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THE PREDICTION OF THERMAL STRESSES AND STRAIN IN QUENCHED
PLATES OF CERTAIN LOW ALLOY STEELS

R.F. Price

Abstract

A mathematical model was used to calculate the internal
stresses and strain produced when plates of a high
hardenability steel (835M30) were quenched in water, polymer
and oil. ° A prerequisite for the calculations was the
experimental determination of relevant physical and
mechanical property data not available from other sources;
this included the surface heat transfer coefficient during
quenching and the mechanical properties of 835M30 steel in
the metastable austenitic condition. The results of the
thermal stress calculations showed that the production of
residual strain was markedly dependent on both the surface
heat transfer coefficient and the flow strength of the steel
during the early stages of the quench. It was .predicted
that the low stability of the vapour blanket, found during
the early stages of a water quench, gave large variations
in distortion. The more consistent values of the surface
heat transfer coefficient, obtained during oil quenching,
were associated with more reproducible levels of distortion.
The predicted residual stress distributions were less
sensitive to variations in either the surface heat transfer
coefficient or the flow strength of the steel during the
early stages of the quench. However, the residual stress
distributions were strongly dependent on the flow strength
of the material during the martensite transformation.

A correlation of the results of the calculations with
experimental behaviour showed that agreement was good in

the cases of both the residual stresses and strains obtained .
after a water quench. However, in the case of o0il quenched
plates, a similar correlation was only obtained with
residual strains. A possible explanation for the lack of
good correlation in the case of 0il quenched plates may be
found by consideration of the effect of strain rate on the
mechanical properties of the material, particularly during
the martensitic transformation.



NOMENCLATURE

Unless stated otherwise in the text, the nomenclature
used in the thesis is as shown below. Note that, owing to
the common use of the Greek symbol 'a' for both thermal
diffusivity and the coefficient of linear thermal
expansion, its use has been retained but the two meanings
are indicated by the subscripts 'td' and 'ex' respectively.
= Area, m?

Biot number (E%)'

0 Wy
-
I

g

= Specific heat, J/kgOC

= Young's modulus, N/mm2
= Fourier number (g%%E

o

= Shear modulus, N/mm?2
Length, m
= Mass, kg

2R H ™
I

= Temperature at the start of the martensite
transformation, ©cC

2]

=2
rh
i

Temperature at the finish of the martensite
transformation, ©C

Q = Heat generation term in equation 2.10
\Y = Volume, m?

Vo = Volume after quenching, m?3
A\

= Volume in the softened condition, m?

V' = Volume fraction of marténSite

Vy = Volume fraction of austenite

W = Strain hardening coefficient (g—gi) ; N/mm?2
= Width of plate, m | F

Z = Thickness of plate, m

a } Constants relating linear variation of E and v with
temperature, according to L. = a - bb

1-v
exp = Superscript indicating experimentally determined value
"h = surface heat transfer coefficient, W/m?°cC
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Node positional subscript

= Number of elements in half-thickness of plate

= U
i

= Number of sets of experimental time/temperature
values obtained from cooling curves

m = Number of iterations in plasticity calculation
n ='Node time superscript

r = Radial distance, m

r. = External radius, m

ri = Internal radius, m

= Time, s

t
X
Y } Cartesian co-ordinates
z
A
A

X ) :
} Thicknesses of elements in plate

( ) .. = Minimum wvalue
min

( %mv<= Maximum value

( )S = Stored value

( )swn= Sum of values

€ = Strain

%rp = Strain due to elastic-plastic behaviour
%) = Strain associated with plastic flow
€y é]Straln due to thermal expansion alone
0 = Temperature, °c

%hr = Average temperature, oC

ef = Bulk temperature of quenchant, °c

qo = Initial temperature, °c

es = Tempefature at surface,,oc

esu¥)= Temperature at which calculation stopped, oC



v = ‘lejnpergature at time t, C

= Temperature at thermocouple location, °c

= Thermal conductivity W/m°C
= Poisson's ratio

= Density, kg/m?

= Stress, N/mm?

= Stress in x direction

= Stress in y direction Cartesian co-ordinates
= Stress in z direction

= Axial stress

= Radial stress Cylindrical co-oxrdinates

O g = Tangential stress |

of = Flow stress with uniaxial stress system , N/mm?
01,02,03 = Principal stresses

(0) . = Stress when edges of plate restrained, N/mm?
o = Mean level of stress in half-thickness of plate, N/mm?

O = Coefficient of linear thermal expansion, °c~!

%4 = Thermal diffusivity, m2/s

YS = Distance between reference points on edges of plate
in softened condition ,

YQ = Distance between reference points on edges of plate

in quenched condition
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1. INTRODUCTION

The development of thermal stress in steel components
during quenching is a complex phenomenon that has been
subjected to a great deal of both experimental and
theoretical calculation. "It is a problem of considerable
importance in the heat treatment of engineering components,
since residual stresses produced during the quenching
operation may have a detrimental effect on the component in
service. Sometimes the stress levels are sufficiently high
to cause cracking during, or shortly after, quenching.
Furthermore, distortion can necessitate expensive
re-grinding operations after heat treatment or may result

in components being completely scrapped.

In many cases distortion itself need not be a problem
provided its extent is known beforehand and the precise
level of distortion can be reproduced consistently.
Component dimensions before heat treatment can be adjusted
so that the final dimensions after heat treatment are
correct. This practice is adopted in the automobile
industries for the production of gears in large quantities.
Sample gears made from each batch of steel are hardened and
the dimensional changes determined. The initial dimensions
of that batch of gears are then compensated accordingly so
that no correction will be required after hardening. The
production of these sample batches is costly and time
,éonsuming. Furthermore, even with these precautions, the
distortions in the remainder of the batch are not always

_consistent.

The experimental investigation of residual stresses
and distortion after quenching is a laborious and difficult
task. The experimental variables that require consideration
have proved to be large in number and are often difficult
to control. Although the literature contains the results
- of investigations involving different steels, the lack of
standardisation of experimental variables makes the task of

13
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difficult.

Consequently attempts have been made to calculate the
stresses developed during quenching by means of mathematical
models. Dubious assumptions, however, have often been made
in order to express the problem in a mathematically'soluble
form and the results obtained have not been adequately
tested. Recently, experience has rapidly increased in the
application of high speed digital computers to the solution
of thermal stress problems, which had previously been
intractable. Today the major limitation in the performance
of such calculations is probably the availability of
accurate mechanical and physical property data. This is
especially so in the case of the problem involved in the
quenching of steel components. Virtually all of the data
required for these calculations is temperature dependent
and certain properties change during the quench in a
complex manner. In the case of temperatures at which the
steel exists in the form of metastable austenite, data is

very scarce.

This thesis describes .the work carried out during an
investigation into the prediction of thermal stresses* and
strain during the quenching of plates of a low—-alloy steel
of high hardenability. The form of a plate was used
because this greatly simplifies the stress system involved.
The main investigation has been based on a 4%% Ni Cr Mo
steel (835M30). This steel has a sufficiently high
hardenability to ensure that the only transformation
product formed during the guench from the high temperature,
at which austenite was stable, was martensite. Thus this
combination of a plate specimen with 835M30 steel represents
the simpleét situation which exists for the analysis of
guenching stresses in a steel that transforms during

quenching.

*In the context of this thesis, the term 'thermal stress'

is assumed to include all stresses which are induced as

the result of thermal contraction strain and transformation
strain.
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An infinite plate made from a steel which is
completely martensitic after being quenched is an idealistic
situation, and rarely occurs in the production of engineering
components. Component shapes are usually much more complex
and a homogeneous martensitic structure may not be desired.
Surface treatments such as carburising add further compli-
cations. But it is still essential that this simple
combination be studied and understood thoroughly before
further complexities are considered.

The benefits to be expected from such an investigation
accrue from a better understanding of the development of
thermal stresses and strain during quenching and of the
mechanisms that control their formation. Such knowledge
will form a basis for the analysis of more complex problems
and will also identify the major factors that control the
process. Improved knowledge of these factors will lead to
a greater degree of control over both residual stress and

distortion.

15
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2.1 Introduction

Stresses which exist in solids that are free from
externally applied loads and are at a uniform temperature
are called internal stresses or residual stresses. These

internal stresses fall into three categoriesl’e.

(i) Pirst order internal stresses. These operate
over appreciable distances and are balanced
throughout the body. They are also commonly known
as Macro-Stresses or Body-Stresses, and are the
stresses considered in this investigation.

(ii) Second order internal stresses. These operate
over much shorter distances than first order
internal stresses. The stresses around precipi-
tates or the stresses around inclusions after
deformation are examples of their occurrence.

(iii) Third order internal stresses. These only extend
over a few interatomic distances, e.g. the lattice
stresses induced by solute atoms of different sizes
and lattic defects.

Second and third order internal stresses are
frequently lumped together as Micro-Stresses or Tesselated
4‘Stresse53.

Scotth was‘one of the earliest workers to recognise
that the stresses developed during the hardening of steels
arose from the interactions of four factors:

(a) The generation of temperature gradients within
the steel.

(b) The thermal contraction of the steel.

16



(c) The expansions accompanying the transformation
of austenite to other phases during quenching.

(d) The modification of stresses by plastic flow.

Qualitative descriptions of the method by which
different residual stress distributions may be generated by

various combinations of these factors have now been made by
""’5’69738

numerous authors The mechanism for the development
of residual compressive stresses at the surface of
non-transformable materials is well understégé?;ghd has been
described by Andrews2 « He initially considered the

cooling curves at the surface and centre of a quenched bar
(see Figure 1(a)): because the material at the surface
cools and contracts initially more rapidly than that at the
centre, a tensile stress developed at the surface. This

was baianced by compressive stresses in the central

portions of the bar. The broken line in Figure 1(b)
schematically illustrates the way in which this tensile
stress varied as the temperature difference between the
surface and centre varied. If there has been no plastic
flow the surface stress would be reduced to zero at the
point at which the bar has returned to a uniform temperature..
However, when plastic flow 6ccurred at either the surface

or the centre of the bar,residual stresses would be generated,
as shown by the continuous line in Figure 1(b), because the
surface and centre of the bar had undergone different

degrees of strain.

When a steel transforms to martensite during quenching
from a temperature at which the austenite structure is
stable, the martensite transformation is accompanied by a
. significant. increase in volume which greatly complicates the
development of thermal stresses%e Figure 2 shows a typical
length/temperature curve (dilatometer curve) produced
during the heating and répid cooling of a plain carbon steel
specimen, which transformed from austenite during quenching
from the high initial temperature. When a bar of such a

17



steel 1s quenched, the martensite transformation is
initiated at the surface of the bar and the expansions
accompanying it are considered to bring about a stress
reversafn which generates compressional surface stresses
balanced by tension stresses within the bar. As the
transformation proceeds inwards another stress reversal
occurs, and the stresses at the centre of the bar become
compressive whilst those at the surface become tensile.
Any residual stresses are still a consequence of plastic‘
flow, but their prediction is far more complex.

If the cooling rate and hardenability of the steel are
such that bainite or pearlite are formed then the problem '
becomes still more complex 6. The formation of theée
phases occurs over a range of temperatures and is
accompanied by different expansions. Even in the absence
of any plastic deformation during heat treatment, a |
hardened steel component will have éxperienced a change in:
its overall dimensions because of the different specific
volumes of the structures present before and after heat
treatmentl3ﬂﬁ.

volumes of the structures present in different parts of a

If there is a difference in the specific

section after quenching e.g. martensitic surface region and
bainite core, this misfit will cause residual stresses, even
if no plastic deformation had occurred during the quenchls.

Normally it is Only possible to measure the changes
that have occurred at the end of the quench, when the
stresses generated during quenching may manifest themselves
in the following ways:-

(i) Quench cracking
(ii) Residual stress

(iii) Distortion of the component

Quench cracking is well known in commercial heat treatment,

but its occurrence has been found to be very erratic, and

18
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of residual stress is slow, difficult and requires greaﬁ
care if it is to be suécessfuleﬂﬁ. The accurate measure-
ment of distortion is similarly a slow and laborious
process, and is strongly dependent on the geometry of the
component6. The number of significant published _
investigations of these phenomena have been few; yet their
importance is very great. Very few workers have considered
more than one of these thermal stress effects at any

one time. It has, therefore, been possible to classify

these experimental investigations into three categories.

2.2 Experimental Investigations

2.2.1 Quench cracking

Quench cracking is the least satisfactory method by
which the development of thermal stresses during quenching
may be studied. The occurrence of cracking demonstrates
only that at some, often unknown, stage during the
quenching process cracking was produced. The levels of
stress required for this to occur are generally unknown.
Surface cracking appears to indicate that large tensile
stresses have been developed at the surface of the material,
after the martensite transformation has been completele;
although there have’'been suggestions that the maximum
sensitivity to cracking occurs during the transformation
processlg.

Scotth conducted one of the earliest investigations
that involved quench cracking. The work was carried out
using tool steels, and it was found that in the case of
simple shapes cracking was only prevalent when the whole
section transformed into martensite. His results obtained
from a series of cylinders with diameters between 6 mm and
50 mm showed that cracking was unlikely under both the
most severe and least severe quenching conditions; but was

19



frequert with intermediate quenching severities. Scott
supplemented his investigation of cracking with an estimate.
of the residual axial stresses, obtained from the changes

in length of cylindrical specimens when successive layers
were ground from their diameters. It was found that a

25 mm diameter cylinder quenched in oil developed similar -
stresses to those present in a 12 mm diameter cylinder
gquenched in water. He considered this was due to the
presence of similar temperature gradients within both the
cylinders. Unfortunately most of the cracks found were
longitudinal, and therefore the result of tangential

rather than axial stresses. Nevertheless,Scott concluded
that as the section size, or the quenching power of the
bath, was increased the surface stresses became increasingly
tensile until a maximum was reached. Further increases in
either of these properties reduced the magnitude of these
tensile stresses, which eventually became compressive.

The influence of alloying elements on the
susceptibility of steels to quench cracking has been

discussed by Jaffe and Hollomon}g

in relation to the
selection of alloying elements for hardenability purposes.
They found that although an increase in the carbon content
and alloy content of a steel affected the specific volumes
of austenite and martensite, both structures were almost
equally affected, They concluded that the volume change
that accompanied the austenite/martensite transformation

. was nearly independent of composition provided the Mg
temperature remained unaltered. However this same volume
change was strongly dependent on the transformation
temperature; the lower the Mg temperature the greater was
the expansion accompanying the transformation. They
considered that quench cracking would be least probable if
the volume increase accompanying the martensite transforma-
tion were minimised. They also suggested that martensite
was harder and less ductile when formed at lower temperatures,
so that there was less possibility of stress relief during

20



the quench. Jaffe and Hollomon therefore proposed a design
philosophy for the selection of alloy additions, which
proposed that the requisite hardenability should be
achieved with the minimum depression of the Mg temperature,
since this involved the least likelihood of quench cracking.
However, Wells20 was unable to find any correlation

between quench cracking and the Mg temperature. Chapman

- and Jominy21 suggested this lack of correlation was due to
the lack of a éufficiently sensitive test specimen and
developed one which they considered more reliable (shown in-
Figure 3). This type of specimen was then used to investi-
gate the influence of carbon content and hence Mg tempera-
ture upon quench cracking. They used a range of commercial
plain carbon and low-alloy steels for the investigation

and concluded that the lower the Mg temperature, the
greater was the likelihood for quench cracking. Chapman
and Jominy also suggested that the likelihood of quench
cracking increased as the hardenability increased.

vKobaském, who studied the frequency of the formation

of quench cracks in 6 mm diameter cylinders of medium
carbon and low-alloy steels, reported similar results to
those obtained by Scotth . A wide range of cooling rates
were achieved by the use of water at various temperatures,
agqueous 12% NaOH at 20°C and agqueous saturated NaCl at 20°%.
The cooling rate at 350°C was determined for each guenchant
from the cooling curves at the centres of other cylinders.
- These cooling rates, which always produced a fully
martensitic structure, were then correlated with the

incidence of quench crack formation in a large number of
| tests (shown in Figure 4). As the cooling rate was increased,
the probability of cracking first increased to a maximum
and then decreased.

Further evidence of the existence of a critical range of
quench severity, within which quench cracking was most likely

23

to occur, has been reported by Bodson et alia,” who used an

acoustic method to study the effects of different media on
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the quench cracking of 8 to 24 mm diameter cylinders.

