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Abstract

A heat treatment vacuum furnace equipped with a CCD camera is used to follow the shape evolution of two axisymmetric steel samples
during gas cooling. The experimental results are compared with numerical simulations performed with the finite element technique. A good
agreement is obtained between the theoretical predictions and experiments. The shape evolution of metallic samples are measured
experimentally and simulated numerically during all the cooling processes. The accuracy of the measurement is 0.01 mm, while the
dimensions of the samples are 40 mm diameter and 80 mm height. Stepwise increasing hole diameters are used in the samples to amplify
the shape changes during quenching. The first steel sample does not exhibit phase changes during cooling. The shape evolution is only due
to thermal shrinking. Since residual distortions are not observed, the thermal gradients generated during these experiments are not large
enough to induce plastic deformation.
The second steel sample presents a martensitic transformation during cooling. The shape changes are thus due to both thermal shrinking

and phase changes. The residual distortions observed can be attributed to transformation plasticity. It turns out that this physical
phenomenon can be studied by the experimental set up described in this paper. #
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1. Introduction

Microstructures and residual stresses are often generated
into metallic components by applying a heat treatment
process. For example, quenching of steel increases hardness
and produces compressive residual stresses near the surface.
However, these processes may lead to permanent shape
changes of the component, which are mainly due to the
plastic deformation induced by thermal gradients and phase
changes during the treatment [1]. A lots of work has been
carried out to model the development of microstructures,
stresses and strains during quenching [2 9]. In these models,
most of the physical phenomena occurring during the pro
cess, e.g. non isothermal phase changes, transformation plas
ticity, etc., are taken into account. These models have been
introduced into numerical simulation tools based on the finite
element technique, so that it is now possible to predict the
microstructures, stresses and strains produced during the heat
treatment of metallic components with complex geometry.

Comparing the theoretical predictions with experimentally
obtained microstructures, stresses and strains have validated
these models. In general, a relatively good agreement is
observed between experimental and calculated microstruc
tures, stresses and strains obtained at the end of the heat
treatment (e.g. residual stresses, distortions, etc.).
However, when a risk of distortions or cracks during

quenching is detected for a given industrial component,
numerical simulations are not systematically performed to
quantify it. To the authors’ knowledge, themain reason is that
the models involved require a very large amount of data, such
as the phase transformation curves, mechanical properties of
each constituent, heat exchange coefficients, etc. Moreover,
the consequences of the use of any simplified set of data on
the numerical results are not clearly understood. For exam
ple, it is known that, during the cooling part of the quenching
process, distortions occur at high temperature (at the begin
ning of cooling), while residual stresses essentially develop at
low temperature (at the end of cooling). Nevertheless, the
influence of high and low temperature parameters on residual
distortions and stresses, respectively, has not yet been quan
tified. It turns out that, before any numerical simulation of a
quenching process, a long time period is often necessary to
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collect the complete set of data which has to be entered into
the computer software.

Numerical results can be obtained during all the quenching
process,while experiments aremainly concernedwith the end
of it. As a consequence, continuous measurement of distor
tions during a quenching process appeared to be a well suited
method for analysing the efficiency of the high temperature
models involved in the numerical simulations, and for quan
tifying the role of the high temperature data used by these
models. Some experiments have been developed in order
to monitor the deformation history of materials throughout
a quenching process, mostly water spray or water cooling
[10,11]. However, these experimental set ups are limited to
basic geometry like bars or plates. In this paper, we describe a
new experimental set up aimed at following the distortions
of a metallic sample during a quenching process.

In Section 1, the experimental device is described in
detail. An artificial vision technique is employed to deter
mine the shape of the specimen during the process. This
paper then focuses on the accuracy of the measurements
obtained with this technique. After that experimental results
on quenching of two steel grades illustrate the use of this
experimental device, and numerical simulations of these
quenching processes are performed. Finally, observed dis
tortions are compared with theoretical shapes predicted by
the finite element technique. It is shown that the numerical
simulations are generally in relatively good agreement with
the experiment and that some high temperature data play a
significant role on the development of distortions during
quenching. This paper summarises the work described in
[12], and more experimental results can be found in [13].

