The calculations
use temperature dependent thermal and mechanical property data (shown
in table 1), which was obtained from previously published work. The
effect of phase transformation was taken into account, but the
contribution of viscous flow to the overall residual strain distribution
was not included in the calculations, although the size of specimens
used (200 mm diameter and 400 mm length) was such that the effect of
creep strain is probably quite significant. The calculated results of
residual strain were compared with those determined experimentally.
Reasonable agreement was found in the case of diametral strain but

discrepancies in the length changes were evident, as shown by figure 15.

(65)

Inoue and Tanaka have used a Finite Element technique to perform

the elastic-plastic stress analysis of a quenched 60 mm cylinder of a
steel.

0.43%C "~ The temperature field during the quenching process was also
calculated by this method using experimentally determined surface and
centre temperatures as boundary conditions. They have included the
progress of phase transformation and the consequent specific volume
changes, by modelling the coefficient of thermal expansion as a function

of temperature and cooling rate. To model the thermal expansion

coefficient they used the graphical relationships between temperature



and dilation pertaining at the relevant cooling rate. The flow stress
and the work hardening coefficient were experimentally determined as a
function of temperature. No consideration was given to the structure
present during the determination of flow stress and work hardening
coefficient. Hence, the use made of these results in the thermal stress
calculation was sometimes inappropriate. The assumptions made for the
effect of maximum cooling rate on the structural changes are treated in
an oversimplified way and no attention was paid to CCT diagrams. Sach's
boring out technique was used to measure residual stress distributions.
The experimental values of residual stress distributions were in good
correlation with predicted values (see figure 16) which is surprising

in view of obvious omissions in the model.

(67)

In later work Inoue et al have like-wise used the Finite
Element method to determine the stress developed in a 12%Cr steel
cylinder during water quenching. The specimen considered was of high
hardenability and completely transformed to martensite. The temperature
the
field was calculated by a Finite Element technique using”Crank-Nicolson
method, but the information about the thermal property data used was
not given. A heat generation term was used, to incorporate the heat
evolved due to the martensite transformation. Strain hardening and
the effect of the martensite transformation on the flow stress of the
material was taken into account, but no description was provided about
the method by which this was done. After hardening, cylinders were
tempered and a reduction in residual stresses was obtained, (see figure
17). This was attributed to the wviscous flow that occurred during the
long time for which the specimen was held at the tempering temperature.
The creep strain, as a result of stress relaxation during tempering

time was represented as an empirical function of stress, time and

temperature. The results of finite element calculations were compared



only with measured stresses at the surface of the cylinder where good

agreement was found.

(26)

In a recent paper by Inoue et al ’ an investigation was made

into the quenching stresses of carburized steel gears quenched in oil

at 40°C from a temperature of 800°C. The aim of their investigation

was to determine the effect of carburization on thermal stress generation
and distribution of martensite during the quenching of steel gears.

It was achieved by using carburized and uncarburized gears of 3.05%Ni,
1-0.75%Cr and 0.14%C steel (SNC815) and 0.44%C steel (S45C). The
distribution of martensite and residual stresses in carburized and
uncarburized gears were compared and it appeared that the two sets of
results were very similar except near the edges of the teeth, where less
martensite was formed. The information about the martensite distribution
was obtained by hardness measurements.v The residual stress pattern at
the centre in both the cases was nearly the same, but high axial and
tangential compressive stresses were prédicted near the surface of the
carburized gear, whereas, in the uncarburized component the.level of
these stresses were negligible. Radial stress was absent in both cases.
X-ray difraction technique was used to measure the surface axial stress
and it was found that both predicted and experimental results coinc¢ided

in both the cases, see figure 18.

(85)

Fujio et al used an elastic-plastic Finite Element method to
calculate the stresses developed in a 50 mm diameter cylinder of a 0.45%C
steel quenched in water. The transient temperature field within the
cylinders was obtained by means of a classical method employing the
constant physical properties of the material during the course oﬁzglench.

A constant heat transfer coefficient was obtained by comparing the

calculated cooling curves with those obtained by experiment. Itteration
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was continﬁed until the current value of the heat transfer coefficient
gave acceptable agreement between the calculated and measured temperatures.
Due tQ the possibility of transformation products other than maftensite,
the volume fractions of martensite present at different depths below

the surface were determined frbm hardness measurements. In figure 19,
they have shown that, the form of dilatometer curve used to determiné
dimensional changes. in calculation at a point in’the specimen, depend

on the fraction of martensite present at that point. The flow stress

of the material was obtained by interpolation between a single value at
high temperature and at room temperature in either the martensite or
annealed conditions. A considerable effect of martensitic transformation
on the residual stress distribution was observed. They have shown in
figure 20, that the predicted stress distributions in the cylinder gave

a close correlation with the experimental values, which were obtained

using Sach's boring out method.

