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Abstract

Dilatometry is a technique for precise measurement of thermal dilatation of materials during heating or cooling. A procedure has been presented
for calibration of a differential dilatometer operating with electromagnetic heating for metallic specimens both upon heating and cooling as
well as under uniaxial compressive and tensile loading. The dilation signal has been calibrated for both heating and cooling and for uniaxial
loading (compressive and tensile) using platinum or iron reference specimens, for which recommended dilational data are available. The ferro- to
paramagnetic transition (characterised by the Curie temperature) of pure iron or iron-based alloys has been adopted to calibrate the temperature in
the dilatometric measurement under different loading modes during heating and cooling. On this basis calibrated data for the thermal expansion

coefficients of Fe and Fe—Ni alloys have been obtained.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Many solid materials exhibit structural changes, e.g. phase
transformations, upon changing the temperature. These phase
transformations are usually accompanied by a significant change
in specific volume. The change in volume of a solid mate-
rial is usually measured by the corresponding change in length
of a specimen (long in one dimension) of this material. Thus,
measurements of the change in length of solid materials are
often applied for the determination of the kinetics of phase
transformation of metals and alloys (e.g. [1-6]). Length-change
measurement under applied compressive or tensile load dur-
ing phase transformation makes it possible to investigate the
influence of applied load on the phase transformation. If, upon
increasing or decreasing the temperature, a phase transformation
does not occur, the length of the specimen changes by thermal
dilatation only, characterised by the linear thermal expansion
coefficient, i.e., the relative length-change divided by the corre-
sponding temperature interval.
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The two principal factors that limit the accuracy of determi-
nation of the length-change by differential dilatometers are: (i)
the thermal dilatation behaviour of the push-rods, which support
the specimen and transmit the dilation signal, and (ii) the accu-
racy of the temperature determination of the specimen, because
of the existing temperature gradient along the specimen-length
axis due to heat loss by heat conduction from the specimen
through pushrods and by radiation. Recently, a calibration
procedure for the dilation and temperature signals upon heating
and cooling in a differential dilatometer, provided with a
resistance heated furnace, was proposed by Liu et al. [7]. In the
present work the focus is on the use of a differential dilatometer
operating with electromagnetic heating in the temperature range
of about 300-1800 K applied to a solid, cylindrical, metallic
specimen.

The construction and working principle of the dilatometer in
the different modes (normal, compressive and tensile) have been
briefly discussed in Section 2. Section 3 is dedicated to tempera-
ture profile measurement in the dilatometer specimen subjected
to a heat treatment cycle. The calibration of the length-change
as well of the temperature has been discussed in Section 4. The
length-change calibrations for the normal (zero load) and com-
pressive modes and for the tensile mode have been performed by
taking pure Pt and pure Fe as reference specimens, respectively.
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The Curie temperature of pure Fe or Fe-based alloys has been
taken as a standard for the absolute temperature calibration
during heating and cooling experiments. Finally, Section 5
presents the linear thermal expansion coefficient (LTEC) data
as determined in this work for pure Fe and Fe—Ni alloys.

2. Experimental
2.1. Dilatometer

The dilatometer used in this work (DIL-805A/D (A: quench-
ing; D: deformation) dilatometer; Baehr-Thermoanalyse GmbH;
cf. Fig. 1la—c) measures the specimen dilation as a function
of temperature in the absence of a reference specimen. It is
a differential dilatometer because two pushrods are used to
measure the thermal dilation behaviour. The dilatometer can
be used in normal (zero load) mode and deformation (uniaxial
compressive/tensile) mode (see Fig. 1(a)—(c)). The electrically
conductive specimen is heated inductively applying a water
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Fig. 1. Schematic (cross sectional top view) diagram showing the quenching
and deformation differential dilatometer (from Baehr-Thermoanalyse GmbH)
in different modes (a) normal mode (zero load mode), (b) compressive mode,
and (c) tensile mode.