Two casts of a 0.56%C, .0.75%Mn steel were used: one cast
had high residual Cr, Ni and Cu contents (0.35%, 0.25% and
0.24% respectively), whilst the other contained much lower
guantities of these elements (0.09%, 0.07% and 0.105%
respectively). They found that for a particular quenchant
there was a critical diameter at which cracking was most
probable. This diameter was larger in the case of the
steel with high impurity levels, which was attributed to
the greater hardenability of this steel. Of special
interest was the existence of a critical specimen diameter
at which the incidence of quench cracking was greatest.
Bodson et alia also found that an increase in the water
temperature reduced the severity of the quench by an
extension of the vapour blanket stage *to lower temperatures
and also by a reduction in the severity of the nucleate
boiling stage.*

Beck2h has argued that cracking might be the result of
a thermal shock associated with the breakdown of the wvapour
23 estimated that
when specimens were guenched into water at 7OOC, the

blanket stage. However, Bodson et alia

breakdown of the vapour blanket occurred at a time when the
core temperature was still around 550°C - GOOOC; at these
temperatures the core was still austenitic and able to
withstand such a thermal shock. They proposed that the
occurrence of a criiical diameter, at which quench cracking
was most pronounced, was due to a complex interaction
between thermal and transformation strains which they were

unable to interpret.

*an explanation of these terms is given later in section
2.3.2
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2.2.2 Residual stress measurements

A number of workers have proposed qualitative theories
to explain the mechanism by which quenching stresses are
developed; these proposals have been supported by
experimentally determined residual stress distributions.
However, the amount of published work in this field is
still relatively small, which is probably due to the
absence of a really simple method by which the residual
stresses may be measured.

The different methods available for the measurement of
residual stresses have been reviewed extensively225’25#%%30
The majority of the techniques fall into one of two
categories; (viz mechanical and x—ray'methods), both of
which rely on the application of elasticity theory to
determine the stresses present from the measured strains.

Chemical etchinggn ultrasonic2

and hardness tes t:i.ng2
methods have been proposed, but they all suffer from

considerable limitations.

The mechanical methods rely on measurements of the
relaxation of the sample after a section of it has been
removed. The measurement of the defleétion may be carried
out by measurement of the change in the dimensions of the
specimen or by measurements of the changes in the crystal
lattice spacings using x—ray528. Care is required during
‘the removal of the material, otherwise additional stresses
are liable to be introduced. The most widely used
- mechanical method is the Sachs ‘boring method29 which has
recently been described by Andrewse. The technique is
applicable to cylinders and assumes complete axial symmetry.
In the case of a solid cylinder, an axial hole is drilled
and the changes in axial and tangential strain at the
circumference are measured as the bore is progressively
enlarged. The principal stresses at any point in the
cylinder are assumed to be the axial, tangential and radial
stresses and their values are given by:
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0y = E (a, - A) 2% (Ao + A) 2.2
(1-v)?2 oA 22
2_ 2
s = E (ro"-r ) % 2.3
r 2 2
(1-v) 2r
where:
: _ o o
A = (e, + veg) 2.4
_ (o) o]
® = (ee + _vez) 2.5

In practice the quantities A and ¢ are plotted versus A
and their derivatives with. respect to A found from the
slopes of the respective curves. Figure 5@) shows an example
of the plots of A and ¢ versus A and Figure5() shows

the ensuing stress distribution.

The stresses measured by any of the mechanical methods
are always macro-stresses.

The x-ray methods involve the determination, by a
back deflection technique, of lattice parameters; which are
then used to calculate strain. If the sum of the principal
étresses is all that is required, a single exposure method
may be used where the x-ray beam is normal to the surface 2.
However, if the magnitudesof the individual principal
stresses are required, the "sin?y" or double-exposure
method must be used3l. In this method a first exposure is
made with the x-ray beam normal to the surface, and a
second exposure made with the beam at an oblique angle to
the surface along one of the principal stress directions.
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The main limitation to the accuracy of these methods
is the precise measurement of the diffraction ring diameters.

Jones32

has suggested that the accuracy of measurement is:
+30 MN/m?, which is independent of the stress magnitude.

X-ray methods also suffer from the major disadvantage that
the stresses measured are only surface stresses. Andrews 2
has pointed out that the penetration into the steel by the

X-ray beam is normally less than 0.02 mm.

One of the earliest investigations of residual
stresses was that carried out by Buhler and Buckholtz33,
who quenched plain carbon steel cylinders of various
diameters and carbon contents, after which the Sachs boring
method was used to determine the residual stress distribu-
tions. The residual stress was found to vary in a complex
manner with the radial depth. Consequently an attempt was
made to correlate only the maximum values (regardless of
whether tensile or compressive) from each cylinder with
other experimental variables. The results obtained from
water quenched cylinders are shown in Figure 6. The replace-
ment of a water quench by an air cool produced a reduction
in the maximum residual stresses (see Figure 7). |

34 have also measured the

Buhler and Buckholtz
residual stress distributions in hollow cylinders of a 0.3%C
steel, which were quenched with coolant at either the ‘inner
or outer surfaces, or both. The results, shown in Figure 8,

~éhowed that the quenched surface always had a compressive
residual stress, even when cooling occurred both from

the bore and outside surfaces.

Liss et alia35 have studied the surface residual
stresses induced during the quenching of 50 mm diameter
cylinders of plain carbon and low-alloy steels. Since
the fatigue test was to be used at a later stage of the work,
an x-ray technique was used to measure the surface stresses
only. Adjusting the pressure of the cold water spray that
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was used to quench the specimens allowed the production of
variations in the rate of cooling. Residual surface
stresses were compressive in all the spray quenched
specimens, but an increase in the cooling rate always

caused the magnitude of this surface stress to increase,

as shown in Figure 9. At the highest cooling rates,
residual compressive surface stresses of up to 1500 N/mm?
were obtained from steels which weré not hardened completely
through the section. However, for these steels they
estimated that the "microstructural misfit" between the

case and the core (arising from the different specific
volumes of the transformation products) could, at the most,
account for surface compressional stresses of 690 N/mm?
only. Therefore they concluded that the incfeased
compressional stresses at the surface must have been due to
"thermal plastic straining". This was substantiated by

the dependence of the residual stresses on the severity of
the quench. The development of high residual compressive
surface stresses was ascribed to tensile plastic flow of

the surface layérs in the early stages of the quench.

This plastic flow was "locked in" -as the surface temperature
was lowered and was considered to enhance the transformation
stresses at lower temperatures. Liss et alia found that
steels that possessed high hardenability tended to produce
lower compressive surface stresses than steels of low
hardenability. Nevertheless, the compressive surface
stresses in the high hardenability steels could still be
enhanced by an increase in the guench severity.

In their investigations of fatigue properties, Liss et
alia also used some oil quenched low-alloy steel cylinders
of S.A.E. 8645 and S.A.E. 8660 which had been tempered at
315°c and 425°C respectively. These specimens had tensile
residual surface stresses of 33 N/mm? and 39 N/mm2
respectively. A result is also given for a water quenched
cylinder of S.A.E. 8645 (tempered at 3150C), which had a
compressive surface stress of 288 N/mm?. No suggestions
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were made apout the mechanlsm by which "thermal plastilc
straining", which produced compressive stresses at the '
surface of water quenchéd specimens, could produce tensile
residual stresses at the surface of oil quenched specimens.

36 have also used the Sachs method to

Vannes et alia
study the residual stress distribution in quenched hollow
cylinders which were substantially smaller than those of
Buhler and Buckholtz>'

internal diameter). Since only a limited number of

(8.22 mm outside diameter and 2 mm

experiments were performed under any given set of
experimental conditions, only very general conclusions can
be drawn from their work. Like Buhler and Buckholtz3h,
they found that the sealed tubes possessed a different
residual stress distribution to the open tubes. Thus
Figures 10(a) and 10(b) show the residual stress distribu-~
tions when 0.46%C specimens were water quenched from 840°C
with the bores closed and open respectively. Since the
relationship between stress and radial distance was
complex they used the parameters 6 and Z to assess the

overall distribution, where:
r

e
6 = [ |og|ax 2.6
‘r.,
1
Te
z = / lo_|ar . 2.7
z
Ti

The magnitudes of the parameters 6 and Z obtained in
water quenched specimens were greater than the corresponding
values obtained in oil quenched material. The stress
distributions were strongly dependent on the carbon content
of the material which was considered to be due to the
influence of carbon on hardenability. In completely
martensitic materials the residual stresses were considered
to be the result of the plastic strains produced during
quenching. In steels which were not completely martensitic

after quenching, the residual stresses were considered to
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be a combination of the plastic strains produced during.
quenching, and the stresses created by the different
specific volumes of the martensite and ferrite - carbide

aggregates; as proposed by Liss 3,

The only published work available on the examination
of residual stresses in quenched plates is that of
Nakagawa and Tamura37, who used an x-ray technique to
measure the residual stresses in the surface of 50 x 50 x
20 mm plates. The materials used in the investigation were
steels, containing between 0.08% and 1%C, which were
quenched from temperatures between 800°c and 1000°C. They
also quenched plates of two low-alloy steels, SNC2 (0.3%C,
0.44%Mn, 2.75%Ni, 0.79%Cr) and SCM3 (0.40%C, 0.72%Mn,
0.03%Ni, 1.05%Cr, 0.22%Mo). Compressive stresses were
found at the surfaces of all the plain carbon steel
specimens that had been water quenched, with the maximum
level of such stresses produced in material with a carbon
content of 0.5%. When the carbon content was less than
0.5%, increased residual compressive stresses at the surface
were associated with an increase in the austenitisation
temperature, but in material containing more than 0.5%C
the reverse behaviour occurred. Both of the low-alloy
steel plates had residual tensile surface stresses of
between 540 and 570 N/mm’?, irrespective of whether the
quenchant was water or oil.

The most extensive experimental investigation of
quenching stresses was that of Buhler and Rose38. They
used the Sachs boring method to measure the residual
stresses in steel cylinders of different diameters and
compositions that had been quenched in water or oil.

For a 0.5%C steel the fesidual stresses became increasingly
more compressive as either the diameter of the specimen or
the quenching severity was increased (see Figure 11). The
10 mm diameter cylinder of this material was only fully

martensitic when water quenched. Figure 12 shows their
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Lesults 1LOL d 1LowTally Steed V.lost, U, J0%LL, UUJU/ENL,
0.8%Mo, 0.19%V) of much higher hardenability. In this case
an increase in the specimen diameter or quench severity
altered the surface stress from tensile to compressive
(see Figure 12 } . Buhler and Rose also found that when

a 30 mm diameter cylinder of a 0.26%C, 2.27%Cr, 0.28%Mo
steel was water quenched, there was a compressive surface
stress of 220 N/mm? as shown in Figure 13.

From an analysis of their results, Buhler and Rose38
proposed five different types of behaviour (shown in
Figure 14):-

Group 1 Transformation strains have very little
influence on the results in this group.
During cooling there are tensile stresses
at the surface and compressive stresses at
the centre. Once the cylinder has cooled
to room temperature these stresses are
reversed.

Group 2 Transformation strains reduce the stresses
at the centre; but the surface is still
left substantially in compression.

Group 3 The stresses due to the thermal contractions
are almost completely balanced by transforma-
tion strains.

Group 4 At the centre of the cylinders the stresses
due to thermal contraction are overridden
by transformation stresses and the residual
stress distribution is almost completely the
reverse of that found in Group 1 behaviour.

Group 5 The Group 1 type of behaviour, in which
stresses, due to thermal contractions
predominate, has been cbmpletely reversed
by large transformation stresses.
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murxrxy -7, hnowever, nas argued that buhler and Rose
did not adequately take into account the different linear
expansions that accompany the transformation of austenite,

3

which according to Lementl are at room temperature:-

1.55 - 0.18 x (%C) if austenite————martensite
1.55 - 0.48 x (%C) if austenite—————lower bainite

1.55 - 0.74 x (%é) if austenite————upper bainite

Murry has also pointed out that the thermal contractions
are strongly dependent on whether the structure is still
austenitic (linear contraction of 1.4% for a 500°C
temperature drop) or has transformed to ferrite/pearlite/
bainite/martensite (linear contraction of about 0.8% for a
500°C temperature drop). Buhler and Rose's explanations

of thermal contraction and transformation stresses were
therefore considered an oversimplification of the problem. .
Murry concluded that these differences could be explained
on a qualitative basis, provided that the material was
considered to be completely plastic when austenitic, but
elastic after transformation had occurred. Thus transforma-
tion of the surface produced an elastic skin around the
cylinder. When, however, the analysis was attempted for a
lower hardenability steel, the required residual surface
stresses could be explained only when the surface behaved
as an elastic/plastic shell, after it had transformed to a
mixture of ferrite and pearlite.

Surface hardening processes which alter the specific
volume at the surface, but which do not alter the specific
volume at the core of a component, will give rise to
- residual stresses, even in the absence of any significant
thermal gradients. Compressive stresses as high as
1060 N/mm? have been measured in the surface of specimens
which have been nitrided by glow-discharging at 525°Ch0.
Carburising similarly leads toAcompressive surface

stresses, but these stresses may be modified by additionai
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thermal and transrormatlon stresSses, when the component
is quencheaul Any retained austenite in the case will
reduce the compressive Eurface stressesue. Induction
hardening of a steel surface also increases the specific
volume of this part of the component after it has been
cooled to room temperature; but this situation will again
be modified by thermal and transformation stresses during

~quenching. Compressive surface stresses of around 1000 N/mm?

have been found in induction hardened surfacesh3Jm.

2.2.3 Distortion measurements

The distortions which occur as a result of heat

treatment have been classified into 3 types by K. Sachs:l}5

(i) Changes in volume
(ii) Symmetrical changes in shape

(iii) Warping

Thus the transformation of a structure consisting of a
ferrite/carbide mixture to a martensitic or bainitic
structure via austenite resulted in a small volume increase.
But the situation was more complex when the structure
produced was not completely martensitic or bainitic, since
the final volume then also depended on the quantities of
each phase present after transformation. Symmetrical
changes in shape were attributed to internal stresses
which were symmetrically distributed in the component.
Warpage was the result of any of the causes of distortion
that did not act symmetrically on the body.

3 has reviewed the distortion of tool steels;

Lement"
but has distinguished two types of distortion only. He
classified the overall volume change as "size distortion";
but did not distinguish between shape change distortion and

warpage, but included both these categories in his
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aescription or "shape changes”. Lement has given equations
that may be used for the calculation of the volume changes
of carbon tool steels dﬁring hardening: different initial
and final structures could be accommodated in the
calculation. The volume change for the net "reaction" of

a ferrite and cementite aggregate that has been transformed
to a martensitic structure can be obtained by adding the
appropriate "reactions":- S

Volume Change%

Aggregate of Ferrite
and Cementite - Austenite -4.64 + 2.21 (3C)

Austenite » Martensite 4.64 - 0.53 (3C)

Aggregate of Ferrite Martensite + 1.68 (3C)

and Cementite

Llewellyn et aliza};6 have measured the density change,
Ap, that accompanies the overall change from a ferrite/
pearlite structure, using a range of carburising steels.
Provided there was no retained austenite in the steels,
the density change was found to depend on the carbon
content only:-

Ap = 84.13 x (3C) £10 kg/m® 2.8
This is equivalent to a volume change determined by:-

% Volume Change = 1.09 x (%C) +0.13 2.9
Several general papers have been published that discuss the
causes and control of distortiofﬂhT’hBJQ’%% BISRAFY have
summarised the variables that were thought to influence the

distortion of steel components during heat treatment, viz:-
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(i) Coefficient of thermal expansion.
(ii) Elastic moduli. of the steel.

(iii) Stress-strain characteristics of the steel which
determine the stress at which plastic

yielding will occur.

(iv) Rate of heat abstractiop from-the part.

(v) Thermal diffusivity of the steel.

(vi) Volume chaﬁges due to transformations.
(vii) Hardenability.

(viii) Size and variation of section size and sﬁape.

(ix) Non—uniformity of chemical composition.

(x) Internal stresses derived from previous operations.
(xi) Externally applied forces.

(xii) Anisotropy of properties.

Details were given of the numerical values of the
coefficient of thermal expansion, the elastic modulus, the
elastic limit and the thermal diffusivity for the range of
steels commonly hardened by quenching and tempering.