2. Experimental set-up

The heat treatment vacuum furnace described in Fig. 1
has been designed to monitor distortions during quenching

by computer vision. It can be seen in this figure that the
primary vessel is separated into two zones. In the upper
part, the samples are heated to the austenitic temperature. In
the lower part, the samples are cooled to the room tempera
ture by using a straight through flow of inert gas (i.e.
nitrogen or helium) with an overpressure up to 5 bars. A
pneumatic jack transfers the workload support, and thus the
sample, between the two zones. The sample is first placed on
the workload support in the gas quenching zone, which is at
room temperature. Then, it is moved up to the heating zone
which is under vacuum. After heating, the sample is brought
back to the quenching zone for gas cooling. The dimensions
of the specimen must be less than 100mm! 100mm!
100mm.

The gas quenching zone in Fig. 1 is detailed in Fig. 2. The
shape variations during cooling of the specimen can be
observed through the four quartz made windows distributed
on the section of this zone. With a single camera (Fig. 2a),
the shape variations of an axisymmetric sample can be
determined by monocular vision and contour detection
methods [13]. If two cameras are placed around the furnace
(Fig. 2b), the 3D displacement of the surface points of the
sample can be obtained by stereovision and correlation
techniques [14]. Although both techniques have been devel
oped, this paper is concerned with the monocular vision
described in Fig. 2a. The accuracy of the results obtained
with the stereovision system is currently being confirmed by
further experiments.

A digital CCD camera with 1280 pixel! 1024 pixel
resolution is used to monitor shape variations during cool
ing. This camera is equipped with a 25 mm lens, and an
acquisition card is installed on a PC computer. Finally, a
filter is adapted on the lens, in order to limit sensor’s
saturation due to the infrared radiation emitted by the
sample (particularly above 800 8C). It can be seen in
Fig. 3 that the CCD camera is focussed on the apparent
diameter Da of the axisymmetric component analysed,

Fig. 1. Heat treatment vacuum furnace.



whereas we want to determine its actual diameter D. The
digital pictures taken during cooling are thus post pro
cessed as follows:

" A contour detection algorithm is applied to determine the
value of the apparent diameter Da.

" A conversion factor K is used to obtain the actual diameter
D of the sample from Da.

The applied contour detection algorithm is sketched in
Fig. 4. The picture obtained from the CCD camera (Fig. 4a)
is treated line by line. On each horizontal line, denoted by u,
the grey level signal is used to determine two transitions
between the sample and the gas quenching zone. The posi
tions of these two transitions are calculated by determining,

with sub pixel accuracy, the zero crossing of the second
derivative of the grey level signal (Fig. 4b). The distance
between these two transitions finally gives the apparent
diameter of the sample on the horizontal line considered.
This contour detection algorithm is repeated on each line,
leading to the evolution of the apparent diameter of the
sample along its vertical axis,Da(u). TheDa(u) function will
be referred to as the apparent diameter profile of the sample.
The numerical values obtained by the contour detection

algorithm are those of the apparent diameter Da given in the
pixel units corresponding to the CCD camera. The following
procedure is used to obtain the actual diameter profile D(u)
of the sample, expressed in millimetres, as a function of the
apparent diameter profile Da(u):

Fig. 2. Optical measurement systems.

Fig. 3. Apparent diameter measurement (top view of the sample).

Fig. 4. Contour detection algorithm.



" The actual diameter Dr of a sample, which is assumed
constant along the axial direction, is measured mechani
cally with 0.005 mm of accuracy (this accuracy takes
into account the assumption that the diameter Dr is
constant).

" The sample is placed into the gas cooling zone of the
furnace, and a picture of it is taken from the CCD camera
(the focal plane of the CCD camera is assumed to be
parallel to the vertical axis of the sample).

" The apparent diameter profile Da(u) of this sample is
determined in pixel units, by using the algorithm
described above.

" Conversion factors K(u) between Da (in pixels) and Dr (in
millimetres) are calculated by KðuÞ ¼ Dr=DaðuÞ (the
mean value of the conversion factors obtained with the
experiments described below is approximately 0.1 mm/
pixel).