cooled induction Cu heating coil to generate a high frequency
current. An additional inner Cu coil is perforated and thus can be
used for inert gas quenching. The temperature of the specimen is
controlled and measured with Pt—PtggRh1g thermocouples (type-
s) spot welded on the specimen surface. The pushrods, used
to transmit thermal dilation of the specimen and to also hold
the specimen in normal (zero load) mode (cf. Fig. 1(a)), are
either made of fused silica or alumina. The thermal dilation is
measured via a linear variable differential transformer (LVDT)
positioned in the measuring head. The whole system is insensi-
tive to mechanical vibration. The LVDT and the specimen are
kept isolated from each other by a dividing wall and hence the
LVDT is not influenced by heat radiation or heat conduction from
the specimen. The length-change resolution achievable with this
instrument is about 50 nm.

2.1.1. Normal mode

The normal mode of operation is schematically shown in
Fig. 1(a). The pushrods 2 and 3 are connected to the LVDT.
The specimen is supported by pushrods 1 and 2. Pushrod 1 is
fixed at the left side of the specimen; pushrod 2 is fixed at the
right side of the specimen and transmits the occurring dilation;
pushrod 3 serves as reference. The specimen is a solid (or hol-
low) cylinder; typical specimen dimensions are length of 10 mm;
diameter of 5mm; wall thickness of 1 mm for a hollow speci-
men. The specimen can be heated inductively under vacuum
to a defined temperature with a maximum allowable heating
rate of 4000 Kmin—1 (upper limit of DIL-805A/D) and, for a
solid specimen, can be continuously cooled applying a cool-
ing rate of maximal 200 K min—! and, with additional Ar flow
through the inner, perforated Cu coil, applying a cooling rate
of maximal about 1600 K min—1. Ar gas can be led additionally
through a hollow specimen to achieve large cooling rates up to
2500 K min—1.

2.1.2. Compressive mode

The compressive mode of operation is schematically shown
in Fig. 1(b). Pushrods 1 and 2 are connected to the LVDT. The
specimen is supported at both sides by deformation punches.
The specimen dilation is transferred via pushrod 1; pushrod
2 serves as reference. The specimen can be deformed (elas-
tically/plastically) during heat treatment under simultaneous
recording of length-change. Deformation punches are made of
fused silica or alumina and have a diameter of 12mm and a
length of 35mm. The left punch is used to apply the uniaxial,
compressive load, whereas the other punch is fixed. The load,
generated by a hydraulic system, is transferred via a hydraulic
cylinder. The maximum applied load is limited to 25.0 kN with
a sensitivity of +0.0005 kN. The accessible heating and cooling
rates in this mode are in the range or 2500 and 200 K min—1,
respectively.

2.1.3. Tensile mode

The tensile mode of operation is schematically shown in
Fig. 1(c). The specimen to be used in the tensile mode has a
geometry different from that used in the normal or compres-
sive modes. The solid, cylindrical specimen has a central part
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Table 1

Chemical composition of the iron and nickel used

Element Fe Ni

C 11 23

Si 13 0.23
Cu 1 0.18
Ti 0.6 5.3

Unit: ppm in mass.

of length 10 mm and of diameter 5mm, as in the normal and
compressive modes, but now incorporates two additional parts
(clamps) at both sides of length 29.5 mm and of diameter 9 mm.
This relatively long specimen is screwed on the wall at the
right side; the uniaxial tensile load is applied at the left side.
The pushrods transmitting the dilation of the specimen to the
LVDT are positioned in contact with the specimen as shown
in Fig. 1(c): pushrod 1 measures the dilation of the specimen
relative to pushrod 2.