Fujio et al(86)

, extended the application of their model to obtain the
residual stress distribution in a gear tooth. The temperature profile
within the material obtained by the Finite Element technique was used

in the subsequent stress and‘strain calculations. Predicted and
experimental values of the distortions and residual stress distributions
were in good agreement for the tooth profile, as shown in figure 21,

but there were discrepancies between two results relating to diametral

change of the cylinder at tip, and the tooth height.

Archambault et al(87’88)

investigated the variation of internal
stresses developed in aluminium alloy cylinders of 20-120 mm diameter
during and after water quenching by the use of a Finite Element

technique. 1In order to achieve the optimum conditions which could

increase the strength of quenched components while minimising distortion,
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various quenching severities were tested by altering the quenchant
temperature, or by applying a conductive coating on the specimen before
quenching. It was observed that high quenchant severity (fast cooling)
produced more plastic flow, which resulted in large values of residual
stresses at the end of the quench. When the severity of quenchant was
low (slow cooling) - less plastic flow and reduced levels of stresses
were produced. Temperature distribution in the specimen during the
course ofr;;ench was calculated by an implicit Finite Difference method.

At the end of their investigation, the Finite Element method was applied

to very complex shapes.

(21)

Denis et al have measured the effect of stress on the martensitic
transformation, and their results were introduced into a model that
calculated internal stresses in a 35 mm diameter, 105 mm long cylinder

of tool steel (60NCDll), quenched in water at 20°C. A Finite Element
programm MARC was used for stress analysis, with a thermo-elastic-plastic
model and an approximation of the temperature dependent flow stress and
work hardening parameters. Two effects of stress on the transformatibn
were observed. Firstly, it displaced the Ms temperature to a higher
value, secondly, it induced transformation plasticity. The effects

were obtained during dilatation tests with various applied strésses and
were introduced in the mathematical model by changing the Ms temperature
by an appropriate amount and by reducing the apparent yield stress-at
temperatures just below this point, thus enhancing the plasticity obtained
during the transformation. The level of predicted stresses at the

surface and the centre was increased by the introduction of these effects.
No experimental investigation was carried out in support of the predicted

results and the effect of viscous flow on the stress pattern was also

ignored.
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Later, Denis et al presented the above model with some
modifications. Detailed studies were carried out to examine the effect
of stress on the transformation interactions. They suggested that
transformations are inhibited by the presence of high level hydrostatic
stresses, but are promoted by monocaxial stresses (tensile or compressive).
The effects were introduced into the model by the use of a positive shift
in Ms temperature equal to the shift observed in dilation in the presence
of a tensile or compressive stress, and a negative shift in the same
property in the presence of high level hydrostatic stresses. Calculations
were performed by the Finite Element method to determine the stress
history during the quench. The effect of low level hydrostatic stresses
was assumed to be negligible, but the effect of transformation plasticity
was introduced as an additional strain. Calculated stresses were
compared with those obtained experimentally by the use of Sach's method
in the axial direction only. Experimental results are in reasonably
good agreement with the calculated results when transformation

interactions between stress and temperature are included, see figure 22.

Yu et al have made a study of the generation of thermal
stress during the quenching of steel cylinders, with and without
transformation effects. They used a Finite Element programm for the
calculation of both the temperature profile and the stress distribution
in the specimen during the quenching process. All the physical and
mechanical property data used was temperature dependent, but no
information was provided in their paper about the source of this data.
However, TTT diagrams for the materials investigated have been used to
model the structural changes during the heat treatment process. A 50 mm
diameter cylinder at a temperature of 600°C was quenched in water at

0°C with no consideration of phase changes. In addition, a 10 mm
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diameter cylinder austenitised at 850°C for half an hour quenched in
water at 20°C, was considered: this time transformation effects were
included in the calculations. In this case, the structure transformed
completely to martensite except in the centre of the specimen where 10%
of the material transformed to phases other than martensite. In the
case where no transformation occurred the calculation predicted

compressive residual stresses at the surface and tensile stresses at

the
the centre in”“axial direction. These predicted residual stresses were
reversed when transformation effects were taken into account. This

Finite Element model was also applied to a butt welded axisymmetrical
ring of plain carbon steel, and the state of stress in and near the

weld was calculated. Experimental measurements of the residual stresses
were made in the case of the welding process only by the x-ray diffraction
technique and good agreement was observed between experimental and
calculated results. Doubt may be expressed about the correlation
between the experimental and the calculated results as the model used

in the calculations did not consider the effect of viscous processes.