It was concluded that though each of these parameters was
relevant to the development of distortion, they did not
vary greatly from one steel to another, although their
variation with temperature was recognised. They suggested
the most important variables were:

(i) Hardenability.
(ii) Changes in section size.
(iii) Non-uniformity of chemical composition,

particularly carburised cases.

K. Sachsl‘Ls

steels, found that the distortion of these materials was

;, who was primarily concerned with tool

dependent on the orientation of the direction of working.'
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He attributed this anisotropic behaviour to the difference
between the thermal expansion coefficients of the
undissolved carbide stringers and the matrix. Fresher51
has postulated that a slow heating rate, followed by a
rapid cooling rate could cause distortion parallel to
carbide stringers by a ratcheting mechanism, but not normal

to them. Scott and Gray52

have similarly found the
distortion of high chromium tool'steels to be strongly
dependent on the alignment of carbide stringers. Plate
specimens which had been upset forged to produce a more

globular carbide distribution did not show this phenomenon.;

The geometry of components has a marked influence on
distortion. Thelning has reported examples of the
dimensional changes that result from hardening of plain
carbon, low-alloy and high speed steels. The examples
covered a wide range of engineering compéhents and showed
the marked way in which different shapes may produce wide
variations in distortion behaviour. The proportion of
martensite in Ehe cross section had a significant effect .
on distortion, as also did the presence of residual

austenite.

The influence of geometry has also been investigated

by Novik et alia.s3

, who measured the distortion of rings

of different shapes and sizes of a low-alloy steel

(0.42%C, 0.71%Mn, 0.9%Cr) that had been quenched from 85000
into oil. The initial outside diameter, internal diameter
and thickness of the rings all affected the distortion
significantly. Child and PlumbsLL have surveyed the factors
influencing the distortion of tool steels during the
complete heat treatment process, and have demonstrated that
the results from one test piece can not be related to those

of another.
Dumont et alia55 have discussed the way in which the

selection of a quenching oil may influence distortion.
They have suggested that the high temperature stages of
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cooling above the Mg temperature are frequently neglected
when the choice of oils. is made. The main criteria in
their selection required that nucleate boiling should have
ceased before the Mg temperature had been reached56.
Dumont et alia argued that although the thermal stresses
are weak during the early stages of quenching, they may
still cause significant distortion on account of the low
elastic limit of the material at the high temperatures
during the early stages of guenching. They therefore |
considered the vapour blanket stage of the quench to have
a significant effect on distortion, and suggested that a
gradual transition from the vapour blanket to nucleate
boiling stages would reduce distortion.

The complex influence of geometry on distortion, has
led some investigators to use specimens that required only
a single measurement to quantify distortion. An example of
one such specime&3(the 'Navy C') is shown in Figure 15.
Others have based their work on simplified forms of
engineering components.

Lacoude and Tricot57, and later Champin, Seraphin and
Tricotﬂa have used slit-disc specimens (shown in Figure
16), which were inspired by the 'Navy C' type specimen.
The results of work on 42CDh4, 25CD4 and 16NC6 steels led to
the conclusion that the oil bath temperature markedly
affected the amount of distortion; furthermore,an optimum
oil bath temperature existed which produced minimum
distortion. However, this oil bath temperature was found
to be dependent on the specimen material, the austenitisation
temperature prior to quenching, and the initial grain size

of the specimens.

Variations in the dimensions of carburised gears is a
common problem in the automobile industry, consequently an
appreciable portion of the work carried out on distortion

has been done with carburised specimens. Tricot et aliayhsa,
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who used slit-disc specimens to study the influence of
carburisation on distortion, concluded that the distortion
of specimens quenched in cold oil varied directly with the
steel hardenability. As was the case with non-carburised
specimens, an optimum oil temperature was found at which
distortion was a minimum. The depth of the carburised

case was found to influence distortion, and for case depths
of between 0.9 mm and 1.2 mm the distortion was found to
increase in proportion to the case depth.

Hopkins and Holland59 have used 'Navy C' specimens
to examine the distortion of a carburised 2%NiMo steel.
Two casts of the steel were used, the compositions of which
were: A - 0.22%C, 0.24%Si, 0.57%Mn, 0.33%Cr, 1l.75%Ni,
0.28%Mo and B - 0.20%C, 0.29%Si, 0.53%Mn, 0.33%Cr, 1l.7%Ni,
0.26%Mo. However, although the compositions of the casts
were similar, the mean distortion of o0il quenched specimens
of cast A was found to be twice that of cast B. This
inherent difference between the characteristics of the two
casts had a greater influence on the distortion than any of
the other variables investigated. Unlike Tricot et alia?7d$,
Hopkins and‘Holland found that variations in the case depth
of between 0.5 mm and 1 mm had no significant effect on
distortion. Likewise, variations in the quénching
temperature between the limits of 800°c and 850°C did not
affect the amount of distortion.

Practical examples of the distortion of carburised

gears have been given by Mocarski15

, who pointed out that
an increase in the carbon content of the case altered the
characteristics of the martensite transformation (see
Figure 17). Thus during quenching, the core transformed
before the case, which was still austenitic owing to its
lower Mg temperature. Mocarski suggested that under these
conditions the soft case distorted in order to accommodate

the transformation strains produced in the core.
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Llewellyn and Cook *~ have carried out an extensive
investigation into the distortion of carburising steels
using washer-like specimens. During a previous investiga-
tion at the same laboratories60 using 'Navy C' specimens,
gap openings of up to 1.2 mm had been found, which were
considerably larger distortions than are normally found
with carburised gears. A washer-like specimen was
therefore developed (see Figure i8) which represehted a
simple, toothless gear, although the greater section size
made this specimen more susceptible to changes in the steel
hardenability. Various low-alloy and Mn-B steels were
used in the investigation in both the carburised and
non—-carburised conditions. Compositions used included.
chromium contents of up to 3% and nickel contents of up to
4%%, '

Four major factors were found to have a significant
influence on distortion:

(1) Cooling rate
(ii) Carburising
(iii) Hardenability

(iv) Composition

Of these variables, cooling rate was by far the most
important. Like Mocarskil®?, Llewellyn and cook™*
considered the influence of carburising on distortion to be
associated with the different temperatures at which the
case and core transformed during quenching. Furthermore,
the distortion of steels with low hardenability was
affected by carburising to a greater extent than steels
with higher hardenabilities. The cores of specimens with
low hardenability transformed at relatively high temperatures,
and thus the distortion of these specimens was considered
more susceptible to a reduction in the Mg temperature of

the case as a result of carburising.
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The influence of hardenability was investigated by the
use of steels of various nickel and chromium contents.
Llewellyn and Cook argued that, although hardenability and
chemical composition are related, the influence of
hardenability on distortion will cease when the hardenability
becomes great enough to produce martensite throughout the
section. Further alloy additions only depress the Mg and
Mf temperatures. Therefore a faétor was used to describe
the hardenability of the steels, which became unity when the
structures became completely martensitic. The distortions
of all the non-carburised specimens (with the exception of
the boron steels) were then compared with this hardenability
factor, provided the value of this factor was less than
unity; at higher hardenabilities, the distortions were
compared with the Mg temperatures (see Figure 19). A good
correlation was obtained with the distortion of a wide range
of low-alloy steels, although boron steels exhibited a
considerable difference in behaviour from other materials
of similar hardenability. The distortion of these steels
was generally lérge, and no satisfactory explanation for
their uniqué behaviour could be given; although it was
tentatively suggested that the different behaviour of these
steels was the result of marked depression in the Mg = Mf
temperatﬁre range, on account of the presence of interstitial
boron atoms.

Llewellyn et aliéh’ have also reported on the
distortion of ferritic (0.04%C, 20.64%Cr) and austénitic
(0.03%C, 18.6%Cr, 9.47%Ni) stainless steel specimens which
had been quenched from 840°C at different rates (see
Figure 20). Since neither of these steels transformed
during quenching, the distortions were the result of thermal
contractions alone. The different behaviours were
qualitatively explained by the differences in the thermal
conductivities of the materials. Over the temperature range
involved, the ferritic steel possessed a 50% higher thermal
conductivity than the austenitic steel. It was suggested
that the surface regions of the austenitic steel specimen
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would be cooled more quickly, which would provide early in
the quenching process a skin around the outside of the |
specimen strong enough to withstand the contractional
stresses of the core. In the ferritic material, although
there would be smaller contractional stresses, the core
would be more liable to plastic flow, on account of the
lower high temperature strength compared with the austenitic
material. Consequently there would be, in this latter

case, a reduction of the specimen dimensions.

It has been widely proposed that interrupted quenching

9’62’6% K. Sachshs, however, has

can reduce distortiorf5
reported the effects of martempering on the distortion of a
13%Cr, 2.25%C die steel, where martempering did not produce
greatly different distortions from normal oil quenching and,
in the case of certain geometries, resulted in increased
distortion. This behaviour was attributed to the severity
of the molten salt quench to the intermediate temperature

in combination with a holding time, which allowed the
austenite to relieve the quenching stresses by distortion.
Priestner énd Hasan6h found that interrupted quenching
increased the bending distortion of their carburised
specimens, but reduced it in non-carburised specimens. "

The explanation of this effect was similar to that of Sachs.

2.3 Prediction of Thermal Stresses During Quenching

Analytical solutions to thermal stress problems are

available for simple shapes with simple temperature

65,66,67

distributions provided plastic flow does not occur.

When plastic flow'occurs, the mathematics of the problem

become increasingly more intractable and solutions are
available only for special casesQL63£Q none of which are
relevant to the problem involved in the quenching of steel

5,16

components. Denton and Andrews2 have both described
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the essential steps required for the calculation of
quenching stresses. The first step involves the
calculation of the temperature distribution within the
body at different times during the quench. Secondly, the
elastic stress distribution that results from the change

in temperature distribution during each time increment

must be found, assuming that external loads and moments are
applied to constrain each element within the body. The
third step, is £he removal of the applied forces and moments,
which causes the different elements in the body to deform
(either elastic and/or plastic strain), in such a way that
not only is complete compatability retained between the
elements, but also the internal stresses produce both force
and moment equilibrium throﬁghout the body. The complete
analysis of the.stress and strain behaviour during the
whole of the quench is obtained by repeating this process
after each time increment during the quench.

It is the possibility of plastic flow during the third
step of this procedure that creates the greatest
difficulty. In 1947 Russell 0 published the results of
calculations of stresses in quenched steel cylinders,
in which he assumed the material behaviour was always
elastic; this assumption was necessary because, at that
time, it was not possible to solve the problem when plastic
flow occurred. Only in recent years has the increased use
of digital computers enabled attempts to be made at complete
- solutions to the problem of stress generated in quenched
specimens of simple shape. Nevertheless, RusselJ..TO proposed-
that before quenching stresses could be calculated, there were
five subsidiary problems to be considered:-

(i) The calculation of the temperature distribution
throughout the body, allowing for the heat
generated during the decomposition of the

austenite.

40



11) The progress oI the decomposition oI the
austenite phase at different positions in the
body.

(iii) The determination of the elastic constants
over the temperature range involved.

(iv) The determination of the flow stresses and
plastic behaviour over the temperature range
involved.

(v) The influence of pressures set up during
partial transformation on the remainder of
the transformation.

2.3.1 The calculation of temperature distributions

- in the body

The effect of time on the temperéture distribution

within a quenched steel component is described by the

differential heat conduction equationTl

2 xae_),,_a_ e, o <A39.)+Q=pcp§9_ 210
ax BX ay Sy oz oz °t

The solution of this equation is difficult and
simplifying assumptions are invariably necessary. Three
different techniques are available for its solution :

(i) Analytical solutions involving classical
calculus techniques.

(ii) Numerical solutions (finite difference and
finite element methods).

(1ii) Analogue solutions.

41



pxXamples or analytical solutions are available in
most of the standard heat transfer texts7l’7% but the range
of solutions is severely limited by the restrictions required
to the initial and boundary value conditions. It is
essential that the initial and boundary conditions are
invariable, or else vary as some simple function of the
variable concerned. It will be seen later that during
quenching, all of the thermal properties described in
equation 2.10 are temperature dependent. In particular,
the boundary condition represented at the surface by the
heat transfer coefficient varies markedly with temperature
in an irregular fashion. Analytical solutions are not
available under these circumstances.

Various numerical methods for the solution of the
transient heat conduction problem have been proposed. _
Finite difference solutions have been given by Dusinberrevl3
and Adams and Rogers7; Two categories of finite difference
solutions exist which are either explicit or implicit.

For the one-dimensional problem the explicit formulation is

given by:Th

1 L n
Bn: - 611 = Qg Iier;_-}-l zer;. + ei-r-l} 2.11
At (Ax) 2
when
atdAt =y . 2.12 .
(Ax) 2
this reduces to the well known Schmidt formulationz§
n . n
e‘;“- = (§i+1 + ei~1) 2.13
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Implicit formulations do not suffer from this drawback and
are stable for all values of the left hand side of the
equation 2.1878.

The finite difference methods of solution are
particularly suitable for use with digital computers, are -
not dépendent on fixed boundary conditions, and can be
modified to allow for temperature dependent thermal
Jg. The methods of
formulation can also be modified to analyse two and three

dimensional heat flow7%‘

properties and latent heat evolution

Finite element methods for the solution of the
differential heat conduction equation have also been
developed for use with digital com}pu’t:ersgo’gl’82
The relevant equations for the interior nodes of an
infinite plate subjected to one-dimensional heat flow have

been given by Lemmon and Heaton§3as:

A(% - ¢M>6§ii + 2(%- - ¢M>é£+1 + (% - ¢M)6§1
= [% + (1 - ¢)mj|eri‘_1+ 2[-} - (1= ¢>M]9I;

+ [% + (1 - ¢)M]6ni+l 2.19

where:-

M = o+ght 2.20
(Ax) 2

The equation reduces to a backward-difference form for

¢ = 1, a forward-difference form for ¢ = O, and mid-difference
form for ¢ = %. The physical difference between this finite
element formulation and the finite difference formulations

o
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is that the finite element method uses a weighted average
of three discrete temperatures for the thermal storage
term, whilst the finite difference methods use a central
temperature only. Lemmon and Heaton have shown this leads
to only a slight improvement in accuracy whilst the
stability limitations are much more restrictive.
Furthermore, the finite element methods require
substantially more computer time.

Several workers have developed analogue methods of
solution to transient heat conduction problems. ,Liebermannah
has described an electrical analogue, and hydraulic

85 and Coyle§6.

analogues have been described by Juhasz
The accuracy of these methods is limited by the control of
experimental variables and it is difficult to use results

from them directly for subsequent digital computations.

2.3.2 Heat. transfer at the surface during gquenching

The heat transferred from the surface of a body
represents one of the boundary conditions for equation 2.10
-and must therefore be established if the thermal stress
problem is to be solved.

(a) General characteristics of surface heat transfer

during quenching

The relationship between time and temperature
during quenching of a steel component in a liquid is now
well understood. Figure 21 shows typical cooling curveé
at the surface and centre of a hot solid when quenched
into a cold liquid; the simplest classification involves the

following étages%t

Stage A' is extremely brief and is sometimes called the

"initial liquid contact stage". It is usually considered
unimportant, and its detection requires a very sensitive
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measuring system; even then it may be undetectable in some
quenchants. Stage A, the "vapour blanket stage" is
characterised by the formation of a vapour blanket around
the specimen. It occurs when the heat flux from the
specimen is greater than that required to form a continuous
film of vapour around the specimen surface. The vapour
blanket acts as an insulator so that the cooling rate is
low. Heat transfer occurs mainly by radiation through the
vapour blanket to the surrounding liquid.

Stage B, the "vapour transport cooling stage" or "nucleate
boiling stage" is characterised by the highest cooling rate.
The temperature difference between the specimen surface and
quenchant is too small to méintain an unbroken vapour blanket,
and the liquid in contact with the hot surface generates
nucleate boiling. Heat transfer involves the removal of
latent heat of vaporization of the liquid.

Stage C, the "liquid cooliné stage" or "convection stage"
commences when the specimen surface is too cool to nucleate
vapour bubbles, and boiling ceases. Heat transfer is by
natural or forced convection, depending on whether or not
the guenchant is agitated.

