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THE GENERATION OF THERMAL STRESS

AND STRAIN DURING QUENCHING

A. B. Soomro

ABSTRACT.

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

Parameters used in the standard linear solid equation.

Constant used in equation 2.6.2.1.

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

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

Young's modulus, MPa.

Yield function.
body forces

'Finite Element Method.

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

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

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

do

Strain hardening coefficient (EE_) , MPa.
P

Length of plate in hardened condition, mm,

Length of plate in softened condition, mm.

= Percent change in length.



= Constants relating linear variation of E and v with

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



) = Temperature, °c.

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

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

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

¢ = Material parameter.
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1. INTRODUCTION

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

result in the rejection of the component.x

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

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

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

the formation of theoretical models for the prediction of thermal stress

and strain.

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

complex calculations. Simultaneously, progressively more detailed

- 15 -
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most of the previous work connected with its development suffers from

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

work on the thin plates of 835M30 steel.

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

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

- 17 -
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The distortions which occur as a result of high level of stresses
during quenching have been classified into three types by Sachs(ls)
viz:-

(i) Change in volume.

(ii) Change in shape.

(iii) - Warping.

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

(7)

fatigue strength of the component .

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

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

and moments within the component.

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

and that their study is of considerable importance.

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

the later work

(22,23)

From the earlier work of Scott

(21)

and others,

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

others (2_4_27)

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

by the following factors:-

- 20 -



(i) Geometry of the component.

(ii) Temperature .gradients.

(iii) Thermal contraction due to cooling.

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

(vi) Transfofmation plasticity:

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

(12)

been illustrated by Thelning who used examples of dimensional changes

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

components and showed marked variation in behaviour.

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

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

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

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

(20,29)

and others gave a theoretical foundation to Saint Venant's

(19,20)

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

- 21 -



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

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

plate thickness was significant.

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

(24)

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

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

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

affected region than that suggested by Horvay or Saint Venant.

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

Andrews(7) (31)

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

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

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

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

the material are in balance, a compensating compressive stress will

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

- 22 -



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

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

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

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

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

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

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

residual stress left in the body.

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

associated with water quenching(34).

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

in figure 6.

- 23 -



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

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

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

2
reversal. After cooling, transformation induced stresses dominate over

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

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

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

residual stresses in the component after quenching.

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

temperature and the level of stress may become significant. This occurs

- 24 -
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The Viscoplastic theory has been described within the framework of
strain rate and the loading path (i.e. static or dynamic)(38). Such a
theory considers viscous (time dependent) flow tQ occur in a material
only in the plastic range, while it has only elastic properties before
yielding. "Although the theory has its foundation on certain assumptions
which cannot always be satisfied in reality, the. quantity of work that
has been carried on this model is immense. Perzyna(39) proposed a
viscoplastic constitutive equation for strain rate in the following

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

inelastic part.

oF
o

ceee. 2.4.1
5 2

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

where, Y = coefficient of viscosity

F

yield function

shear modulus of material.

=
Il

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

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

used to predict relationships between yield stress and strain rate that

show the characteristic shape of the corresponding experimental curves.

It has been shown that the effect of strain rate had a negligible

- 27 -



effect on yield stress when the magnitude of the former was less than
4OS~1. However the deformation rate relevant to the heat treatment of

metallic parts is much smaller.

(43)

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

(46)

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

(43,46) that the

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

the temperatures are very close to or at melting point.

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

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

a theory that considers viscous flow in the elastic range.

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

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

2.4.2 Relation Between Creep and Stress Relaxation

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

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

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

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

thermal stress and strain generation during heat treatment.

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

models of the quenching process.

2.4.3 Viscous Flow and the Generation of Thermal Stresses

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

(22)

sufficient time for viscous processes to occur , particularly at the

centre of thick sections.

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

during quenching.

Perhaps the first, to incorporate viscoelasticity in a model of

thermal stress generation was Landaue(47). The viscoelasticity effect
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temperatures. At the upper end of the temperature range, creep tests
were also carried out in a stress rupture testing machine. The
introduction of viscous effects gave reasonable agréement between the
calculated residual stresses and strains and those obtained by
experiment in the case of oil, but when water quenching was used the
agreement was not as good. They also concluded that the introduction
of viscous effects in the mathematical model had a particularly great
effect at temperatures just below the Ms temperature. A major criticism
of this work is that it is based on stress relaxation data obtained at
only one level of initial stress at each temperature. Although this
stress was the best estimate available, coupling between stress,

transformation and time rate brought these estimates into doubt.

2.5 Transformation Plasticity

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

(23,25,49,50)

material . This phenomenon is called 'Transformation

Plasticity'.

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

with the result that extension occurs in the same direction as that of

- 32 -



(50,51)

stress. However, others attribute the transformation plasticity

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

(35) suggested that the dislocations generated by the

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

significantly the transformation strain.

(52)

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

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

deformation observed during transformation under the influence of stress.

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

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

been considered very recently . Two methods have been

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

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

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

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

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

transformation from austenite to martensite.

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

The quantity of such strain was obtained from the equation:

5 (AV/V)

tp%‘é‘ Y eo 0o 2.5-1

€

where, € Transformation plasticity strain.

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

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

to the applied stress.

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

(23)

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

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

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

used for calculation might be justified if no transformation occurred
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L9 .
Recently, Fletcher and Abbasi(. ! have conducted experimental

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

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

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

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

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

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

occurred. They have also reported that all transformation plasticity

effects occurred during the first 40°c of transformation.

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

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

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

requires knowledge of the following important factors.

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

(ii) Phase transformation history of the material.

(iii) Temperature dependent thermal and mechanical

properties of the material.

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

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

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

expansion. In an isotropic material both temperature changes and
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Generally the derivation of Finite Difference formulation is

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

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

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

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

The model used by Hildenwall(l7)

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

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

the agreement between measured and calculated temperature gradients was

often very good.

(34)

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

results.
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