In fact, the influence of viscous flow on the generation of stress and
strain in welding process has been found to be significant M3). Another
drawback of the model used by Yu et al was the absence of any

consideration of transformation plasticity.

(34 90)

Sjostrom ‘ has produced a mathematical model of the stress
generation process based on Finite Element techniqueswhereas, for the
temperature distribution Finite Difference methodshas been used. The
model includes transformation plasticity as well as isotropic and
kinematic hardening effects. All the physical and mechanical properties
used were temperature dependent and non-martensitic transformations have

also been considered. Three steels (SA 1050, SIS 2511 and Ni steel with



various weight percentage of Ni) were investigated and the geometry of
the specimen was cylindrical; the dimensions and quenchant have beén
chosen in such a Wéy that direct comparison was possible with the
experimental results available igziiterature. This was necessary because
Sjdstrdém did not perform any experimental measurements of thermal stress.
The results obtained from Sjdstrém's model indicated a significant level
of discrepancy with experimental results obtained by others, but the
inclusion of transformation plasticity has reduced this discrepancy.

The calculated residual stresses at the surface ih the axial direction
were compressive. The level of these stresses fell in the interior of
the specimen and finally they were reversed towards the centre. Hence,
a maximum compressive stress at the surface and a maximum tensile stress
in the centre. were predicted. Sj8strom has also examined the effect of
the degree of memory of plastic history in the earlier stages of the
quench on the stress generation process. He suggested a complete loss
of this memory in the case of kinematic hardening and no loss in case
.of isotropic hardening. No experimentai evidence of such a memory
effect has been mentioned and the effect of viscous flow on the stress

generation process was also not taken into. consideration.

(48)

Boyer and Bovin used a numerical method of elastic-plastic
sﬁress analysis to study the quenchin§ of stainless steel and aluminium
alloy infinite plétes in water and air. It was assumed that the
material was homogeneous, isotropic and single phase throughout the
treatment. The mechanical and thermal properties used were temperature
dependent, but the surface heat transfer coefficient was calculated for
a series of time intervals and was considered as constant during that

interval irrespective of the temperature change. The variation of

mechanical properties with temperature, used in the model is shown in
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figure 23. - The surface heat transfér coefficient has been considered
as time dependent instead of temperature dependent: furthermore the
effect of transformation on the stress generation has been ignored and
unverified assumptions were taken to'incorporéte stress relaxation
effects in the model. Therefore, thé results obtained from such a
model can not be fully accepted. However, the authors have found
good agreement between the calculated and experimental results, when
the latter was obtained by the layer removal method with an electro

chemical process.

Kamamoto et al(79)

described a computer programm based on the
Finite Element technique, developed for analyéié of the quenching of
large scale low alloy steel shafts with a diameter of 1310 mm. The
model was used to calculate the complete stress history and the effect
of transformation on the residual stress and distortions, during cooling
of a shaft sprayed by water. The steel selected for investigation was
transformed to bainite by the end of the quench. Heat generated during
the transformation has been included in the temperature calculations,
although the effect of such heat on the stress generation process was
largely avoided by assuming very small amounts of such heat. Physical
and mechanical properties used as input data for the model were
considered temperature dependent, but no relations between these
propertiés and temperature were given. Experimental investigations were
carried out to obtain the values of the strain hardening coefficient

and the 'yield strength of material only and no measurements of residual
stress and strain were made. The effect of transformation on the
generation of stress was small in comparison to the corresponding effect

on strain. 1In figure 24, it has been indicated that transformation

only affected the stress history at the beginning of transformation and
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at the end of the process. A tensile stress in the centre and a
compressive stress at the surface was predicted in both the cases
considered, i.e. both, with and without transformation. The effect of
transformation on the distqrtion is éhown in figure 25. The intensity
of the transient and residual strain was increased when the effect of
transformation was introduced in the model. At the end of the gquench,
the residual strain in the axial and radial directions at the suiface

3 and -2.6 x 10--3 respectively when transformation was

3

was 5.2 x 10
taken into account, but it was only 0.4 x lO_3 and -0.2 x 10
respectively if no transformation occurred. Hence it was predicted
that residual stresses and distortions are strongly related to the
transformation behaviour of the material. A doubt. can be thrown oh the
results, as the effect of viscous flow has been ignored. It is very
important here, as the shafts were‘ cooled for a long time, and were
subjected to various stress levels at high temperatures; all these

conditions are quite sufficient for viscous flow to occur.