A number of highly empirical tests have been used

commercially88 -89

to assess quenchants, under circumstances
where the primary -concern has been the time taken for a
~specimen to cool to a specific temperature, regardless of
the heat transfer mechanisms involved. The characterisation
of the quenchant behaviour from cooling curves obtained by
temperature measurements within the specimen are of limited
value, although this technique has been widely used:££90’91’92
analyse and compare the behaviours of different gquenchants.
Quench data preseﬁted in the form of cooling curves cannot
be used directly in the solution to the differential heat
conduction equation. Furthermore, even though the heat

transfer mechanisms operating during the quench are
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dependent on the temperature at the specimen surface, the
vast majority of published cooling curves refer to
temperatures measured at the centre of specimens.9o’9l’92
Knowledgé of the variation of the surface heat transfer
coefficient with surface temperature is required for the
correct analysis of quenchant behaviour, since this
information can be used directly in the calculation of

time-temperature distribution in quenched components.93

(b) The measurement of surface heat transfer

coefficients during guenching

The surface heat transfer coefficient, h, is
defined by%q ' '

a0 _ o
A (;{- ) = h (esurface eenv:'.rorxment) 2.21
surface '

During quenching, when the heat flow at the surface and the
rate of change of surface temperature are both very high,96 97
the direct measurement of these entities is very difficult.
Therefore, in practice, it is necessary to measure the
temperatures at interior points, and to extrapolate the
results in order to determine the temperature and temperature

gradient at the surface?8

The easiest solution to the problem was the "lumped

h?9,100

parameter" approac when it was assumed that there

"was negligible temperature gradients within the specimen.
In this case the heat flux from the specimen was given by:

: A dt

where Q" is the heat flow rate per unit area.
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This approach was considered accurate provided that

the Biot number was less than O.Z}OIan Bergles and

Thompson99

used it with water quenched copper specimens and
suggested that with a maximum Biot number of 0.24 their
results were accurate to within +3°C. The "lumped parameter"
approach was also used by Simon and Bigotq6 to calculate

the heat fluxes produced during the quenching of thermo-
couple junctions.

Lambert and Economopoulosg,8 who developed cylindrical
and plate probes to measure h, found that perturbations in
the surface heat flux became progressively more attenuated
as the distance of the point of temperature measurement
from the surface was increased. Figure 22 shows the
variation of the mean error "t" in h values as a function
of the depth beneath the surface of a 20 mm diameter probe.
Unfortunately, Lambert and Economopoulos have not given
details of the absolute magnitude of h on which these
calculations were based. Because of the practical problems
of drilling small deep holes accurately, thermocouples
were located at 1 mm depth, and an implicit finite
difference solution of the heat conduction equation was
used to obtain h from the experimental cooling curve data.

Paschkis and Stolz®’ have also pointed out that the
thermocouple should be located as close to the surface as
possible. During investigations with 25 mm and 50 mm
‘diameter spheres, it was found that temperature gradients
could be ignored when the values of h were low (e.g. in
vapour blanket and convection stages). At higher values
of h, when significant temperature gradients occurred within
-the specimens (e.g. in nucleate boiling stages), they
developed two methods of solution95 based on an.electrical
analogue and a nuﬁerical step-wise solution to the inverse
heat conduction problem. With very high heat transfer
rates, both methods of solution‘were liable to become

unstable.
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Beck and Chevrier™ ~have used cooling curves measured
at the centres of cylinders of 10 to 30 mm diameter to
determine surface heat fluxes, Radial heat flow only was
considered, despite a diameter to height ratio of merely
1:3. The use of an explicit finite difference method to
analyse the cooling curve data required small time
intervals in order to meet the relevant stability criteria:
thus a typical experiment lasted 60 seconds and involved
about 60 experimental readings, whereas 1,000 readings
were needed for the numerical analysis of the results.

The problem was overcome by fitting polynomials to the
experimental data and interpolating to obtain temperatures
at the required small time increments.

Mitsutsucké and Fukudayﬁ*have also used an explicit’
finite difference method to evaluate h from cooling curves
measured at the centres of quenched plates of 28 mm
thickness. For each value of experimental time and
temperature they made an initial estimation of h, which was
used to obtain a calculated time and temperature at the
end of the step. The estimate of h was then successively
adjusted until, at the end of each step, adequate agreement
was reached between the calculated and experimental time/

temperature data.

(c) Comparison between surface heat transfer during

guenching and that obtained during steady state
conditions ‘ ’

Nukiyamgﬂs

'and Farber and Scorahl®® were some of
- the earliest workers to investigate steady state boiling
phenomena by heating wires submerged in water. These
results were expressed as the "boiling curve", shown in
Figure 23. Although a large amount of research has been
carried out on heat transfer by nucleate boiling under

steady state conditig%7}08ﬂﬂg’lu)it has been found that

the correlations between heat transfer and the other

experimental variables concerned are prone to large errors.
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1nis nas been attributed TO tiie complexity OI the veloclity
and temperature profiles that occur in the multiphase
environments which are presentyh In particular, the most
difficult problem has been considered to be the

estimation of the point at which a transition from nucleate
boiling to film boiling has occurred.

Mitsutsuka and Fukuda'l found that all the
characteristic Stages in the boiling curve were present in
cooling curves measured near the surface of quenched
specimens. Bergles and,Thompsor%>9 directly compared the
surface heat transfer fluxes in the steady state with those
obtained during quenching, and concluded that there were
significant differences between them. Some of the
differences, however, were subsequently attributed to
erroneous variations between the surface conditions of the
specimens used.

Lambert and Economopoulos98

have pointed out that,

for the purposes of subsequent heat transfer calculations,
a knowledge is not required of the complex heat transfer
mechanisms that occur during quenching. Surface heat

- transfer coefficients evaluated during the course of a
quench were considered applicable provided that the surface
conditions of the specimens used to evaluate h were

comparable with those which occurred in practice.

(@) Influence of experimental variables on the surface

heat transfer coefficient

(i) Type of Quenchant

This has the largest influence on h. Numerous
surveys have been carried out on the influence of different
é5’87’91’112, although much of the
data is presented only in the form of cooling curves.

quenchants during quenchin
Most quenchants are either aqueous solutions or oil:

aqueous quenchants usually give higher cooling rates. .
However, solutions of NaCl and NaOH give faster cooling
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rates than water alone. Mixtures of water with polymers
or oils are reported to be capable of cooling rates
intermediate between those of -water and oil alone.gs’113
Quenching oils.are usually categorised as fast, intermediate
and slow, although the only significant differences between
such oils has been shown to be the temperature at which the
vapour blanket breaks downfﬂ* Recently, substantial
industrial interest has been shown in certain polymer

92th'which become less soluble in water as the

qguenchants
temperature of the solution is increased and are said to
exhibit "inverse solubility". This class of polymers are 113
soluble in water at low temperatures only (e.g. below ~80°C).
When a component is quenched, the water solution around it
is warmed and a layer of the polymer is deposited on the
component, which reduces the surface heat transfer

coefficientﬁlB

(ii) Component Size and Shape

Component shape is known to have an influence on
h. Nucleate boiling commences at edges and corner-sST’%’th
and vapours may be trapped in any recesses. The direction
in which a component is quenched also has an influence.
Mitsutsuka and Fukuda:Lls found that the value of h obtained
on the underneath surface of a plate, quenched in a
horizontal position, was substantially different from that
obtained at the upper surface. This was due to the

entrappment of vapour underneath the plate.

Originally it was believed that h was largely
independent of the object size, provided the size of the
object being quenched was sufficiently small in relation to
the volume of quenchant used.95 However, Kobasko and

I?‘ederovl16

have proposed a'"self-regulating"” thermal
process that can occur at the surface of water quenched
components: the mechanism of this process is dependent on
specimen size, though the mechanism has been strongly

criticised by Troyanov}l7Also, from thermocouples located
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at the centres of water quenched plates, Mitsutsuka and
Fukunda'® found that h decreased as the plate thickness was
increased, (e.g. for a 28 mm thick plate, the maximum wvalue
of h was 7,790 W/m2°c at 250°C, whereas for a 110 mm thick
plate it was 5,230 W/m2°c at 190°c).

'Beck and Chevrier o>

reportéd a dependence of h on
specimen size during experiments that involved the quenching
of nickel cylinders in boiling water. Figure 24 reports
their results, which showed the variation of surface heat
flux with surface temperature (calculated from thermocouple
measurements made at the centres of the cylinders). It was
observed that nucleate boiling started at the

bottom of the cylinders and moved upwards as a front (shown
schematically in Figure 25). The dependence of h on the-
diameter of the cylinders was attributed to an anomoly
caused by the narrow width of the nucleate boiling front.
Thus the sharp increase in cooling rate experienced at the
centre of the cylinder as the nucleate boiling front moved
up past it, was reduced by the vapour blanket and
convection stages above and below it respectively. They
proposed that this effect was accentuated as the cylinder
diameter was increased, so that h appeared to be influenced
by the specimen diameters.

Paschkis and Stolz95 quenched both 25 mm and 50 mm
diameter spheres during the course of their work but have
- not reported any dependence of h on specimen size.

(iii) Material

The surface heat transfer coefficient was
originally considered to be independent of the specimen
materiaf?. Differences between the surface heat transfer
coefficients of specimens made from different materials
were attributed to the different nature of the oxide films
presenéw. Thus Lambert and E‘conomopouloss)8 compared h

values from a water quench using nickel and mild steel
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specimens. Proviaea the steel speclmens wexre oxlde Ifree
they found that there was little difference in behaviour
(see Figure 26). However, Beck and Chevrier *°3 found that
the heat flux at the surface of 30 mm diameter cylinders
when quenched in water was different in the cases of nickel
and aluminium cylinders (see Figure 27). Initially these
differences were attributed to the narrow width of the
nucleate boiling front as already described above. Thus
differences in the thermal properties of the specimens

were considered to produce a similar effect to a change in
specimen size. However, in a more recent paper with Flament and
Moreauxll8 they have reported the surface heat fluxes
measured from 16 mm diameter Al, Ni and Ag cylinders when
quenched in boiling water (see Figure 28). Owing to the
small diameter of these specimens the different values of

h obtained with the different materials were not attributed
to the relatively narrow width of the nucleate boiling front
as before. They concluded that the temperature .at which the
vapour blanket broke down and the maximum nucleate boiling
heat flux were apparently dependent on the specimen material.
Thus making it impossible to completely characterise a
quenchant by a heat flux relationship dependent on the sur-
face temperature alone.

(iv) Surface Condition

Steady state experiments have shown that surface

condition is a major variable}OBJpg Surface roughness

_affects radiation heat transfefug

and hence the generation
of a stable vapour blanket. Surface roughness also has a
considerable effect during the nucleate boiling stage,
since it has a marked influence on the nucleation and
release of vapour bubbles, and increased roughness extends
the range of temperatures over which nucleate boiling

10
occurs.

Surface oxides and other aeposits have been found to

have a complex effect on the surface heat transfer
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coerricient during quenching. Lambert and Economopoulos’”
have found that the magnitude of the surface heat transfer
coefficients obtained during the quenching of mild steel
specimens were generally reduced by an increase in the
amount of surface oxidation (see Figure 29). For steady

state nucleate boiling, Labunstov>7

has suggested that the
"wettability" of the surface can significantly affect ‘
surface heat transfer. Furthermore, he obtained evidence
that small quantities of scale or oxide may, in some cases,
enhance surface heat transfer by aiding nucleation.
Paschkis and Stolz’’

which had formed on the surface of specimens during oil

considered that carbonaceous deposits,

quenching, had aided surface wetting and hence produced an
80°c rise in the temperature at which the vapour blanket
stage ended and transition boiling commenced. An essential
part of this hypothesis proposed that liquid/solid contact
occurred during transition boiling. At the time, this

proposal was controversiafEOﬂzlﬂzz

and Canon and Park}zh have more recently demonstrated that

but Kessélring et ali§23,

such solid/liquid contact can occur.

125,126 found that a thin layer of a

Beck and Chevrier
material of low thermal conductivity can actually accelerate
cooling. This phenomenon was attributed to the layer
restricting heat transfer initially and de-stabilising the
vapour blanket. Figure 30 shows the influence of a 0.5 mm
layer of CaSO, on the cooling curve of a plain carbon -

steel specimen.

(v) Initial Specimen Temperature

Paschkis and Stolz 95measured the surface heat
transfer coefficients of silver spheres when quenched from
temperatures between 430°C and 870°C into cold still water.
The results obtaihed showed that as the initial specimen
temperature was lowered, the vapour blanket took longer to
become established, but the vaiues of the surface heat
transfer coefficient were the same for the remaindexr of the
quench.
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(vi) Quenchant Temperature

The initial temperature of a quenchant controls
the amount of heat that must be transferred to the
quenchant before boiling occurs; hence the initial
temperature 0f a quenchant has a pronounced effect on the
surface heat transfer during quenchi_ng;l27 The stability of
the vapour blanket stage is increased as the initial tem-
perature of the quenchant is increased and the vapour blanket

persists to lower temperatures%3?95suxilll

(vii) Quenchant Agitation

The general effect of increased agitation is to
accelerate the overall cooling rate, and the control of
agitation'is a long established principle in gquenching

operationsa.7

Mansion9l has investigated the influence of
agitation on the cooling mechanism of oils and found that
agitation did not greatly affect the temperature ranges
over which the different heat transfer mechanisms operated.
The cooling rate in the nucleate boiling stage was slightly
increased, but the greatest effect occurred in the vapour

95

blanket and convection stages. Paschkis and Stolz " and

Lambert and Economopoulos98

found the greatest effect of
agitation occurred in the vapour blanket stage, where it
reduced the stability of the vapour blanket. In extreme
cases, e.g. spray quenching, the vapour blanket may become
completely broken up%28 These findings are in agreement
with those of Labunstovlog, who concluded that under steady
“state conditions, the heat transfer in the nucleate boiling
stage was insensitive to circulation, thoﬁgh circulation
‘affected the minimum and maximum surface temperatures at

which nucleate boiling occurs.

2.3.3 The relationship between temperature and position

during quenching

The relationship between temperature and position in a
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quenched specimen may be determined either experimentally
or else by the solution of the relevant heat conduction
equations. The first method involves the determination of
the felationship'between time and temperature by the use of
thermocouples placed at various depths in the specimen%26ﬂ29
Temperétures at intermediate locations must be found by
interpolation.‘ This,technique is the most reliable, but it
is extremely laborious and the results are normally
applicable only to one specific set of experimental
conditions. The alternative involves the solution of the
differential heat conduction equation, using the relevant
boundary conditions and material properties. This method
is very versatile since it may readily be adapted to any
experimental situation. However, it is in practice limited
by the lack of accurate physical property data required

in the calculation.

A development of the experimental technique was

employed by Tokihiro and Tamura-

+ who determined cooling
curves at the centre of a quenched specimen. From this
"master cooling curve" predictions were made at the centres
of specimens of various sizes by the use of empirical
relationships.

Archambault and Chevrier13

lhave used an implicit
finite difference method to calculate the temperature
gradients produced in nickel cylinders that had been
‘gquenched in boiling water. This utilised a bi-dimensional
solution to the heat conduction problem, with heat
extracted radially from the cylindrical surface as well as
axially through the bottom of the cylinder. The thermal
properties of nickel were considered to be independent of
temperature so that the surface heat transfer coefficient
was the only temperature dependent variable. The effect of
temperature on the surface heat transfer coefficient was
represented by two linear functions, which approximated to

results obtained in the vapour blanket and nucleate boiling
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stages. The calculated temperatures at the centre of the

cylinder agreed well with those measured experimentally.

Unlike nidkel, the thermal conductivity and specific
heat of steel vary considerably with temperaturel32, and
should be taken into account if accurate solutions to the -
differential heat conduction equation are required.

133

Fitzgerald and»Sheridan' have analysed the re-heating of

slabs by the use of an explicit formulation of the
differential heat conduction equation for one-dimensional

heat flow:
n At n n n
ei (O‘td>en ( (Ax)z) (ei_l 26i + ei+1) 2.23
i

Since this investigation involved the heating of a low-carbon

9n+1
i

steel, the relationship between temperature and both thermal
conductivity and specific heat were well knoWnﬂjh The effect
of temperature on density was not included in their evalua-
tions of thermal diffusivity since the mass of the elements
remained constant during heating. The value of thermal
diffusivity used at each step in the solution, (atg 6?' was
based on the temperature of the element at the

end of the previous time interval.