As long as the CCD camera is not moved, the conversion
factors K(u) obtained by this procedure are used to convert
the measured apparent diameter profiles Da(u) into actual
diameter profiles D(u) of the sample during quenching:
DðuÞ ¼ KðuÞDaðuÞ.

3. Accuracy of the measurements

The conversion factors K(u) are established at room
temperature, in the lower zone of the furnace, before moving
the sample up (for heating) and down (for quenching), and
without gas flow. It turns out that the accuracy of the
measurements must take into account the following para
meters:

" Repeatability, associated with the contour detection algo
rithm.

" Position of the sample, which may change when the
workload support is moved up and down.

" Temperature of the sample, leading to variations of con
trast in the image analysed.

" Gas flow, which may modify the optical properties in the
quenching zone.

3.1. Repeatability of the measurements

In order to quantify the repeatability of the measurements,
the apparent profile of a 40 mm diameter cylindrical sample
was determined with the contour detection algorithm
described above. On each line, 20 measurements were
performed, and a standard deviation was calculated. Fig. 5
depicts the standard deviation obtained on the horizontal
lines of the sample. In Fig. 5a, the results are plotted versus
the line number, while a histogram of these values is given in
Fig. 5b. According to Fig. 5b, the standard deviation takes
values between 0.02 and 0.05 pixel.

3.2. Position of the sample

Position variations of the sample on the workload support
may occur when it is moved up and down during the
quenching process. These variations can be described by
a translation vector t and a rotation matrixR. The translation
vector contains three component (tx, ty, tz), i.e. one per space
direction, while according to the axisymmetric shape of the
sample, the rotation matrix can be described by two angles
(y, f). Following a relatively simple geometrical analysis
[12], the conversion factor K can be expressed as a function
of these five parameters tx, ty, tz, y and f. This function
involves the four intrinsic parameters of the CCD camera
(position of the centre and aspect ratio along each direction
in the image), which relate the 3D camera co ordinates to the
2D retinal image co ordinates [15]. These intrinsic para
meters are determined by a classical calibration procedure.

In order to perform a sensitivity analysis of the conversion
factor K against these five parameters, the limiting values of
tx, ty, tz, y and f were chosen as &1 mm for the three

Fig. 5. Repeatability of the measurements.



translation components and &0.058 for the two angles.
These limiting values are somewhat arbitrary, but certainly
overestimate the position changes of the sample when it is
moved up and down on the workload support. As illustrated
in Fig. 6, for a particular line u, these parameters have no
significant influence on the accuracy of the measurement.
In Fig. 6a, the variation of the apparent diameter of the
sample remains less than 0.0015 pixel when the variation of
the rotation angles y and f do not exceed 0.058. In Fig. 6b,
these variations remain less than 0.0016 pixel when the
sample is translated along the lateral y direction.

3.3. Influence of temperature

Since the temperature of the sample modifies the form of
the grey level signal used to detect its contours, this para
meter must have an influence on the accuracy of the mea
surements. Fig. 7 illustrates the method employed to
quantify this influence. Fig. 7a gives images of the sample
obtained during the cooling process. It can be seen in this
figure that the grey level signal, and thus the precision of the
contour detection algorithm, is highly modified by the
temperature of the sample. The test model in Fig. 7b repro
duces the contrast between the sample surface at different
temperatures and the homogeneous background of the
images. In Fig. 7c, the repeatability of the measurements
on the test model is given in terms of standard deviation
versus line number. In this figure, 20 measurements were
carried out on each line.
According to Fig. 7, the accuracy of the measurements

decreases when the surface temperature of the sample is
above 800 8C. It turns out that the experimental results
presented in this paper are limited to surface temperaturesFig. 6. Influence of rotation (a) or translation (b) of the sample on

apparent diameter.

Fig. 7. Influence of temperature on accuracy of the measurements.



between 20 and 750 8C. Within this range, the maximum
standard deviation of the measurements is 0.1 pixel, i.e.
about 0.01 mm.