Mitter et al(8o)

have calculated, and experimentally measured the
residual stresses developed in 50 mm diameter, 300 mm,lopg pure iron
cylinders quenched in ice water from 8500C. The stress analysis was
effected by the use of the Finite Element method assuming plane-strain
conditions. Experimental analysis was carried out by the boring-turning
method, assuming pure elastic strain changes during this operation.

Many of the thermal and mechanical properties used in the mathematical
model were determined experimentally as a function of temperature, but
thermal conductivity, specific heat and density values were takén”from
the literature. Cooling curves were obtained experimentally by setting

thermocouples at the. surface and centre of the specimen. These cooling:-

curves were used as boundary conditions for calculations of temperature
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history throughout the quenching process. This data was then used in

the thermal stress and strain calculation. The calculated and the
experiment results were compared, but the results differed significantly
from one another. It was suggested that the reason for the difference

was unwanted plastic deformation induced during measurement of the
residual stresses which violates the assumption of elasticity on which
these results were based. It should be pointed out that Mitter's material
was very weak, so plastic deformation was possible at very low stresses.

It may, therefore, not be applicable to harder carbon-containing steels.

Jeanmart and Bouvaist””, performed Finite Element calculations
for predicting thermal stress in aluminium alloy plates 70 mm thick,
which had been quenched either in hot or cold water. Temperature
gradients in the material were calculated by the Finite Element
technique, thermomechanical problem was assumed to be uncoupled, and
isotropic behaviour and temperature dependent properties were assumed.
Some of the properties were determined experimentally; although the
majority of the data was taken from the literature. However, no
information about surface heat transfer coefficients has been described.
The plate model and the assumptions were the same as those of Fletcher/rO\
except that 18 elements in the half thickness of plate were considered
instead of 41. The flow stress considered was related to the strain
history of the material. Tensile stresses at the centre and compressive
stresses at the surface were predicted, but the level of stresses was
higher for cold than hot water, as this was due to the high surface heat
transfer coefficients for the former, which produced high plastic flow.
The calculated results were checked experimentally, using the same
experimental technique as adapted by Fletcher and Price

Matching of the two sets of results (theoretical and experimental)

4



showed good agreement in the case of both the gquenching conditions,

see Figure 26.

2.7 Residual Stress and Strain Measurements

The measurement of residual stress is slow and difficult and

. Ce e @)
requires great care if it is to be successful . The accurate
measurement of distortion is similarly a slow and laborious process and

12
@2) " There are many reports

depends on the geometry of the component
of different experimental investigations of residual stress and strain

measurement, which are reviewed below.

2.7.1 Residual Stress Measurements

There are two major techniques available for the measurement of
residual stresses, namely mechanical and x-ray methods. Although,
electrolyte and chemical etching, ultrasonic and hardness testing have
been proposed for the determination of residual stresses, they all suffer
from considerable limitations, which hinder their extensive use. Hence,
in the present review reference is only made to the most widely used

techniques.

2.7.1.1 Mechanical Methods

When an internal stress is removed from a part of a component the
remaining internal stresses are redistributed within the body, to
reestablish equilibrium. This causes a change in the dimensions of the
component, the measurement of which allows the determination of the
internal stress that has been removed. Such mechanical methods are
destructive, involve only macro stresses and assume that the
redistribution of stresses does not produce plastic flow. The removal
of the stress may involve the complete destruction of the material that

contains the internal stress by boring or grinding or else the stress



may be relieved by cutting. The borihg or grinding techniques require

the use of a strain gauge rosette at an appropriate point in the
remaining structure, to measure the consequent surface displacement.

It is essential that the metal removal process does not induce significant
additional stresses or that the material is significantly hotter than

ambient at the time the strain measurements are made.

‘ The longitudinal, radial and tangential stress distribution along
a radius can be determined by removing layers from the bo:e or. from the
surface. The method is also known as Sach's boring out method. in case
of boring out procedures, the material is femoved from the bore and strain
changes are measured on the surface, preferably with strain gauges. In
the case of turning, strain measurements are made on the. inside bore and

material is removed from the outer surface.

The precision of the boring and turning procedure is largely
determined by the accuracy of the measurement of strain changes and the
care taken in the layver removal techniqgues. It is also important to
eliminate temperature gradients in the specimen and to maintain a constant
temperature each time the strain readings are obtained. The length of

~the specimen should be more than three times its diameter.