2.2. Alloy preparation

As model systems pure Fe and Fe—Ni alloys were chosen. Iron
was supplied by Aldrich GmbH and nickel was supplied by Alfa
Aesar GmbH; for compositions, see Table 1. The as-received
pure Fe rods were hammered down to rods with a diameter of
about 6 mm, for both normal and compressive mode specimens.
Fe—Ni alloys were prepared by melting appropriate amounts of
Fe and Ni in a vacuum arc melting furnace; the molten alloy
was cast in a copper mould of 7 mm diameter. The as cast ingots
were hammered down to rods of 6 mm diameter, for both nor-
mal and compressive mode specimens. To prepare tensile mode
specimens, castings of pure Fe, of dimensions 100 mm length
and 10 mm diameter, were made and subsequently hammered
down to rods of 9.5 mm diameter.

In order to achieve a homogeneous microstructure, all the
rods/castings were sealed in a quartz container filled with argon
gas at 2 x 10* Pa. The specimens were heated from room tem-
perature to 1423 K at 5 K min—? followed by annealing at 1423 K
for 100h and subsequently furnace cooled to room temper-
ature. Thereafter the compositions of the Fe-Ni rods were
determined by inductive coupled plasma-optical emission spec-
trometry (ICP-OES). The composition of the Fe—Ni alloys used
was found to be: Fe—-2.96 at.%Ni and Fe—5.93 at.%Ni.

Table 2

Next, to prepare normal and compressive mode specimens,
the rods were machined to dilatometry specimens with a diam-
eter of 5mm and a length of 10 mm. To prepare tensile mode
specimens the rods were machined to dimensions as shown in
Fig. 1(c) and discussed in Section 2.1.3.

3. Temperature measurement

Dilatometry specimens undergoing an inductive heating and
cooling cycle experience a temperature inhomogeneity during
heating and cooling. The temperature inhomogeneity is largely
attributed to heat loss by heat conduction through the mate-
rial (pushrods, deformation punches and clamps) holding the
specimen (cf. Fig. 1a—c); heat loss by radiation is largely com-
pensated by additional heating induced by the temperature read
out by thermocouple 1 (Fig. 1(a)) controlling the inductive
heating.

3.1. Temperature profile measurement

The temperature of the specimen during heating and cooling
is controlled and measured with PtggRh1o—Pt thermocouples (S-
type) spot welded on the specimen surface.

The locations of the spot welded thermocouples to implement
the programmed temperature and to measure the tempera-
ture profile during heat treatment are schematically shown in
Fig. 1(a)—(c). Thermocouple 1 is spot welded at the centre of
the specimen to control the temperature according to the cho-
sen temperature program. Thermocouple 2 is spot welded at the
extreme end of the specimen to measure the temperature at one
end of the specimen and thus assess the temperature gradient in
the specimen.

The temperatures measured with thermocouple 1 (Tcentre) and
thermocouple 2 (Teng) at a program temperature of 923 K for two
different Fe-5.93at.%Ni specimens subjected to 20 K min—1
heating and cooling are shown in Table 2 for normal, com-
pressive and tensile modes. The temperature gradient in both
specimens is not the same for the same heating and cooling
cycle which is due to the lack of reproducibility in spot welding
of thermocouples or differences in the surface contacts between
the pushrods (or punches) and the specimen or differences in
the position of the specimen inside the induction coil. A cor-
rection procedure has been developed and has been presented

Measured temperatures Tcentre @nd Teng for a set program temperature of 923.0K (i.e. before the start temperature of the y — o transformation upon cooling for
Fe-5.93 at.%Ni) for two different specimens each with a heating and cooling rate of 20 K min—1 for normal, compressive and tensile modes

Mode Specimen Heating Cooling
Ttentre (K) Tend (K) ATheating Tcentre (K) Tend (K) ATcooling

Normal 1 923.0 919.2 3.8 923.0 915.9 7.1

2 923.0 918.2 4.8 923.0 916.1 6.3
Compressive 1 923.0 919.7 3.3 923.0 918.0 5.0

2 923.0 920.1 29 923.0 916.3 4.7
Tensile 1 923.0 922.2 0.8 923.0 921.9 11

2 923.0 922.5 0.5 923.0 922.2 0.8
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elsewhere [8] that enables full correction for the temperature
inhomogeneity and as a result the length-change as a function
of ahomogeneous temperature can be presented. This procedure
has been adopted in this paper if the gradient (Tcentre — Teng) in
the specimen was larger than 1.0 K.