3.4. Influence of gas flow

Gas flow running through the quenching zone may modify
the optical properties in this zone and induce vibrations. To
quantify this influence, repeatability of the measurements
was tested at room temperature, with gas flow, by using the
same procedure as without gas. Fig. 8 gives a histogram of
the standard deviation obtained with and without gas in the
quenching zone. The gas used was helium with an over
pressure of 5 bars and a flow rate of 220 m3/h. It can be seen
in this figure that gas flow does not have a significant
influence on the accuracy of the measurement in particular,
the maximum standard deviation is not changed.

4. Experimental results

According to Section 3.3, the accuracy of the measure
ment system employed to follow the diameter profiles of a
sample during quenching can be estimated to 0.1 pixel, i.e.
about 0.01 mm, when the surface temperature of the sample
is below 800 8C. When the temperature is increased (above
800 8C), this accuracy decreases due to a lack of contrast
between the sample and the background in the image. In
this section, experimental results are obtained on steel
specimens. The geometry and steel grades used for the

experiments are first described. Then, the measured profiles
during cooling are given and analysed.

4.1. Geometry of the samples

Steel specimens were quenched to illustrate the use of the
experimental set up to follow shape changes of the samples
during quenching. The particular geometry depicted in Fig. 9
was chosen to amplify distortions by producing different
thermal gradients and phase transformations along the ver
tical axis. A 80 mm high cylinder, with 40 mm outer dia
meter and stepwise increasing hole diameters, is heated to a
homogeneous temperature of 875 8C for 30 min, and then
quenched with helium gas under 5 bars pressure and 220 m3/
h flow rate. It is obviously expected that the upper part of the
cylinder cools more rapidly than the lower part, leading to
measurable variations of the outer diameter of the specimen
along the vertical axis during cooling.

4.2. Steel grades

Two steel grades were used in this study, and will be
referred to as specimens S1 and S2 throughout this paper.
Their chemical compositions are given in Table 1. Specimen
S1 is an austenitic stainless steel, and thus does not produce
any phase change during quenching, while the continuous
cooling transformation (CCT) diagram given in Fig. 10
indicates that phase transformations occur in specimen
S2. The shape evolutions of S1 and S2 during cooling are
thus expected to differ significantly.

Fig. 8. Influence of gas flow on accuracy of the measurements.

Table 1
Chemical composition of specimens S1 and S2 (wt.%)

Steel grade C Mn Si S P Ni Cr Mo

S1 X2CrNi18-9 0.030 2.00 1.00 0.03 0.045 10.00 19.00
S2 30CrNiMo8 0.30 0.54 0.22 0.030 0.010 1.84 1.89 0.31



4.3. Shape changes during cooling

For both specimens S1 and S2, the evolution of the
outer diameter along the vertical axis was measured before

heating (D0 value) and during cooling (D value). Figs. 11
and 12 depict the measured D'D0 profiles at different
acquisition times during the cooling of specimens S1 and
S2, respectively. Irregularities can be observed, which are

Fig. 9. Geometry of the specimens.

Fig. 10. CCT diagram of specimen S2 (grain size 9 10, austenitised at 875 8C for 30 min).



due to both specimen roughness and measurement noise. It
should be noted here that the experimental results are not
given:

" at the bottom of the sample, since the workload support
modifies the grey level signal and the accuracy of the
measurements,

" at the beginning of quenching, since the surface tempera
ture of the sample is above 750 8C.

It can be observed in Figs. 11 and 12 that the upper part of
the specimen cools more rapidly than the lower part. More
over, specimens S1 and S2 behave differently during
quenching. According to Fig. 11, specimen S1 reduces in
diameter by thermal shrinking during all the process, while
specimen S2 shows an increase in diameter between 55 and
110 s of cooling in the upper part. At the end of cooling,
specimen S1 does not exhibit any difference between the
final and the initial diameter profiles, whereas specimen S2
exhibits distortions.

These first results show that:

" The cooling sequence does not generate sufficiently large
thermal gradients to produce plastic deformation in the
specimen S1, which does not exhibit distortions.

" The phase changes in specimen S2 are clearly observed,
since they produce an increase of the outer diameter of the
sample.