Many workers have adapted boring and turning technique for
experimental.investigations(so'gl_gs). Buhler and Buckholtz(gl'gz)A
conducted the earliest investigations that involwved the Sach's boring out
method. Work was carried out on plain carbon steel cylinders of various
diameters and carbon content quenched in water and air. It was found
that the radial stress varied in a complex manner with radial depth and

a reduction in the maximum residual stress was achieved by replacement

of a water quench by air cooling. In later work they measured residual
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stresses by boring and turning procedure in hollow cylinders of 0. 3%C

steel.

(93)

Buhler and Rose have also used Sach's method for experimental

investigations of residual stresses in steel cylinders of different
diameters and compositionsi_Their results from low alloy [0.13%C] high
hardenability steel cylinders showed that an increase in the diameter
or quénch severity alter the nature of surface stress from tensile to
compressive (see figure 27). But in the case of steel cylinders with
carbon of 0.26% or more have only compreésive surface stress which

became more compressive as the diameter or quench severity is increased.

(80)

Recently Mitter et al have used the boring and turning process

to measure residual stresses in a 50 mm diameter pure iron cylinders
that had been quenched in water. In order to check the accuracy of the
experimental results, the experimental procedure was simulated using the
Finite Element method. Stress distribution after each boring or turning
step was calculated and compared to the expetimental.results for the
corresponding boring or turning step. A comparison of the two results
(experimental and calculated) showéd discrepancies which were explained
as being due to unwanted plastic deformations during the process. .

Therefore, the assumption of a pure elastic condition during the metal

(18)

removal process was unreliable. However, the work of Price and

(41)

Abbasi has shown that the induced stresses due to material removal

were negligible. Abbasi(4;),checked the level of induced stresses due

to material removal by grinding a stress-free plate, and he found that

experimental stresses induced were negligible. The discrepancy of the

(80)

results with those of Mitter et al is probably due to the low yield

(25)

strength of the material used by the latter. Denis et al and

s 86 . '
Fujio et'al( ) checked their calculated results by comparison with
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measured results obtained by Sach's boring out method and found good

agreement .

The layer removal process is also useful for measuring residual
stresses in flat plates or beams in which the stress varies through the
thickness. The stress in a layer is determined by removing that layer
and measuring the strain change in the remaining part. The thickness
of the layer removed depends on the magnitude of the stress, the size of
the component and the precision required. Preferrably the minimum

possible should be used.

The published work in the field is small as few authors 30,41,68)
have mentioned the layer removal method with respect to their investigations
of residual thermal stresses in plates. The method proposed by Andrews 0
has been used by Price and F1l et cherto examine gquenched 835M30
steel plates that had been quenched in water, oil and polymer. The level
of agreement with those predicted by calculations was wvariable. In
subsequent work Abbasi (1) followed the same procedure for oil and
martempered plates. He also tested the reliability of the procedure by

investigation of experimentally induced stresses in a stress free plate:

a negligible amount of stress was induced by the metal removal technique.

Recently Jeanmart and Bouvaist””, used the layer removal method
for measuring residual thermal stresses in aluminium alloy plates quenched
in hot and cold water. Their experimental results were in satisfactory

correlation with those obtained by calculation.

Beside the two above mentioned methods, several other mechanical
methods (such as; centre hole drilling technique, sectioning, cutting

deflection and chemical removal of material) have been developed for



different shapes and measurement requirements. However, they have not
been much used to compare experimental and calculated residual stresses.

They are therefore not disucssed here.

2.7.1.2 X-Ray Methods
) (7 96-99) )

There are several reviews ! of the theoretical and practical
aspects of residual stress measurements by x-ray techniques. If a metal
is deformed the lattice planes become distorted. The change in the
lattice parameter is determined by a back deflection technique; which
is then used to calculate strain. From a knowledge of the strain, the
stress may be calculated by the use of the elastic constants of the

material. A single exposure method, where the x-ray beam is normal to

the specimen surface, is used to determine the sum of the principal

7 . . e L
stresses (). However, 1if the magnitudes of individual principal stresses
. (90) . . .
are required the two exposure method must be used . 1n this technique
two exposures are made. First, with the x-ray beam normal to the specimen

surface and the second one with the beam at an oblique angle to the
specimen surface. This technique is designed for the measurement of
macro residual stresses but micro residual stresses can also be detected.
It only measures surface stresses because, x-ray penetration is of the
order 0.02 mm, but it is a completely non-destructive method. If the
stress 1s to be measured at some point below the surface, material must
be removed down to that point to expose a new surface for x-ray

examination; the x-ray method then becomes destructive.