Davis135

has investigated the effect of the introduction
of variable thermal properties into calculations of the
temperature distributions within quenched steel plates.

- For elements within the plate, the same finite difference
formulation as Fitzgerald and Sheridan was used (equation
2.23), but an iterative method was applied to the surfaée
element. Thus the thermal properties at the old time were
used to .obtain a first estimate of the surface element
temperature at the new time. The temperature at the old
and new time were averaged and the thermal properties of
the surface element at the average temperature were then
used to obtain a second estimate for the surface

temperature at the new time. The process was repeated
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until adequate agreement was achieved. Figure 31 shows the
comparison made by Davis between calculated and actual
temperatures in a 100 mm mild steel plate that had been

water quenched from 900°c. It is evident that there was

good agreement at most positions in the plate, but less
agreement close to the gquenched edge. The surface heat trans-
fer coefficient used in the calculations was given a value of
4.2 x 10* W/m2°c, but Davis made no reference to the
quenching conditions used during the experiment.

Hengerer et ea.lia:L36

‘ "have used an implicit finite
difference method to calculate the temperature distributions
in 50 - 1600 mm plates and 100 - 2000 mm diameter cylinders
of various low-alloy steels. These calculations used
physical property data that varied with temperaturé3isee.
Figure 32). The surface heat transfer coefficient was
obtained from the relationship between temperature and time
at a point 0.5 mm below the surface of a cylindrical
specimen of the appropriate material: this calculation
assumed that no temperature gradient existed in the
cylinder during the quench, which must be considered very
improbable in view of the high rates of cooling involved.
The calculated temperature distributions were compared with
published experimental data but reasonable agreement was
only found in a limited number of cases.

A major limitation to the accurate calculation of
_temperature distributions during the gquenching of steel
plates has been the lack of accurate data relating to the
surface heat transfer coefficient and thermal properties of
the material during quenching. Unfortunately, most of the
data available on the variation of the thermal properties
of steels with temperature has been obtained during the
heating cycle}Bh Qhen hardenable steels are ferritic or
martensitic for most of the temperature range. Atkins et
alia}38 however, have provided'data for the variation of A
and Cp of a 3%%Ni, 1.55%Cr, 0.45%Mo, 0.3%C, 0.1%V steel for
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both the heating stage and the subsequent quenching
operation from the temperature at which austenite had
become stable (see Figures 33 and 34). This data clearly
shows that the values of A and Cp vary significantly
between heating in the ferritic condition and cooling from
the high temperature austenitic condition.

2.3.4 Calculation of thermal stress during quenching

(a) Solutions using classical calculus methods

Several general texts are now available on the
subject of thermal stresses. Johns66has dealt with thermo-
elastic stresses associated with steady-state and some
transient temperature distributions. Benham and Hoyle69'
have given solutions to,steady—étate and transient
thermoelastic problems, and have also indicated a method of
solution to similar problems when plastic f£low is present
in some parts of the material. The most authoritative

texts on the subject are those due to Boley and Weimer67

and Manson;39

which deal with situations wherxre regions of
both elastic and plastic deformation are produced. Boley
and WeinerThave defined the complete problem to be solved
when a thermal gradient generates elastic stresses proVided
that no thermo-mechanical coupling occurs and the tempera-

ture distribution is known; thus the problem involves:-

6 stress components: Oyy: Oyyr 9zzr Oxyr Oyzr Izx
6 strain components: €xx, Eyyr €zz1 €xys Eyzr E€zx

3 displacement components: u, v, w
The values of these functions must be such that the

boundary conditions and the following 15 equations are met
throughout the body:
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3 equilibrium equations:

80,y . 305y . 304, C - o
X oy 92z ' -
00y 90 90

Xy vy YZ _
x Ty T t ¥ =0
90 o0 90

Xz Pyz zZ2Z 5
= t % 5 + 72 = 0

6 stress-strain relations:

€ = li? - v(o + C )] + o O

XX E | XX Yy ZZ ex
_ 1

€ = -1} - v(o + 0 )J + o 86

Yy ELYY zZZ XX ex

€ = 5{} - v(o + o )] + a 0

zZZ E| z2 XX Yy ex

— L . —_e .];__ 3 =

Xy  2G 0xy' eyz 2G Gyz' €2x

60



And 6 strain-displacement relations:

€y = -;-vxy = %(g;_ +§_}‘Z.> 2.31

€yz %’vyz = L(% + %’—) 2.32

€ = % Vo = %(2% + %§> 2.33

exx=zl; eyy-i’l; ezz=iw_ 2.34
X oy 0z

Solutions to these equations can only be obtained by
classical calculus techniques in a small number of cases;,
where assumptions can be made that allow the simplification
of the above equations. Where plastic flow is an -additional
complication, 501utions have only been obtained to special,
simple problems. Weiner has described an elasto-plastic
transient thermal stress analysis of a plate free from edge
restraint that was heated on one surface only. The
solution method was based on the Prandtl-Reuss stress-strain-
relations and the Von Mises yield criteria for plane stress
conditions. The material was assumed to exhibit no strain
hardening. In order to obtain a solution, Weiner assumed
constant tﬁermal and mechanical properties and simplified
the temperature distribution, but the method of solution
did not incorporate the effect of strain due to transfor-
mations. When this technique was taken a stage further by
Boleylm% who assumed both a temperature dependent flow
stress and the possibility of time dependent stress-strain
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behaviour, a complete analytical solution was no longer
possible and numerical methods were employed to achieve an
approximate solution. The solution still did not include
the effects of strains due to phase changes, which are
essential in the case of the quenching of steels.’®

Weiner and Huddlestonlh1

were able to obtain an elasto-
plastic solution for the progression of a phase transfor-
mation in a cylinder, but only when there was a constant

temperature distribution within the specimen.

(b) Alternative methods of solution

Chevrier® has calculated the stresses developed
during the quenching of aluminium alloy cylinders. This
material exhibited no transformation during quenching and
the variations of both Young's modulus and the uniaxial fiow
stress with temperature were easily measured. The
temperature distributions used by Chevrier in the stress
calculation were obtained directly from thermocouples
located in a quenched cylinder. A constant strain
hardening rate was assumed, together with constant values
of the thermal expansion coefficient and Poisson's ratio.
The equations used by Chevrier to calculate the stress
under elastic conditions were:-

r,
o, = oexE L j[ 6.r.dr + E . Cy
(1-v) r?
r (1-v) (1-2v)
- —E 1 g 2.35
(1-v) r? '
I
oy = GexE 1 0.r.dr - %exES
(1-v) r? (1-v)
. -
+ E .c; + —2 . L ¢ 2.36
(1-v) (1-2v) : (1+v) r?
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o_ =0 + 0 - 2.37

Chevrier divided the cylinder into elements and, by the
application of‘the relevant boundary conditions, evaluated
the integration constants C; and C, in equations 2.35 and
2.36. The elastic stresses preseht in the cylinder were

then‘determined at the end of each of a series of small
V time increments into which the quenching period had been
divided. At each stage the calculation of elastic stressés
was followed by the application of the Von Mises plasticity
criterion:-

2 2

™y, = (o -0

r 6 2.38

- r°e) - ¢
In cases where plastic flow occurred, the original estimate
of stress was replaced by the appropriate value of the flow
stress. However, Chevrier made no adjustment to the stresses
in that part of the specimen subject to elastic stress,

which must inevitably follow an adjustment to the stresses

in the parts subject to plastic deformation. Archambaultlh2
modified Chevrier's method of calculation by the addition of
an extra stage after the application of the plasticity
criterion; during this stage the internal stresses were
rebalanced. Since this change in the stresses also required
a modification to the stresses in the plastic zone,

l39to obtain a

Archambault employed an iteration technique
state of equilibrium after the application of the yield
~criterion; The calculations of Chevrier and Archambault
both demonstrated that, in the absence of transformation
strains, tensile plastic flow at the surface resulted in a
compressive residual surface stress at the end of the
cooling process.

143 have published the results

Spektor and Stepanova
of the calculation of the stresses developed during the
quenching of plates of a 1%C, 1.3%Cr steel. However, no

details were given of the method of calculation and no
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rererences are clted. 1Yne results showed that the surface
stresses in 10 mm and 20 mm plates became initially tensile,
then compressive during the transformation of the surface
region to martensite, and finally tensile after the
transformation of the centre of the plates. Although the
surface strain could reach a value close to 10™2? during the
course of quenching, the final strain was often less than
10" ®. No supporting experimental residual stress or strain

measurements were presented.

Toshioka et aliéug‘devised an approximate method that
may be used to calculate the stresses induced during the
quenching of 0.45%C steel cylinders. It was suggested that
the time taken for the steel to cool had no bearing on the
generation of stress, which depended only on the strains -
induced in the different parts of the specimen by the
changes in the temperature distribution. Temperature
distributions within the cylinders were expressed as:

=1 rze 2.3
er— -A§ o : .39

The temperature distribution within a cylinder during the
quench was thus defined in terms of the temperature at the
centre of the cylinder, and different quenching severities
were simulated by alterations to A. The flow stress was
considered to be zero whilst the material was in the
austenitic condition, but during the transformation to.
martensite the flow stress increased by an amount that was
in proportion to the volume fraction of martensite present.
The boundary between the elastic and plastic regions was
assumed to exist in that part of the cylinder which was in
the process of transformation from austenite to martensite.
During cooiing the precise position of this boundary was
found by a balance between the forces exerted inside of the
central zone, as a result of the formation of martensite,
with ‘those occurring in the outer region. - The effect of
temperature on the thermal expansion coefficient, Young's
modulus and Poisson's ratio were ignored, together with the
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effect of strain hardening. The results obtaimed showed
that during the initial stages of transformatiom the surface
stresses were compressive; but later, high tensile values
were obtained in this part of the specimen whem A was less
than 0.65 (equivalent to gquenching in slow and intermediate
oils). However, when A was greater than 0.65, #*he final
surface stresses were compressive. Toshioka et alia used
the technique to estimate the conditions under which
specimens of low hardenability steels could be completely
transformed to martensite without cracking.

Fletcher1hh has recently proposed a numerical method
for the determination of the stresses and strains in plates
of low-alloy steel which transformed completely to
martensite duriﬁg quenching: this technique has been used
as a basis for the current work. . The method considered
heat transfer only through the thickness of the plates, so
that stresses were developed only in the plahe»@f the plate.
The temperature distributions within the plate were
determined by the use of an explicit finite difference
method, with the relevant thermal properties taken from
various published sources. Young's modulus and the flow
stress of the material, whilst in the austenitic «condition,
were both approximated to linear functions of #emperature,
and the martensite transformation strain was calculated
from lattice parameter values. The quantity of martensite
produced at temperatures between the Mg and Mg temperatures
~was' assumed to be proportional to the differemce between
the actual temperature and the Mgy temperature. After each
time increment the thermal stresses associated with the
change in temperature distribution were initially considered
to be elastic, and distributed in sﬁch»a way that there was
no net force on the plate. The Von Mises yield criterion was
then applied, assuming no strain hardening; which caused the
forces within the plate to become unbalanced. By an
iteration process the required prior elastic siress
distribution, which would'give no net force on the plate
after yielding, was determined. By this method it was possible
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to follow the development of stresses and strains during

the quenching process and the method predicted the final
shape distortion as well as the residual stress distribution.
No experimental evidence was presented in support of the
results of the calculations.

138 have been the only workers to deal

. Atkins et alia
with the effect of stress relaxation on the generation of
thermal stress during quenching. tress relaxation processes
were considered important because they were dealing with
lafge rotor forgings, which were cooled relatively slowly.
Initially the elastic stress distribution was calculated at
the end of each time increment in the cooling process.

Stress relaxation was assumed to occur only to the outer
layer of the rotor during the course of the time increment
but, like Chevrier,lono attempt was made to redistribute

the elastic stresses over the unrelaxed portions of the
cylinder, which was necessary if force and moment equilibrium
were to be maintained within the rotor.

Several workers have used the finite element method
to analyse the generation of stress in quenched steeJh5 146,147
specimens. The finite element method is now well documented
and is essentially a process through which the structure is
approximated to an assemblage of elements. The elements
are considered interconnected at a discrete number of mnodal
points at their boundaries. The state of displacement in
each element is defined by functions in terms of the nodal
'displacements. The state of stress throughout each element
is defined in terms of these strains (including any initial
strains), and the elastlc properties of the material.
Matrices of the relevant equation are set up for all the
elements. in the structure and solved. Zienkiewiezlh5 has
pointed out that the finite element method is equivalent to
an approximate minimisation with respect to nodal displace-
ments, and represents a minimisation of the potential energy
of the system.
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Although the finite element method is now well
established as a powerful technigue of stress analysis, the
great complexity of the data required in the calculation of
the thermal stréss»generated during quenching has led to
the representation of this data by the use of various
approximations. The accuracy of the calculations has been-
adversely affected by many of these approximations.

Inoue et a.]-.ialb'8 have used a finite element technique
to analyse the stresses developed during the water
quenching of 12%Cr steel cylinders. The specimen considered
was completely transformed to martensite during quenching,
and therefore the transformation strains used in the
calculations were a functioﬁ of temperature alone.

A finite element method was first used to determine the
temperature distribution; although no descriptions were
given of the thermal property data used, apart from a heat
generation term relating to the martensite transformation.
The dubious nature of this data is shown by the shape of
'the cooling curves which suggested that the formation of
martensite produced very large increases in temperature
before the cooling process re-commenced. Strain hardening
was taken into account but the details of the method by
which this was done were not given. Furthermore, no
description was given of the way in which the martensite
transformation affected the flow stress of the material
during the martensite transformation. The results of these
~calculations were compared only with measurements of the
stresses at the surface of a quenched cylinder, although
‘good agreement was found at this point (see Figure 35).

Toshiqkalh9 has likewise used the finite element
technique to calculate the distortions produced in quenched
steel bars. A finite element method was used to calculate
the effect of time on the temperature distribution using
the data shown in Table 1, which was obtained from
previously published work. The materials considered were
a 0.37%C steel (S38C) and a 0.39%C, 1.7%Ni, 0.8%Cr, 0.17%Mo
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steel (SNCM8), and the effects of the pearlitic, bainitic
and martensitic transformations were taken into account in
the calculations. The mechanical property data, thermal
expansion coefficients and transformation strains used by
Toshioka are given in Table 2. Toshioka compared only the
calculated values of residual strain with experimentally
measured data, Figure 36 shows this comparison in the case
of 200 mm diameter, 400 mm length cylinders of SNCM8 afterx
water quenching, which were the only results that could be
directly compared. Reasonable agreement was found in the
case of the change in diameter but the length changes did
not show good agreement.,

lsovhave calculated the stresses developed

Fujio. et alia
in 50 mm diametér cylinders of 0.45%C steel when quenched
in water. A classical method was employed to determine the
time-temperature distribution within the cylinders during
the quench, which required that the surface heat transfer
coefficient, the thermal cohductivity,and the specific heat
of the steel were all assumed to be constant during the
course of the quench. Since transformation products othér
than martensite were likely to be produced in the cylinders
during a water quench, the volume fractions of martensite
present at different radial depths were determined from
hardness measurements on an experimentally quenched
cylinder; the form of the dilatometer curve used at
different radial depths in the cylinder in the calculation
~depended on the fraction of martensite present at that depth
(see Figure 37). The yield stress data was obtained from
interpolations involving the yield stress of the material
at room temperature in either the martensitic or annealed
conditions (points M and P respectively in Figure 38), and
a single high temperature value of the yield stress at
9OOOC, given in published work on the steel concerned.
Strain hardening was not discussed in their paper. The
Sachs boring method was used to measure the residual stress
distributions in an experimentally quenched cylinder, which
were compared with the computed values, as shown in Figure 39.
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The results obtained indicated that the calculated
residual stresses were dominated by the specific volumes

associated with the different structures present.

(c) Influence of stress on the decomposition of

austenite

None of the thermal stress calculations described
so far include any reference to the possible influence of
stresses, developed during the early stages of the quench,
on the decomposition of the austenite; even though their
poss%gle importance was'pointed out by Russell as early as
1947.