" The distortions observed in specimen S2 are mainly due to
transformation plasticity, since thermal gradients are not
large enough to produce classical plasticity.

5. Numerical simulations

The cooling part of the quenching process applied to the
specimens S1 and S2 was simulated numerically by using
the SYSWELD finite element computer software [16].
The aim of these simulations is to compare the experi
mental results with the calculated distortions, and thus
to confirm the preliminary conclusions of the previous
section.

Fig. 11. Measured diameter profiles of specimen S1 during cooling.

Fig. 12. Measured diameter profiles of specimen S2 during cooling.



As mentioned in the Section 1, a large amount of data is
needed for quenching simulations. After describing the
mesh and the boundary conditions used for the simulations,
a simplified set of data is given in terms of metallurgical,
thermal and mechanical properties.

5.1. Mesh and boundary conditions

The mesh used for the simulations is made of approxi
mately 1800 4 nodes linear axisymmetric elements (Fig. 13),
and the boundary conditions applied are:

" a heat transfer coefficient for the thermal analysis;

" the lower left node of the mesh fixed in the axial direction
for the mechanical analysis.

It is assumed that the heat transfer coefficient depends
neither on the steel grade nor on the inner and outer surfaces
considered. As a consequence, an S1 specimen was equipped
with four 0.12 mm K type thermocouples, while running
through an identical gas cooling sequence as the specimens
used for distortion measurements. From the measured tem
perature time curves, the heat transfer coefficient was deter
mined by applying a trial and error procedure using finite
element calculations. The following sequence was finally
defined for this coefficient:

" A linear increase from zero to its nominal value during 6 s
(this time period is mainly due to the increase of gas
pressure from 1 to 5 bars).

" A nominal value depending on the surface temperature:
250 W/m2/K below 500 8C, 150 W/m2/K above 800 8C,
and a linear evolution in between.

The locations of the thermocouples are given in Fig. 14,
together with the measured and calculated temperature time
curves. It canbe seen that themeasured curves at pointsT3and
T4 are very close. This validates our assumption that the heat
transfer coefficient is identical on the inner and outer sur
faces of the sample. The main discrepancy obtained between
calculated and experimental temperature time curves is
10 8C. Avery good agreement is thus obtained for the thermal
analysis of cooling in the case of specimenS1.The samevalue
of heat transfer coefficient is used for specimen S2.

5.2. Set of data

According to Fig. 10 (CCT diagram of S2) and Fig. 14
(involved cooling rates), it is expected that the austenite
forms only martensite during cooling of specimen S2. This is
confirmed in Fig. 15, which gives the martensitic micro

Fig. 13. Mesh used for the numerical simulations.

Fig. 14. Measured and calculated temperature time curves.



Fig. 15. Microstructure of specimen S2 after cooling.

Table 2
Material properties for specimens S1 and S2

Temperature (8C)

20 200 500 900

Young’s modulus (GPa) 200 150
Poisson’s ratio 0.29 0.31

Thermal conductivity (W/m/K)
Austenite 15 27
Martensite (S2) 38 40 35

Mass enthalpy (J/kg)
Austenite 160000 630000
Martensite (S2) 0 350000

Density (kg/m3)
Austenite 8060 7600
Martensite (S2) 7870 7700

Thermal strain
Austenite (S1) 0 0.02
Austenite (S2) 0.008 0.012
Martensite (S2) 0 0.008

Yield stress (MPa)
Austenite 40 80 70 25
Martensite (S2) 780 460

Hardening coefficient (GPa)
Austenite 3 0.5
Martensite (S2) 62 47



structures obtained in the sample after cooling. Following
the Koistinen Marburger equation, the proportion of mar
tensite p is obtained as a function of temperature y by
p ¼ 1' exp ðbðy'MsÞÞ when y < Ms, and p ¼ 0, other
wise. The martensite start temperature Ms was found at
300 8C (Fig. 10), and the kinetic coefficient b was chosen as
0.011/8C.