Nakagawa and Tamura ©7 used the x-ray technique to measure the
residual stresses in the surface of water and oil quenched 20 mm thick,
50 mm square plates of plain carbon steel containing 0.08% to 1.0% carbon.
Compressive surface stress was found in the steels containing up to

0.5%C. The level of stress was increased as the carbon content falls



from 0.5% to 0.08%. In steels containing more than 0.5% carbon the
reverse behaviour was observed. They also used oil and water quenched

low alloy steel plates of various carbon contents for their investigations,
and in this case only tensile surface stresses were observed, irrespective

of the quenched severity and carbon content.

Yu and Macherauch have conducted an x-ray examination of a
welded plain carbon steel ring, to determine the residual stress at the
surface of the weld. A good correlation was found between their

experimental and calculated results.

@6)

Recently, x-ray difraction techniqueswas used by Inoue et al P
to measure the surface axial stress in carburized and uncarburized gears.
Experimentally measured surface axial stresses in both the cases were in

good agreement with that obtained theoretically.

(95)

Wenyu and Yohai used x-ray techniques to measure residual
stresses along a shaft diameter. After quenching the cylindrical
surface of the shaft was removed layer after layer and the residual
stresses in the newly exposed surfaces were measured successively. The

layer removal process involved grinding followed by electric etching

in order to eliminate grinding stresses.

99)

In order to verify his calculated results Burnett ( has measured

residual stresses in carburized steel cylinders by x-ray diffraction

methods. The material used for the experimental work was a 0.18%C steel
before carburization. 0il and water were used as quenching media. In

both cases a tangential compressive stress was found at the surface,
which rose to a maximum at a depth of 0.0125 mm where the carbon was
0.5%. Measured stress values compared favourably to those calculated by

the Finite Element method for both the quenchants (see figure 28).



2.7.2 Residual Strain Measurements

In addition to the development of thermal stresses and quench
cracking, a quenching operation will also cause an overall geometrical
distortion in the guenched components. These distortions are categorized

into three types(ls'loo).

(1) Volume change.
(ii) Symmetrical changes involving modifications
to the sectional profile.

(iii) Non-symmetrical change, such as warpage.

The volume changes are associated with transformation of the
structure in the absence of a temperature gradient, but the remaining

two are mainly due to thermal stresses.

(18,30,41) carried out distortion .

Fletcher and Price and Abbasi
measurements on water and oil quenched and martempered plates, using a

Societe Genvoise machine. Pre and post quenching measurements were

made across the edges of the plate and lateral distortion was given by:

sAY = 2L~ _S ¥ 100

Measurements by this method are known to be affected by stress
variation inkthe vicinity of the edge. By measuring the thickneés of
the plates between the centre of the faces, the average strain could be
accurately determined. The plate profile after quenching also indicated

the magnitude of the edge effect.

(101) have studied the distortions that occurred

Liewellyn and Cook
in the heat treatment of carburized components. In their investigations

washer-like specimens made from various carburized steels were used.
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The specimens were subjected to a carburising treatment followed by
air cooling or water quenching or oil quenching. Variations in the
dimensions were obtained by the use of the same procedure and equipment

that were used by Fletcher and Price and Abbasi(18’3o’4l).

The
dimensional change in any steel that occurred after air cooling was
very small but after water quenching significant variations weré
observed. Whereas those produced by oil quenching were intermediate.

They also recognised that the hardenability and the composition of the

steel have .a marked effect on distortions.

Novik et.al(loz)

, measured the distortion of rings of different
shapes and sizes of a low alloy steel that had been quenched from 850°¢
into oil. They reported that distortions of rings were mainly dependent

(12)

on the dimensions of the specimens. Thélning -has reported measured
distortions in heat treated engineering components: and the variation in

distortional behaviour of material. He also reported the importance of

the same factors, i.e. the size and shape of component.

Variation in the dimensions of gears, after heat treatment is a
common problem in the automobile industry. Consequently a large amount

of empirical work has been carried out on gear distortions(85'86'103).

The work of Fujio et al(85'86)

on the distortion of gear teeth deserve
special mention because it was associated with calculations of the
thermal stress generated during the quench. Initially, they worked with

(85)

cylindrical specimens , but later they applied their technique to
distortions in gear teeth(86). Measured distortions were compared with
calculated results and discrepancies were found between the two results

in the case of both the diametral change of the cylinder at the tip and

the tooth height.
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In more recent work Fujio investigated the way in which spur
gear distortions depend on the material and the criterion used to define
gear distortion. Gears of different sizes and different materials were
hardened by various heat treatment processes, and the effect of material,
size and the conditions of heat treatment, on the gear distortions were
studied. Dilation tests were carried out to investigate the influence
of retained austenite on the dimensional change. It was predicted that
the distortion produced by retained austenite was small, but gear
distortion was related to the hardenability of material. The change in
tip cylinder diameter was dependent onthe face width and the material

of the gear (see figure 29).