The effect of pressure on the decomposition of )
austenite during quenching has been studied by Schmidtman

and Maf?l and Nilan}se

who found that high pressures
stabilised the austenite and depressed the temperatures at
which bainite and martensite began to form. It is well
known that plastic deformation just above the Mg temperature
can produce martensite and that an upper My temperature
exists, above which martensite cannot be formed by plastic
deformationl.2 Furthermore, prior plastic deformation in the
austenitic condition may raise the temperature at which
bainite and martensite begin to for 123 Thus it is possible
that the Mg temperature may be altered when an external
force is applied to the material. For example, Mirzayev et
alialsh have reported an abnormal drop in the flow stress
-éf 18%Cr, 12%Ni steels at temperatures just above the Mg
temperature, which they attributed to the formation of
martensite under the influence of elastic stresses. An
increase in the deformation rate was found to reduce the

- magnitude of the anomalous effect.

Although a number of "stress dilatometers" K in which the
dilations of stressed specimens can be measured whilst they
are being quenched, have been buil€?5J56the results of

investigations into the influence of stress on the

69



transformation strains associated with the formation of

martensite in quenched specimens have yet to be published.

2.4 Conclusions from the Survey of Previous Work

The major variables, which affect the production of
residual stresses and distortion during the quenching of
steel parts, have been found by experimentation to be
hardenability, section size and shape, quenchant and the
Mg temperature. The interaction of these factors is not
clearly understood and a theoretical analysis of the stress
generation process is needed. Some attempts have been made
to calculate the thermal stresses produced during the
quenching of steel components, but there remains a shortage
of the accurate property data required in these calculations,
and dubious assumptions have often been made. Few of the
results of these calculations have been correlated with
experimental results, and even where this has been carried
out, it has not been over a range of conditions. For
example, only Toshiokgﬁg has attempted to correlate
theoretical and experimental distortions, and he neglected
to compare theoretical and experimental residual stresses.
In other cases, the comparison of stresses has only been made
at the surface of the component. Although the accurate
determination of the temperature distribution in quenched
specimens is fundamental to the correct calculation of
“thermal stress, this aspect of the problem has often been
neglected. Again, lack of physical property data makes the
accurate calculation of temperature distributions difficult
and the sensitivity of the surface heat transfer coefficient
to small variations in the experimental conditions reduces
the reliability of results obtained by either calculation or

experiment.

It is concluded that the further collection of data,
both thermal and mechanical, is required if the thermal
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stress generated during quenching is to be predicted
successfully. In particular, the quenching conditions need
to be expressed quantitatively with reference to the
relevant property data. There is also a great need for more
correlation between the experimental measurement of
temperature distributions, residual stresses and distortions
and the predictions of these quantities made by the use of
mathematical models.
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3. TEMPERATURE DISTRIBUTIONS IN QUENCHED PLATES

The determination of the temperature distributions -
produced during'quenching is a fundamental prerequisite
to the prediction of thermal stress. The method used in
the present work has been to calculate the temperature
distributicns produced during gquenching by the solution of
Fick's Law of heat conduction using appropriate boundary
conditions. Since this required the use of physical
property data, which were generally not evailable,-the
first stage of the work'ihﬁolved the determination of the
data required. This was followed by the calculation of
the'temperatﬁre distributiOné generated during the quench.
The final Stage of this section involved the correlation ]
of the predicted temperature distributions with those

determined experimentally. '

Thermo-mechanical coupling was assumed to be negligible
as p;bposed by Boley and Weiner67. It was therefore
possible to determine the temperature distributions before
proceeding to consideration of the determination of thermal

stress.

3.1 Determination of the Surface Heat Transfer

Coefficient During Quenching

One of the boundary conditions used in the solution
of the differential thermal conduction equation, 2.10, is
obtained from the surface heat transfer coefficient.
However, previous workers have shown the surface heat
transfer coefficient to be highly dependent on experimental
conditiohs. It was therefore necessary to measure the
surface heat transfer under the same experimental
conditions as were to be used in the later stages of the
work, when the generation of thermal stresses was to be |

considered.
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3.1.1 Experimental procedure for the determination

of cooling curves

The quenching of all specimens was carried out in
tanks, the dimensions of which are shown in Figure 40.
A fixture (also shown in Figure 40), which incorporatéd
two variable speed stirrers and a pair of channel guides,
was used to ensure that specimens were always quenched in
the same manner. This fixture was interchangeable between
all the quenching tanks used.

Two types of specimen were eventually used for the
measurement of the surface heat transfer coefficient.
Specimen Type A, shown in Figure 41, consisted of a 3.3 mm
thick plate of A.I.S.I. 304 austenitic stainless steel '
(composition given in Table 3) in which a single chromel-
alumel thermocouple was located at a point on a plane
mid-way between the two large surfaces. A.I.S.I. 304
material was chosen on account of the absence of any phase
transformations during the course of quenching from 850°¢C:
hence its thermal properties were accurately knownlsi
Because the specimens were thin it was assumed that no
temperature gradients were present in them at any time:
this allowed the use of the "lumped parameter" approach?%
in which the internal thermal resistance of the plate is
considered negligible in comparison with that at its

boundary.

The cooling curves obtained with the 3.3 mm thick
'stainless steel specimen indicated that under some
conditions a temperature gradient was produced during
quenching. . Therefore, the use of the "lumped parameter"
approach was considered questionable as it might give
rise to inaccuracies. Furthermore, the specimen was so
thin that the whole cooling procéss merely took a few
seconds. This also was anothef possible source of error.
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Since the values of the surface heat transfer coefficient
reported in previous works were generally rather higher
than those obtained in the présent investigation, it was
decided to use another technique, which was more accurate;
but very much more complex.

Type B specimens (shown in Figure 42, composition
given in Table 3) were substantially thicker (15 mm) than
the Type A specimens (3.3 mm), and the assumption of
negligible internal thermal resistance was no longer
reasonable. Hence the calculation of the surface heat
transfer coefficient with these specimens took into account
the existence of temperature gradients within the specimen
during quenching. Three thermocouples were located in the
specimen, one at its centre and one just beneath each
surface. The latter will be referred to subsequently as
the sub-surface thermocouples. Data from the thermocouple
at the centre of the plate was used only to check
the accuracy of the thermal gradients, calculated from the
temperature measurements at the sub-surface positions,
during quenching. The latter data alone was used to
calculate the surface heat transfer coefficient.

The accuracy of measurement of the surface heat
transfer coefficient during quenching depends upon the
accuracy of measurement of the surface temperature and
the heat flux passing through the surface’®, When large
.£emperature gradients exist in the specimen during
quenching the error in the calculation of the surface heat
transfer coefficient is minimised by the measurement of
temperatures as close as possible to the surface.

. However, the nearer the position of temperature measurement
to the surface of the specimen, the more rapid is the
change in temperature; in which case, the response time of
the temperature measuring and recording system may
introduce er:rors98 . The sub-sﬁrface location of the
thermocouples was therefore a compromise, which minimised
the overall error in the results.
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Holes for the sub-surface thermocouples. were initially
drilled parallel to,but 2 mm beneath, the gquenched surfaces.
The initial thickness of the specimen was 16.5 mm, but
after the insertion of the thermocouples it was lightly
rolled at 900°C, to ensure close contact between the
thermocouples and the specimen. The eventual thickness of -
the Specimen, after a final grinding operation, was 15 mm.
The method used to determine the surface heat transfer
coefficient reqﬁired the position of the sub-surface thermo-
couples to be known very accurately. Therefore, after the
completion of the quenching experiments, the specimen was
sectioned through the plane containing all of the thexrmo-
couple hot junctions, which allowed the precise position of
the thermocouples to be determined. Both the sub-surface
thermocouple hot junctions were found to be 1.8 mm beneath

their respective surfaces.

Before each experiment the surfaces of both the
Type A and Type B specimens’were cleaned with 400 grade
silicon carbide paper, unless indicated otherwise*.
The specimens were heated in a muffle furnace at 850°C,
prior to quenching, until the thermocouples in the
specimens reached the furnace temperature. The specimens
were then transferred manually from the furnace to the
quench tank. Care was taken to ensure that the immersion
of the specimen caused the minimum disturbance to the
quenchant. A Rikadenki B461 chart recorder (maximum
frequency response 1.75 Hz) was used to record the
temperatures indicated by the thermocouples in specimen
Types A and B during the course of quenching.

*Provided the specimen surfaces were cleaned before each
experiment the surfaces acquired only a slight tarnish during
the normal heating cycle. The thickness of oxide produced
was sufficiently thin to allow the passage of light and the
reflectivity of the surface remained high. This surface
condition is referred to as unoxidised. Subsequent heat
treatments, without re-cleaning the surface, resulted in

the growth of the oxide layer so that it became opaque.

This surface condition is referred to as oxidised.
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Quenching was carried out into three differemt
quenchants: watef, 0il and a polymer quenchant. In all
cases the temperature of the guenchant was 20°C at the
start of each quench and, owing to the large volume of
quenchant used, the temperature of the quenchant never
rose by more than 1OC during the quench. Water guenching
was carried out in still tap water; but oil guenching using
R.D.N. 175 oil (properties given in Table 4), was carried
out with both stirrers in the quench tank operating at
50 rpm. Cooling rates intermediate between those of
water and oil were required for use in the subsequent
thermal stress work. For this purpose various comcentrations

of Aquaquench 1250 polymer quenchant112

(a polyalkalene
glycol which exhibits the property of "inverse solubility"

in water) were also tested. During the quenches that |
involved the use of the polymer quenchant both stirrers in
the quench tank were operated at 50 rpm to ensure a fresh
supply of liquid at the specimen surfaces, which is essential

for the effective operation of these quenchantslﬁ8.

3.1.2 Calculation of the surface heat transfer

coefficient

The surface heat transfer coefficient was derived from
the cooling curves obtained with the thin Type A specimens
(3.3 mm) by using the "lumped parameter" approach,99.

' In which case the surface heat transfer coefficient may be
obtained at any time during the quench from:- '

h= MCP gn)8f - 8¢ 3.1

However, the specific heat of A.I.S.I. 304 is temperature

dependentlST

(see Figure 43); though the variation is nearly
linear and, by the method of least squares, the specific

heat was approximated to vary according to:-
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Cp = 500.05 + 0.19486 J/kg°C 3.2

The values of specific heat employed in the solution of
equation 3.1 were evaluated from equation 3.2 using the
average temperature of the specimen over the time interval

involved.

Owing to the increased likelihood of temperature
gradients within the thicker Type B specimens (15 mm)
the application of equation 3.1 was no longer considered
to be justified and it was necessary to treat the heat
transfer within the plate more rigorously than in the
case of the thin specimens. However, since both the
surface boundary conditions and the physical properties of
the material in&olved were temperature dependent, it was
not possible to use any of the known analytical solutions
to the differential equation that represents the variation
of temperature with time and position within the specimens.

viz,

[

96 .’ ] ‘ 3.3

Hence a finite difference solution was employed to determine
the temperature distribution within the specimens, in which
the temperature was calculated only at specific values of
distance and time. For this purpose the plate was divided
‘into a series of elements, with nodal points at the centres
of the elements. Temperatures were calculated at specific
time intervals at these nodal points. The temperature of
‘an element i at the end of n + 1 time intervals was given

n+1 ° _ n n _ oal n ‘
(Az)
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The boundary condition at the plate surface was given
by7h:—

Figure 44 shows the location of the nodes near the surface
of the plate.

Another boundary condition existed at the opposite
face of the plate. However, provided the surface heat
transfer coefficient was the same at both surfaces, the
temperature variation through the plate thickness was
symmetrical about the centre of the plate. A central
boundary condition then existed, where the temperature
gradient was always zero.

Thus 6;_1 = §+1
where the total number of elements in the plate is 2j.
The accuracy of the surface heat transfer coefficients -
determined using equations 3.4 and 3.5 was clearly very
dependent upon the accuracy of %q and A, both of which
were temperature dependent over the temperature ranges
involved157 (see Figure 43). Thus the variations of these
gquantities with temperature were approximated to two linear
‘functions, using the method of least squares, and the values
of o and A were evaluated for each element at each time
interval from:-

Q
l

eq = 0-4062 x 10”°% + 0.1625 x 10-°8 qf m?/s 3.7

A = 15.46 + 0.01384 e? W/m°cC 3.8

Equations 3.4 and 3.5, in conjunction with the condition
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that all nodes were initially at 6° may be used to calculate
the temperature distributions in the plate at any time.
Conversely, provided the relationship between time and
temperature were known at a single node from t=0, these same
equations may be used to determine the relevant values
of the unknown surface heat transfer coefficient.
Equation 3.4, however, was subject to the stability
criterion7h:-

atdAt <3

(8z)2

The boundary condition represented by equation 3.5 was also
subject to.a stability criterion7h:-

T.LEE—— > Atatd 3.9
+ 222

The minimum time interval at which data could be obtained
from the experimental cooling curves was 0.3s; but the
maximum possible time interval allowable in the finite
difference equations, as a result of the stability criteria
given in eguations2.20 and 3.9, was much smaller than O.3s.
This difficulty was overcome by employing an initial

estimate of h to calculate the temperature distributions

over several of these smaller time intervals f(using equations
3.4 and 3.5) until the total time was equal to the interval
‘within which experimental measurements of temperatures could .
be made (>0.3s). Cdmpafison between these calculated and
‘experimental temperatures indicated whether or not the
estimate of h used in the calculation of temperature was
correct. .

If the agreement between the calculated and experi-
mental temperature at the position of the sub-surface
thermocouple was within lOC, the initial estimate of the

surface heat transfer coefficient was considered correct
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over that time interval, and the next time interval was
considered. If the necessary agreement was not achieved,

the initial estimate of the surface heat transfer coefficient
for that time interval was corrected and the process repeated
until adequate agreement was achieved. The use of a
conventional marching technique to correct the initial
estimate of h would have required the use of an excessive
amount of computer time. Therefore,to allow more rapid
convergence between the predicted and experimental
temperatures, it was initially assumed that no temperature
gradients existed withih the material. This allowed the

use of equation 3.1 and the experimental cooling curve to
make an initial estimate of the surface heat transfer

coefficient.
viz
MCp 1\ &P
(By)ssoiy = In ) (82)- e
/' initial A(toexp - £, 5P qIC £ 3.10
o -
eTC Bf

Using this initial estimate of h, equations 3.4 and 3.5
were used to calculate the temperature at the thermocouple
hot junction at time tfmp, when the first experimentally
determined temperature was available. When the agreement
between calculated and experimental temperatures was
inadequate, the h value currently applied was corrected
using:-

(h 3.11

‘Q%anecuﬂ = (Eghntal + (Ah)

Z

where there are ﬁ sets of experimental time & temperature data.

A good estimate of the change in surface heat transfer
coefficient (Ah&? was obtained by the use of equation 3.1
together with a comparison of the predicted and experimental
temperatures at the sub-surface position.

viz
J &P
(Ah)ﬂ = e;;Cp =P ,&1 (eTC) - ef 1 3.12
At -t ) 7

80



Since the location of the thermocouple did not
coincide exactly with any of the nodes, it was necessary
to obtain the calculated temperature at the position
of the thermocoﬁple by interpolation between nodal
temperatures. Temperature profiles near the surface were
non—lihear, particularly during the early stages of
the Quench, and Bessel's interpolating polynomiallsg was
therefore employed for the interpolation process.

The calculation of the surface heat transfer
coefficient was made using a computer program written in
Fortran IV language. Figure 45 shows the flow chart on

which the program was based.

3.1.3 Experimental results

(a) Water quenching

The relationships obtained between temperature and
time during the quenching of the Type A specimens (3.3 mm)
is shown in Figure 46. Figure 47 shows the effect of
specimen surface temperature on the surface heat transfer
coefficient, that was calculated from the information in
Figure 46, by the method described in section 3.1.2.
The results obtained showed that the cooling rate during
the early part of the quench was low and corresponded to
~the formation of the vapour blanket. However, the duration
of this was short and erratic. The maximum values of h
obtained, which were associated with the nucleate boiling
stage, were between 9,000 and 12,000 W/mzoc and occurred
at around 3500C.