The material properties of S1 and S2 were taken from
Refs. [3,9]. In order to simplify the data, it was assumed that
austenite in S1 and in S2 have the same properties, and that
the Young’s modulus and the Poisson’s ratio were not phase
dependent. Moreover, linear kinematic hardening laws were
used for the mechanical analyses. The data are listed in
Table 2, and linear interpolations are used between the
indicated values. It can also be seen in this table that the
thermal expansion vanishes at 20 8C for austenite in speci
men S1, and for martensite in specimen S2. This gives the
reference value for the distortion calculations in both speci
mens.

6. Discussion

The aim is to outline the possibilities of the experi
mental device described in this paper. For this purpose,

the experimental results obtained in the previous section
are compared with the numerical simulations.

6.1. Specimen S1 (X2CrNi18 9 steel)

Fig. 16 gives the calculated and measured D'D0 profiles
during the cooling of specimen S1, which is made of
austenitic steel, and thus does not exhibit any phase change.
Thermal shrinking can be clearly observed in this figure. The
upper part of the cylinder cools faster than the lower part at
the beginning of cooling, leading to a relatively large
difference between the corresponding outer diameters. This
difference then reduces since the temperature field becomes
homogeneous. At the end of cooling, no significant distor
tion is observed. This is due to the fact that the thermal
gradients generated by gas quenching are not high enough in
this case to produce plastic deformation in the specimen.
A very good agreement is obtained between experimental

and calculated profiles during all the process. A slight
discrepancy can be observed at t ¼ 110 s, particularly at
the bottom of the sample. It is probably due to heat
exchanges between the specimen and the workload support,
which were not taken into account in the calculations. It
should be noted here that Fig. 16 demonstrates that the
experimental device described in this paper is able to follow

Fig. 16. Calculated and measured diameter profiles of specimen S1 during cooling.



Fig. 17. Calculated and measured diameter profiles of specimen S2 during cooling.

Fig. 18. Calculated and measured displacements of particular points during cooling.



the shape of a metallic part during the cooling sequence of a
quenching process.

6.2. Specimen S2 (30CrNiMo8 steel)

Fig. 17 gives the calculated and measured D'D0 profiles
during the cooling of specimen S2, which is made of a steel
that presents phase changes during quenching. A good
agreement can be observed between the measured and the
calculated profiles. At the beginning of cooling, thermal
shrinking leads to similar shapes as for specimen S1
(Fig. 16). Then, when the temperature reaches 300 8C,
which is the Ms value in Fig. 10, austenite begins locally
to transform into martensite, and thus to generate a thermal
expansion. This temperature is reached at t ¼ 55 s at the top
of the specimen, whereas transformation begins only at
t ¼ 185 s at the bottom. At the end of cooling, a slight
distortion can be observed, which is mainly due to trans
formation plasticity since according to specimen S1 thermal
gradients do not generate classical plasticity.

Thesecalculationsandmeasurements canalsobeemployed
to analyse local displacements at the surface of the specimen.
Fig. 18 depicts the calculated and measured displacements
during cooling at two particular points of the sample. This
figure confirms that martensite forms gradually from the top
(e.g. point A) to the bottom (e.g. point B) of the specimen.

7. Concluding remarks

Quenching distortions of metallic components are mainly
due to:

" plastic deformation, induced by thermal gradients, which
is often referred to as ‘‘classical plasticity’’,

" plastic deformation, produced by phase changes, which is
often called ‘‘transformation plasticity’’.

The analysis of gas quenching distortions of two steel
specimens (S1, without phase changes; S2, with a marten
sitic transformation) validates the experimental set up. The
results are compared with numerical finite element simula
tions. The main conclusions are that:

" A good agreement is observed between theoretical pre
dictions and experiment during all the cooling sequence.

" The shape evolution during cooling of specimen S1 is
only due to thermal shrinking, and does not produce any
residual distortions. The thermal gradients produced dur
ing gas cooling are thus not large enough to induce
classical plasticity.

" The phase changes in specimen S2 significantly modify
its shape evolution during cooling, and produce residual
distortions, which are clearly due to transformation plas
ticity effects.

The contour detection technique described in this paper is
well suited for studying samples with an axisymmetric
shape. By using a stereovision method, it will be possible
to analyse samples with more complex geometry.
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