2.8 Conclusion from the Review of the Previous Work

Most effort has been concentratedin recent years on the development
of modelling of the thermal stress generation process during quenching.
In the early stages, some attempts had been made to calculate thermal
stress and strain by classical calculus methods, using dubious assumptions
concerning the thermal property data of the material and the quenching
medium. An over simplified model used in the prediction of temperature
distribution and stress-strain calculation, reduced the value of the
results, as such equations did not allow the use of temperature dependent
property data. The majority of the authors considered only elastic
deformations during thermal stress generation. Few of the results
obtained from such classical calculations had been correlated with
experimental results, but some of these comparison related only to

stresses at the surfaces of the components.

The subsequent introduction of mathematical models based on numerical

analysis of thermal stress and strain allowed the use of temperature



dependent physical and mechanical property data. The use of accurate
temperature distribution and thermal and mechanical property data, the
introduction of plastic deformation and the phase transformation effect
in the thermal stress and strain analysis improved the reliability of
the results, but there remain some significant properties that have been

ignored.

Two important aspects of the thermal stress generation process,
viscous flow and transformation plasticity have been introduced very

22 41 48
recently. Few authors (22,41 ,48)

attempted to incorporate viscous flow
effects in their models, which significantly improved the modelling of
thermal stress generation process. However, viscous flow has been little

studied in relation to stress and strain generation during quenching.

There is obviously a need for more data on this topic.

. (23,25,41,90
In recent work ( )

trans%ormation plasticity 'has been
introduced in the mathematical models of the thermal stress generation
process. In some cases a significant improvement in the results has
been observed, whereas some models did not show the importance of this
effect. It is because the theory of transformation plasticity has not
yet been fully developed and every author tried to handle the situation

in its own way. The mechanism of transformation plasticity has not

studied on metallurgical grounds.

The greater part of the development of the models has used
experimental data from water quenched specimens to verify the model.
0Oil quenching is far more extensive commercially used and it would be
interesting to know whether, the calculations can be equally well applied
in the case of slower cooling rates. The work carried out on the
prediction of distortion is very small, whereas this is too commercially

important and difficult to carry out accurately by experiment.



3. VISCOELASTIC PROCESSES

3.1 Experimental Determination of Viscoelastic Process Effects

3.1.1  Experimental Method

This set of experiments is divided into three groups: firstly
those that used the same test conditions as had been used in previous

(41), secondly those that investigated the effect of

work by Abbasi
prior deformation on the rate of stress relaxation and thirdly those

that investigated the effect of initial stress level on the stress

relaxation behaviour of the material.

(a) Stress Relaxation Tests with one Stress at each Temperature

~An Instron tensile testing machine was used to carry out the stress
relaxation tests. The original arrangement of the machine limited the
level of temperature obtainable, so a resistance wound furnace was
installed on the front pannel, as shown in plate 1. The furnace used
was moveable in two directions (i.e. vertically and horizontally) to
facilitate the location of the hot zone of the furnace and the insertion

of the gpecimen into the grips.

A cylindrical screw—end tensile specimen was inserted into the
grips at a point between the ldad cell and a moving cross head. The
readings from the load cell were recorded automatically on a bhért
recorder. The strain rate was controlled by the speed of the cross
head, which would be varied from 0.005 cm/min to 50 cm/min. All tests
were carried out at the cross head speed of 0.5 cm/min i.e. ét the strain

rate of 3.3014 x 10-35—1, which was within the limits of strain rate

(18) (63)

noted during the quenching experiments of Price and Fletcher

In order to control the specimen temperature and to compensate for

the heat losses, the furnace was coupled to a variable transformer and
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was packed with Kaol wool at the top and bottom. Before starting the
tests, the furnace was calibrated to obtain both the location of the

hot zone in the furnace and the position of the thermocouple to give
optimum transformer control. The time required to heat the furnace to
the desired temperature was also obtained. The hot zone was located

by moving the furnace up and down when the specimen was in position.

The relationship between temperature and the transformer control position
and also the heating curve of the furnace with the furnace fixed at the

desired position, are shown in figures 30 and 31.