At this point the more accurate Type B specimens
(15 mm) were developed and used under the same conditions
to evaluate h during water quenching. Figure 48 shows the
relationship between temperature and time during the first
quench carried out with the Type B specimen. The vapour
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blanket stage (characterised by a low cooling rate at the
start of the quench) was almost absent at one surface,
although clear evidence of this stage was obtained at the
opposite face.  This produced the surprising result that
during the initial stages, the thermocouple at the centre
cooled more rapidly than the thermocouple immediately
beneath the surface on which a vapour blanket was formed.
Hence, after 6 seconds the temperature registered at the
centre of the plate was 735°C whilst that beneath the
surface, where the stable vapour blanket had formed, was
752°C. When the plate was reheated, without any cleaning
of the specimen surface, and requenched; stable vapour
blankets were formed at both surfaces (see the cooling

curves shown in Figure 49).

When the specimen was requenched with unoxidised
surfaces, the same behaviour occurred (Figure 50) as had
been found during the initial quench (Figurei48). The
stable vapour blankets shown in Figures 48 and 50 occurred
at the same surface of the specimen. A close examination
of this surface revealed that some surface imperfections,
introduced when the specimen had been lightly rolled, had
not been fully removed. Both faces of the plate were
therefore ground back to remove all surface flaws and
re-finished with 400 grade silicon carbide papexr. (The
depth of the sub-surface thermocouples referred to earlier

in section 3.1.1 applies after this grinding operation.)

When the specimen was now guenched in the oxide-free
condition, the vapour blanket stage was almost completely
absent from both surfaces (Figure 51). However, when the
specimen was requenched in the oxidised condition (i.e.
surfaces not cleaned after the previous experiment), stable
vapour blankets developed at both faces of the plate (see
Figure 52). The specimen was again quenched in the
unoxidised condition, and similar'results to those shown

in Figure 51 were obtained.
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The relationships between temperature and time obtained
during the quenching of unoxidised Type B specimens were
used to determine the effect of surface temperature on the
surface heat transfer coefficient. Figure 53 shows the
coefficientsobtained using five such cooling curves.
Although these results showed two sharp discontinuities,
the use of linear relationships between these points was a
convenient method by which the surface heat transfer
coefficient data might be introduced into the subsequent
calculations of temperature distribution and thermal stress.
Figure 54 shows the relationships used for this purpose
derived from the results shown in Figure 53 by the method
of least squares. A more complex curve fitting procedure
was not considered to be justified, on account of the
degree of uncerfainty in the values of the surface heat
transfer coefficient. This uncertainty is clearly shown
by the magnitude of the standard deviations of the results,
also shown in Figure 54, -

The cooling curve measured at the centre of the
Type B specimen provided a check on the accuracy of the
calculations used in the determination of h. During these
calculations (described in section 3.1.l1) the temperature
distribution across the thickness of the plate was
determined. Thus calculated temperatures at the centre
of the plate were available for comparison with
experimental values. Figure 55 shows both the calculated
and experimentally determined relationships between time
and temperature at the centre of the specimen: these
results indicate that h was correctly calculated and that
the correct thefmal property data had been used in the
calculations.

(b) 0il quenching
The relationships between temperature and time

produced when Type A specimens were quenched were used to
determine the effect of temperature on the surface heat
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transfer coefficient; using equation 3.1 (see Figure 56).
The corresponding data obtained with Type B specimens were
" used to determine the effect of surface temperature on the
surface heat transfer coefficient using equations 3.4 and
3.5 and the technique described in section 3.1.2 (see
Figure 57).

The variations in h obtained were found to be much
more consistent than those obtained during water quenching,
and there were no significant differences between the
behaviour of the two faces of the Type B specimen. No
significant changes were found in the cooling curves and
the behaviour-of the surface heat transfer coefficient when
Type B specimens were quenched without re-cleaning: thus
a small amount of oxidation had no significant effect on

the magnitude of the surface heat transfer coefficient.

The results obtained from both Type A and Type B
specimens were very similar (cf. Figures 56 and 57); the
only significant difference was a shift in the temperature
at which the maximum value of h occurred from 380°C in the
case of Type A, to 355°C in the case of Type B. The
average values of h obtained at each temperature were used
to derive a relationship between this property and surface
temperature (see Figure 58). As was the case with a water
quench, this relationship could be represented by a set of
linear equations, each of which covered a specific range
of temperatures. This information was subsequently used in
the thermal stress calculations.

(c) Polymer guenching

Type B specimens alone were used to investigate the
relationship betWeen surface temperature and h when
quenching into a polymer quenchant. At a polymer concen-
tration of 10% by volume, there was little difference

between the cooling curves obtained (Figure 59) and those
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obtained by the use ofkwater alone (Figure 51). It was
found necessary to increase the polymer concentration to
25% by volume, if cooling rates sufficiently lower than
those obtained by the use of water alone were to be
produced (Figure 60). With this concentration of polymer
a well defined stage occurred at the start of the quench
when the cooling rate was low and relatively constant.
The specimen was observed during this stage of the quench
to be surrounded by a vapour blanket. Quenching the
specimen in the oxidised condition produced similar cooling
curves to those obtained with unoxidised specimens.

The effect of surface temperature on the values of h,
obtained during quenching in the solution that contained
25% by volume of the polymer, are shown in Figure 61. -
Similarly to the'cases of water and oil quenching, a
series of linear relationships were obtained to represent
the variation of- the:surface heat transfer coefficient
with surface temperature (Figure 62).

Table 5 summarises the variations of h with surface
temperature established from the experimental work using
the different quenchants. These values were used in all
the subsequent calculations of temperature distributions.

3.2 Temperature Distributions in Low-Alloy Steel

Plates During Quenching

In this stage of the work the values of the surface
heat transfer coefficient, which had been determined
experimentally, were used to calculate the temperature
distributions produced in the steel plates during gquenching
that were to be uéed subsequently in thermal stress
- calculations. The calculated temperature distributions
were then correlated with expefimentally measured
temperature distributions in order to test the accuracy of
the data used in the former.
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3.2.1 Experimental determination of temperature

distributions

A plate of 835M30 (composition given in Table 3) was
fitted‘with thermocouples, as shown in Figure 63. This
plate was the same size as the largest plate considered in
the subsequent thermal stress calculations. The plate
was electroplated with a 0.05 mm layer of Ni over its
surfaces to prevent oxidation and finished using 400 grade
silicon carbide paper. To ensure uni-dimensional heat
flow through the thickness of the plate, its edges were
insulated with a 6 mm thick layer of Kaol Wool, held in
position by‘a nickel band. The outputs from the thermo-
couples were recorded using a Credshire 200 data logger.
This plate was then quenched in the unoxidised condition'
from 850°C into still water at 20°C and agitated
R.D.N 175 o0il, in an identical manner to that used for the

surface heat transfer coefficient described in section 3.1.1.

3.2.2 Calculation of temperature distributions in

plates of 835M30 steel during quenching

The temperature distributions within a 40 mm thick
plate were calculated by the use of equation 3.4 in the
case of the inner elements and by equation 3.5 in the case
of the surface element. Since the plate was cooled from
both faces, it was only necessary to compute temperatures
for half of the plate thickness and equation 3.6 was used
to represent the second boundary_condition at the central
plane. The appropriate relationship between h and surface
temperature, given in Table 5, was used to obtain the value
of h appropriate to a specific temperature. This value of
h was then used tb calculate 6?+1. The variations of
thermal conductivity and thermal diffusivity for the alloy
830A31 were modelled using a séries of linear relationships
(least squares method), shown in Figures 64 and 65,
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given in Table 6. The thermal diffusivity values were
obtained from apparent specific heat values for the
cooling of the material, and therefore for calculation
purposes they effectively incorporated the free energy
change accompanying the austenite to martensite trans-
formationlﬁo. There are small variations between the
compositionsof 835M30 and 830A31 (see Table 3), but
830A31 was the nearest composition to 835M30 for which
relevant property data was available. The values of A
and % g used to evaluate any new nodal temperature, Q;+1,
were those based on the temperature of the node at the

. n
time %'.

The chosen time interval, At, used in equation 3.4
and 3.5 was such that the stability criteria specified
in equations2.20 and 3.9 were met. Truncation errors are
more probable if Az is large (see section 2.3.1). Thus
-Figure 66 shows the effect of a variation in the number
of elements in the half-plate (and hence Az) on the
temperatures calculated at the surface and centre of a
plate cooled with a Biot number {%%} of 4, The greatest
effect was obtained at the surface, but even then the
discrepancy produced by a reduction in the number of
elements from 160 to 20 was less thén 2%. In all
subsequent calculations 40 elements were used in the
half-plate, unless specified otherwise. .This number of
elements was chosen as a reasonable compromise between
éccuracy and computer time, since the use of more than

40 elements gave only a small improvement in accuracy.

Figure 67 shows a flow chart on which a computer
program (written in the Fortran IV language) was based
to carry out the calculation of the temperature distributions.
These calculations were carried out using both constant and
variable values of thermal cénductivity and thermal diffu-
sivity. The. constant values used were the average values
between 850°C and 100°C, viz 25.2 W/m2°C and 0.5279 x

107° m?/s for A and aig respectively, and were obtained
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trom the data shown in Figures 64 and 65.

3.2.3 Comparison of calculated and experimental

temperature distributions

, As the calculated temperature distributions in the
guenched plates were important as the starting point for
the subsequent thermal stress calculations, it was
considered necessary.at this stage to consider the
accuracy of these results. This was achieved by a
comparison of the calculated and experimental temperature
distributions.

(a) Water quenching

Figure 68 shows a comparison of the predicted and
experimentally determined cooling curves, which were
obtained at the centre of the 40 mm thick plate during
a water quench: the calculated curves employed both
constant and variable values of h, A and Orge Although
none of the available data allowed a very high correlation
between the experimental and predicted curves, a
reasonable fit may be obtained by the use of constant
values of X\ and otg. Since in subsequent thermal stress
calculations the temperature distributions in the plate
are of the greatest importance, these are compared in -
Figure 69. Thus this figure compares the experimental
temperature distributions at various stages in the
quenching process with those predicted by the use of
constant values'of A and oyg at the same stage in the
quenching process. (In this case the comparison is not
at equal times, but at equal centre temperatures.) In
the early stages the calculation predicts slightly more
severe temperature gradients to those measured experi-
mentally, but in the later stagés the calculated temperature

gradients were smaller than those determined experimentally.
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The comparison of the predicted temperature profiles
obtained by the use of constant values of A and ayg, with
those calculated by the use of variable values of A

and Qegr confirms that there is little justification for
the use of the latter (see Figure 70).

(b) 0il quenching

Figure 71 shows a comparison of the calculated and
experimentally determined cooling curves obtained at the
centre of the 40 mm 835M30 plate during oil quenching;
the calculated curves were obtained by the use of both
variable and constant values of A and ar3. Some
improvement in agreement was obtained during the first 200
seconds of the Quench by using the variable thermal
properties. However, in the later stages of the quench
there was little advantage to be gained by the use of
variable properties, and by the end of the quench the
constant thermal properties provided an equally accurate

result.

The comparison of measured and computed temperature
distributions was especially important when o0il quenching
was considered, because the temperature differences
within the plate were so much smaller than in the case of
the water gquenched plates. Figure 72 shows the comparison
of experimental and computed (using constant A and oig
values) temperature distributions, which demonstrated
reasonable agreemént. - Again the temperature distributions

were compared with equal temperatures at the plate centre.
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4. PREDICTION OF THERMAIL STRESS AND STRAIN

4.1 Calculation Technique

The technique used to calculate the thermal stresses
generated during quenching was based on the approach
described by Fletcherjﬁh. Thermo-mechanical coupling was
neglected 7;'so that the equations governing transient
* heat conduction (described ih section 3) provided data
that could be used directly in the calculation of thermal
stress and strain. The whole gquenching period was divided
up into a series of small time intervals, and at the end
of each interval - the stress problem was solved using the

following process.

(a) Calculation of the new temperature distribution
(Section 3).

(b) Determination of the change in stress in each
part of the plate due to thermal contraction and
transformation strains, assuming complete restraint
at the edges of the plate and fully elastic
conditions.

(c) The edge restraint was removed and the new stress
found in each part of the plate, still assuming
fully elastic conditions.

(d) The modifications in stress were calculated at
each point in the plate resulting from plastic
flow in those parts of the plate where the flow
stress of the material had been exceeded. When
this occurred it was also necessary to re-distribute

" the elastic stresses within the plate. ‘

During stages (b), (c) and (d) the stress distribution

within the plate was maintained so that all forces and
moments were in equilibrium. By carrying out this process
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for successive temperature distributions during quenching,
it was ‘possible to predict the stress and strain for the
whole plate throughout the quench.

4.1.]1 Procedure assuming plastic deformation without

strain-hardening

(i) Temperature distribution

The temperature distribution within the plate
was determined using the finite difference procedure
described in section 3.2.2. The results obtained, already
given in section 3, had shown that no significant |
improvements in accuracy were obtained when temperature
dependent functions for A and 0pq Were used. Hence
constant, average values of A and atd were used in all
subsequent thermal stress computations. This enabled
considerable savings to be made in computer time, since
it was then possible to reduce equation 3. to the well

known Schmidt formulationY%

1. n
e‘f" P 3.5
2
where
Q, At
_EQ_E_ L 4.1
(Az)

The boundary conditions employed were the same as those
given already in section 3 (i.e. equations 3.5 and 3.6),
and the values of the surface heat transfer coefficient

were those given in Table 5.

The calculation of the temperature distributions

required the use of small values of the time increment,

N



owing to the effect of the magnitude of this variable on
the stability and accuracy of the calculations (describéd
in section 3.2.2). However, it was not found necessary

to carry out the stress calculation at the end of each

of these small time intervals. 1Instead the size of the
time interval used between each stress calculation was
normally such that the temperature of the surface df the
specimen fell by 1°¢ during thislinferval. Similarly it

- was not found necessary to divide the plate between centre
~and surface into 40 elements, as was the case in the
calculation of temperature distributions. Consequently
only ten elements were required in the stress calculation,
and the temperature of these larger elements was calculated
from the average temperature obtained in the smaller
'temperature elements' contained within them.

(ii) Stress calculation assuming completely elastic

conditions.

The plate was considered to be sub-divided into
elements, as shown in Figure 73.. It was assumed that
uni-dimensional heat flow occurred through the thickness
of the plate only, thus away from the edges of the plate the
stress acting through the thickness of the plate was
approximated to zero67(i.e. cz=0). Furthermore, the
stresses acting in the plane of the plate were equal
(i.e. o, = cy = O);:Ox and oy - being principal stresses.
The change in stress experienced by each element, when the
plate was completely restrained at its edges, and when
fully elastic conditions apply, has been given by
Fletcherlhh: '

n +1
(Acr.‘““; ) = Eogy [e. - & ] 4.2
1 . r hR 1

(1-v)

The subscript r signifies complete edge restraint.
Young's modulus and Poisson's ratio are both dependent on
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temperature in the case of most steelslST, and errors may
be introduced if these wvariables vary significantly in the
temperature range between 6? and %?+L. However, it was
evident from Figure 74 that the variation of the ratio

E to (1L - V) could conveniently expressed as a linear
relationship in the case of 830A31 steel, which was the
nearest composition to 835M30 for which relevant data

was available.
Thus

—E - a- bg 4.3
1 -v)

The following relationship (derivation given in Appendix 1)
for the change in stress, took account of the variation of

1
E and v between 62 and Qg+':
N+l _ _ n - n+L] _b [ n\?2
(A"l )r S I LA > L&)

The values of aex were obtained from the dilatometer
curves of 835M30 specimens during cooling from 850°C and
are described in detail in section 4.2.1. Within the
range of cooling conditions considered, the hardenability
of 835M30 was sufficient to ensure that at the end of the
quench a fully martensitic structure was always formed
throughout a 40 mm thick plate.

The total stress in each element at the new time was
given by:

(),

&

. <A&WH'> 4 S
i : i : .
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When the restraint was removed from the edges and the plate
"became. free, the stress &F?', i = 1,3, became 'zero at
all positions at the surface.that forms the edges of the
plate. At distances greater than approximately one plate
thickness in from the edge, this can be approximated to:

This was achieved in the computation by an evaluation of
the average stress present in the half-plate, which was
subtracted from the stress in each element:

i=j
(ool _ E n+1 4.7
( ')r (C’i )r
i=1
3
s ) - (™)
= g. - g . ‘Y ’
oi 1. r rr i= 1, 3 4.8

This process was equivalent‘to the removal of restraint

from the edges of the plate and ensured that condition
4,6 was met.