A cylindrical tensile specimen with screw threads as shown in
figure 32, was selecﬁed from BS 3500. The specimen was coated with a
solution of Berkatekt 304 in trichloro-ethane to prevent oxidation of
the surface while at high temperature. To verify the oxidation protective
capacity of the Berkatekt, metallographic inspection of the surface of
the specimen was carried out after conducting the first test on the
Berkatekt coated specimen. In plate 2, the result of metallogréphic
inspection is shown and it is evident from this plate that no traces of
surface oxidation are present in the surface of the specimen. Therefore,

Berkatekt was found to bea satisfactory coating.

The specimen screwed between the grips was austenitised for 15
minutes at 850°C in the. furnace mounted on the Instron machine. A
Chromel-Alumel thermocouple was attached to the specimen surface to
monitor the specimen temperature. A temperature variation of i_SOC was

o . o . s f (104)
observed at 850°C, which was within the specified British Standard .
After completion of the austenitisation of the specimen, it was cooled
to the test temperature by a stream of argon at ambient. 1In.order to

avoid the possibility of transformation of the austenite to bainite

during this process, a cooling rate of about 30°C/second was used.
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This allowed the specimen to cool from 850°C to 150°C in 24 seconds,
which was within the limits required to prevent decompositién to
anything other than martensite, (see figure 33). The current in the
furnace windings was reduced to that required at the test température.
Although it was possible to cool the specimen to the test temperature
very quickly by the use of the stream of argon, the furnace and grips
cooled much more slowly. Therefore, once the specimen temperature had
fallen to the required value the gas stream was directed towards the
hotter parts of the assembly. ﬁven so, it took up to 15 minutés to
produce the required temperature distribution in the furnace when the
lowest test temperature.(lSOOC) was used. At high temperatures when
the decomposition of the austenite by non-martensitic transformation
was possible stabilisation was achieved in a much shorter time (4

minutes) which was sufficiently short to avoid spurious transformations.

Another difficulty during the heating and cooling process was the
loading of the specimen. This was overcome by adjusting the cross head
throughout the heating and cooling process, so that no load was generated

on the specimen at any time.

After cooling to the test temperature, the specimen was stressed
to the desired level at the specified strain rate, after which the strain
was held constant. This was achieved by maintaining the cross head of
the Instron machine at a fixed point. The reduction in the stress with
time was recorded by the chart recorder. The stress data obtained was

then expressed as a fraction of the initial stress i.e.fct/oo.

Using the arrangements described above, stress relaxation tests
were conducted at temperatures in the range between 850°c and 150°c.

The hard martensite formed by rapid cooling to below lSOOC, reduced the
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stress relaxation rate to a negligible level and a test carried out

below 100°C resulted in the brittle fracture of the specimen.

Every test was conducted 2 to 3 times to verify the results and to
check the reproducibility of tests. The results obtained showed minor

variations which were insignificant.

) Effect of Strain Hardening on the Stress Relaxation Process

In the first set of stress relaxation tests the specimens used were
free of any deformation prior to the application of the load at the
start of the test. However, in quenched plates the rate of stress
relaxation might be affected by plastic deformation introduced in the
early stages of the quench. To investigate the effect of such deformation,
an appropriate amount of strain (0.5%) was introduced at various
temperatures above that at which the stress relaxation tests were to be
carried out. The same cooling procedure was used as in the original
stress relaxation tests, both to obtain the intermediate temperature at
which the initial deformation was to be introduced and to cool the
specimen to the test temperature. The load was removed after the
introduction of the plastic flow and then reapplied at the start of the

stress relaxation test.

(© Influence of Initial Stress on Stress Relaxation

There is coupling between the stress generated during quenching and
the amount of viscous flow introduced by this stress. This arises
because the flow causes stress relaxation, which in turn reduces the
rate at which flow can occur. This means that it is not possible to
predict from calculations that ignore viscous flow the appropriate initial
stresses to be used in the stress relaxation tests. It is therefore

necessary to carry out stress relaxation tests with a range of initial



stresses at each temperature, so that the effect of initial stress on
the stress relaxation characteristics may be introduced into the
calculations of thermal stress and strain. At least three different
levels of initial stress have been used at each temperature, although
the specific levels selected varied with temperature. This was
necessary, because the flow stress of the material also varied with
temperature and there was a general correspondence between the effect of
temperature on stress relaxation rate and the effect of the same factor
on yield strength. The procedure used for these tests was the same as

that described in section 3.1.1(a).

3.1.2 Results of the Stress Relaxation Tests
(@ Results of the Stress Relaxation Tests with One Initial Stress at
each Temperature

Earlier work (22 ,41)

, which involved only a single initial stress at
each temperature, was first checked by the use of repeat tests using
identical test conditions (figure 34). Broad agreement with the earlier
work was obtained except at 850°C. A constant rate of stress relaxation
was observed after 24