Moment equilibrium was'automatically satisfied by the
symmetry of the stress distribution about the centre of
the plate. Because the plate was always considered to be
cooled from both surfaces, the moments generated by
elements in either half of the plate were always in

equilibrium,

viz »
i=2j
jz:vn+1
i=1
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Initially,-strain-hardening was assumed to be zero,
as had been the case in the work of Fletcherlhh. If
plastic flow occurred in any element, the replacement of
the -elastic stress by the»flow stress caused the forces in
the plate to become unbalanced, and condition 4.6 was no
longer met. It wastherefore necessary to establish a
stress distribution, which produced zero net force in the
" plate after the yield criterion had been applied. This was
achieved by an efficient iteration process which involved
the following stages:

(a) The elastic stresses in each element at time
n+lwere determined assuming fully elastic
conditions;

(b) The elastic stress in each element was compared
with the appropriate value of og, using 4.12:
when og was exceeded, the original was replaced by

og, otherwise no change in stress level occurred;

(c) The new average stress present in the plate,

g o' U
g was found;

—nt1
(d) If 0. "~ was less than a specified level (usually
0.1 N/mm?) the stress determination was considered
complete and the next stage of the calculation was

—~IrH1
begun. However, when o

" exceeded the required
- ntl .
amount, on&' was subtracted from the elastic
stresses previously obtained in each element at

stage (a)y

(e) Stages (b), (c) and (d) wererepeated using the
new values of the elastic stress until 6n+L

fell below the required level.
At the end of this process the stress distribution

produced after the application of the yield criterion for
the last time resulted in a negligible unbalanced force
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being present within.the plate: this stress distribution
was used in the next step in the computation. This "
procedure for the determination of the plastic region in
the plate has proved stable and efficient, but between 4
and 20 iterations were usually necessary to reduce the
average stress in the plate to below 0.1 N/mm?2. |

Figure 75 shows, schematically, the changes in the
stress distribution that result from the application of
the yield criterion. 1In reality the stress at each point
in the quenched plate would change monotonically from
that shown by the broken line in (a) of Figure 75, which
existed at time t, to that shown in (d) of Figure 75 at
time t+At. Only small amounts of plastic flow occurred as a
result of thermal stresses during quenching. Consequently
changes in the cross sectional area of the elements were
considered to have a negligible effect on the stress

computations.

(iv) Determination of strain.

The initial estimate of the strain increment
produced during any time interval was related to the
temperature change generated during this time (equation
4.4). This strain was used to produce the first estimate
of elastic stress, prior to the application of the yield
criterion. During the iterative procedure used to determine
the effect of plastic flow,thé initial estimate of the
elastic strain was changed, until the subsequent application
of the yield criterion produced zero net force in the plate.
When a change in the elastic stress had occurred during
this iterative procedure,a corresponding change in the

elastic strain was required.

/
: n n+1
o (o all
Thus (Aqn+f> = __,_i____ - S : 4.13
, T (a - b} ) (a - bEP+!)
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where @ and b are th? constants previously defined in
' 1

equation 4.3 and d2*= is the estimate of the elastic

stress immediately before the final application of the

yield criterion.

The total strain generated in an element was
considered to consist of two parts: the first, (é?%menmd'
arises from the free change in dimensions produced by the
change in temperature of the element; whilst the second
arises from movements generated by constraints that are
associated with non-uniform changes of temperature within
the plate. It is solely the latter that gives rise to
thermal stress., It was only necessary to consider the
total strain achieved at the end of the quench when
comparisons were to be made between predicted and

experimentally determined distortions.

4.1.2 Procedure assuming strain-hardening

The uniaxial tensile tests of 835M30 in the metastable
austenitic condition (described later in section 4.2.2)
showed that some strain-hardening was possible at the
strain rates associated with the quenching process.
Consequently the procedure used to calculate thermal stress
was modified to incorporate strain-hardening behaviour.

To achieve this it was necessary to determine the
increased flow stress that resulted from plastic
‘deformation in previous time steps. These modified values
were incorporated into the application of the von Mises
criterion, as described above (section 4.1.1 (iii)).

The strain-hardening coefficients obtained from
tensile tests on 835M30 in the metastable austenitic
condition (section 4.2.2) were dependent upon temperature.
Since the maximum strains involved in the work considered
were less than 1%, strain?hardening rates of the steel

were represented by two linear coefficients.
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—_— = Wi 4.14
de

P ep_0+0.5%
dep

0.5+1.0%
®p

Where W; and W, are both temperature dependent, Ep is the
plastic strain obtained from the uniaxial tensile tests,

shown schematically in Figure 76.

It was assumed that the increases in flow stress
produced during each time interval during cooling could be
added together, in order to obtain the total increase in
this property. This enabled flow stress data, obtained at
constant temperatures, to be used to determine the degree
of strain-hardening generated during continuous cooling.
However, this technique relies on the assumption that no
recovery occurs during the cooling process.

Between the Mg and M¢ temperatures it was assumed
that plastic deformation would occur in the much softer
austentite phase‘aldne. Thus strain-~hardening data
obtained from austenitic material was also relevant at
these lower temperatures.

At the end of each time increment,At, it was necessary
to calculate the increase in flow stress which had occurred
in each element as the result of strain-hardening alone,
in order to calculate the effect of strain-hardening on
the current value of flow stress. The flow stress used
at the start of the stress calculation at time t+At

was obtained from the equation:
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| n
e =0 : :

Where [U?{l]]'is the flow stress used at the start of the
‘stress calculation at time nti. [G%Il] e =0 1s the flow
stress of the element at the relevant temperature in the

absence of any prior plastic deformation. 021 final

and [c?i € =0 are the final and initial flow stresses
during the previous time increment. The bracketted difference
on the right hand side of equation 4.16 is equal to the
increase in yield stress due to all the previous strain-
hardening experienced by the element during the quench.

No data_was available for the magnitude of the Bauschinger
effect for steels in the metastable austenitic condition:

this effect has not been taken into account in the present

calculations.

In order to apply the yield criterion in the presence
of strain-hardening, a similar procedure was used to that
described in section 4.1.1 (iii). Thus the first applica-
tion of the yield criterion at each time step was made using
[02:1]1 . However, when the next iteration was made, and
the stress in each element was compared with the flow stress;
a new value of the flow stress, 02:1 5r Was used which was
calculated from the latest estimate of the plaétic strain

using:
cn+;
£fi

where [};;L} is the estimate of plastic strain from the
1 ,

[c’g’i”] +. W orz X [ag‘i“] | 4.17
2 1l 1

first iteration.
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Here W) or 2 is the strain-hardening coefficient, defined
in equations 4.14 and 4.15. Otherwise the application of
the yield criterion is as described in section 4.1.1 (iii).

The incorporation of the strain-hardening into the
plasticity calculation increased the number of iterations
required to determine the equilibrium stress distributions;
but no instabilities were developed.

Figure 77 shows the flow chart on which was based the

computer program (written in Fortran IV), used for the
complete thermal stress calculation.

4,2 Data Used in Thermal Stress Calculations

The data used for the determination of the time-
temperature distribution has already been described in
section 3. In order to carry out the remaining part of the
thermal stress calculations the following additional data

was necessary:-—

(i) The relationship between temperature and length
' of a dilatometer specimen of 835M30 not subject
to any restraint during cooling from 850°C.

(ii) Young's modulus, Poisson's ratio, and the stress-
strain behaviour of 835M30 in uniaxial tension at
all temperatures during cooling from 850°C, when
austenite is stable.

To enable the comparison to be made between experimentally
determined distortions and those predicted by calculation,
it was also necessary to know the overall increase in volume
accompanying the hardening of 835M30.
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4.2.]1 Determination of the change in free length of a

specimen of 835M30 steel during cooling from 850°¢

A suitable dilatometer curve for 835M30 was not
available at the time this work was begun and it was
therefore necessary to determine this data during the early.
stages of the programme. A Linseis horizontal dilatometer
was used for this part of the work, with cylindrical
" specimens, 5 mm diameter and 30 mm length. These were
protected from oxidation by an'inert gas atmosphere,
contained within a silica glass tube. The specimens were
heated to 850°C by a tube furnace, positioned outside of the
silica glass tube which contained the atmosphere (Figure 78).
When the specimens were to be quenched, the tube furnace was
slid horizontally away and a stream of inert gas was passed
over them. Additional cooling was applied to the outside
of the silica glass tube, by means of a cold air blast.

Adjustment of the gas flow allowed the production of
cooling rates between lOC/s and'SOC/s at 4OOOC. It was
evident from the isothermal transformation diagram for 835M30
(see Figure 79) that martensite was the only transformation
product obtained by the use of this range of cooling
conditions. Thus all of the relationships between specimen
length and temperature obtained during quenching from 850°¢
were very similar. However, Table 7 shows the expansion
coefficients of the éustenitic'phase obtained in each case,
together with the Ms temperatures, and the total length
changes that accompanied the transformation. The independence
of all these values from the cooling rate showed,not only
that no thermal stresses had been generated during the
cooling of the dilatometer specimens, but also that the
austenitermartensite transformation was the sole structural
change involved. Result (e) in Table 7 represented the
average behaviour, and the dilatometer curve for this result
is shown in Figure 80. The following relationships, based
on this result, were used to model the relationship between
temperature and the length of the dilatometer specimen:
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6 > 300° ¢ 2.1407 x 10756 - 0.01066 Y.

tmamal
288°c < 6 < 300°% ¢ = -0.00422
thermal *
o o, _ (y‘= 1.4435)
90°C < 6 < 288 =
€ Cthermal 581.23
o B : - |
ermal \4.18
" where
y’ = 1.0102 + 0.1804 (x’) - 0.35024 (x’)?
- 1.0244 (x”)® - 0.82481 (x’)*
x‘ = 0.00801936 - 1.3079 )

The value of the thermal expansion coefficient, ag,, used
in equation 4.4 to calculate the elastic stress produced
in each element under conditions of full restraint, when
the element was cooled from eg_to 6?+1,was‘therefore

obtained from:-

_ € - €
[aex] n , gnt! B [ths l] oy [then“a;]e’?“ 4.19
ei -)-‘6, 1 : 1
1 & g0+
i - i

The values used for the thermal expansion coefficient of
each element were thus obtained directly from the relevant
part of the dilatometer curve, and at the appropriate
temperature incorporated the transformation strains
accompanying the formation of martensite.

4.2.2 Mechanical properties of 835M30 steel during
- quenching ‘

.Uniaxial tensile tests were carried out on specimens
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of 835M30 which contained metastable austenite. Thus

the specimens, which had been austenitised at 850°C, were
quickly cooled to the appropriate testing temperature and
tested whilst still in the austenitic condition. For
temperatures below 7OOOC, a horizontal testing arrangement
was used, as shown in Figure 81 . The specimens were held
in grips which were electrically insulated from the rest

of the testing machine, by means of the layer of Syndanio

" (A). The application of an electric current across the
terminals (B) produced resistance heating of the specimen,
which could also be heated by means of a cylindrical
furnace which surrounded it (C). The furnace was maintained
at the desired test temperature but the application of the
resistance heating allowed the austenitisation temperature
to be attained in the specimen only. The removal of this
resistance heating caused the specimen temperature to fall
very rapidly to that of the furnace, within which it was
contained. At this point a uniaxial load was applied along
the axis of the.specimen and the stress-strain relationship
of the material under examination was measured by means of
a Hounsfield tensometer. For this purpose, the grips of
the tensometer were attached at D and E, and the stress-
strain relationships determined by the use of standard
procedures.

A series of jets of argon were used to aid the rapid
cooling of the specimen co - the test temperature, and also
to prevent oxidation of the specimen. The specimen
temperature was continuously monitored by a chromel-alumel
thermocouple, spot welded at the centre of the specimen
gauge length. The stress-strain relationships of 835M30
were determined at temperatures between 275°C and 700°C
using this apparatus. All specimens were initially
austenised for 10 minutes at 850°C before being cooled to
the test temperatures. The maximum time taken to cool to
the lower temperature was 90 seconds, although an additional
period was added to allow the specimen temperature to
stabilise.
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The test procedure described above was satisfactory
provided the specimen was in the austenite condition at
the test temperature. When test temperatures below the
MS temperature were used (viz < 300°C), there was a
tendency for the specimen to fracture in the shoulders
at the end of the gauge length. This occurred because
the material in the specimen shoulders had not reached the
-austenitisation temperature during the previous heat
- treatment which was only effective along the specimen gauge
length. Thus,when the temperature fell below the MS
temperature; the gauge length, which was partially
martensitic, was able to withstand a greater load than
the softer shoulders, despite the greater cross-sectional
area of the shoulders. This tendency became more
pronounced at lower temperatures, as the amount of
martensite present in the specimen gauge length increased.

This equipment was unsuitable at test temperatures
above 700°C, since the mass of the insulated specimen
grips caused the specimens to sag during testing.
Testing above 700°C was therefore performed with the axis
of the specimens in the vertical position, using lighter
specimen grips in an Instron tensile testing machine.
Austenitisation of the specimens by the use of resistance
heating was no longer possible, and the specimen temperature
was therefore maintained solely by the use of a tube furnace
around the specimen. With this arrangement the specimen
could be cooled within the furnace from 850°C to 700°C in
40 minutes. Although this rate of cooling was very slow,
the isothermal transformation diagram of 835M30 (see
Figure 79) showed there would be no decomposition of the
austenite in this time interval. Again an austenitisation
treatment of 10 minutes at 850°C was employed before the
specimens were cooled to the testing temperature.

In order to assess the strain rates likely to occur

in the quenched plates, an initial calculation was made of
the thermal stresses produced during the quenching of a
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piate using a nlpt nuamper kﬁ/ oI 5.VUJ3, -together with th
dilatometer data previously described in section 4.2.1.

The mechanical property-data used in the calculation was
the same as that used by Fletcherlhh. Figure 82 shows the
predicted variation in strain with time at the surface and
centre of the plate, together with the strain rates at
various stages of the quench. From a consideration of
these strain rates, and the capabilities of the tensile

. testing equipment, it was conclﬁded that tensile properties

should be determined at 3 strain rates:-

(a) &8 =0.33 x 1073 s’ !

™
|

(b) & = 0.65 x 10™% s !

(c) 8¢ =5.8x 10 % g !

The tensile properties of particular relevance to the
present investigation were the flow stress, of, and the
strain hardening coefficients W, and W, (see Figure 76).
No suitable extensometers were available to measure the
elongation of the specimen gauge length directly during
testing. Therefore the crosshead movements of the tensile
testing machine were used to determine strain. Figure 83
shows the variation of flow stress with temperature at
different strain rates. At the lower strain rates the
duration of the tensile test was sometimes greater than
5 minutes, and at temperatures below 350°C a test of this
duration might be associated with the formation of some
bainite (see Figure 79). Therefore only the highest strain
rate (5.8 x 10 ° s !) was used at the lower temperatures.

From the results shown in Figure 83 it was evident
that the estimated variations in the strain rate did have
a significant effect upon the flow stress. It was also
apparent from Figure 82 that the strain rate varied in a
complex manner during the course of the quench. But it was
not possible to incorporate flow stress data as a function
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of both temperature and strain rate in the calculations of
thermal stress. Use was therefore made of temperature
dependent flow stress data at a constant strain rate.

An accommodation was made for the influence of the two

known extremes of the strain rate on the flow stress by
using upper and lower range approximations for the variation
of the metastable austenite flow stress during the quench
(also shown in Figure 83). All calculations of thermal

- stresses were repeated using both the upper and lower
approximations for the flow stress.

The flow stresses used in the thermal stress
calculations at temperatures lower than the Ms temperature
were a function of the volume fractions of martensite and

austenite, and their respective flow stresseslzgﬁﬁh.

viz

o=V, (cf)a’ + YY (of>Y 4.20

The volume fractions of austenite and martensite present.
at different temperatures were calculated from the
relationship between temperature and length of the
dilatometer specimen, using the method shown in Figure 84.
A value of 1600 N/mm2 was used for the flow stress of

material that possessed a 100% martensite structure}ST.

The effect of temperature on the strain-hardening
coefficients W; and W, are shown in Figure 85(a) and (b). These
results exhibited a very marked dependence on strain rate,
especially at temperatures below. 400°C. However, the
introduction of a strain-hardening coefficient which was
dependent on strain rate into the calculations presented
considerable difficulties; furthermore it was not clear
that such additional complications could be expected to

produce a significant improvement in the accuracy of the
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