4. Calibration procedures
4.1. Introductory remarks

Calibration of the dilation upon heating and cooling is per-
formed, for the normal and compressive modes, by measuring
the length-change of a cylindrical Pt reference specimen with
diameter of 2.99 mm and length of 10.04 mm and, for the ten-
sile mode, by measuring the length-change of a Fe reference
specimen of pure Fe (large overall specimen size). The differ-
ence between the measured AL/Ly for the reference specimens
and the recommended (reference) values for the dilatation of the
platinum or iron specimen upon heating and cooling serves as
a calibration (additive correction) for the relative length-change
(ALILp) values recorded in measurement runs performed with
specimens to be investigated applying the same heat treatment
procedure. The extent of the corrections depends upon tempera-
ture program employed (heating/cooling rates, see Table 3) and
type of pushrods used (alumina or fused silica (see Fig. 2)),
recognizing the different thermal conductivities of the differ-
ent types of pushrods. To demonstrate the consequences of the
choice of the type of pushrods, two heat treatment cycles were
performed in normal mode, with a heating and cooling rate of
20 K min~! and an intermediate isothermal holding for 30 min
at 1273 K, for the Pt reference specimen, the first time with the
alumina pushrods and the second time with the silica pushrods.
The difference in the AL/Ly values for the heating and cooling
parts of the heat treatment cycle is much larger for using the
alumina pushrods than for using the silica pushrods. This can be
understood as a consequence of the fused silica having a lower
thermal conductivity [9] and lower thermal expansion [9] than
the alumina (LTEC of silica and alumina are around 0.5 x 10~°
and 1.0 x 107° K1, respectively).

Table 3
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Fig. 2. Measured length-change in normal mode as a function of temperature
of the Pt reference specimen for two successive cycles during constant heat-
ing (20 Kmin~1) from room temperature to 1273 K and subsequent cooling
(20 Kmin~1) interrupted by an isothermal annealing at 1273 K for 30 min: (a)
alumina pushrods; (b) fused silica pushrods.
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An increase of the relative dilation of the specimen occurs
during isothermal holding at 1273 K for using alumina pushrods
(shown by b = ainFig. 2(a)). This can be understood as follows.
The alumina pushrods have a relatively high thermal conductiv-

Measured average Curie temperature (for two cycles), Tc meas Characterising the ferro- to paramagnetic transition, the temperature shift (calibration correction), AT¢
(=Tc — Tc meas) (Tc =1043 K [12]) as given by the difference of the reference value of the Curie temperature and the measured value

Rates (K min—1) Heating Cooling
Tc,meas (K) ATc (K) TC,meas (K) ATc (K)

10 1035.3 + 0.5 77 1034.8 + 0.5 8.2

202 1035.8 + 2.12 71 1034.9 + 2.52 8.1

50 1036.4 + 0.5 6.6 1034.6 + 0.4 8.4
100 1036.2 + 0.6 6.9 1033.3 + 0.8 9.7
150 1036.4 + 0.5 6.6 1031.3 + 1.0 11.7
200 1036.6 + 0.5 6.4 1027.7 + 1.1 15.3
300 1036.2 + 1.2 6.8 b b
400 1037.5 + 1.0 5.4 b b
500 1037.8 + 1.4 5.2 b b

2 The average Curie temperature for a repeated set of 25 experiments with a heating and cooling rate of 20 K min—1.
b The Curie temperature could not be detected precisely from the drop in expansion coefficient (see Fig. 5) as a function of measured temperature, because at high
cooling rates (200 K min—! and above) the drop in linear expansion coefficient is within the scatter of the measured LTEC data.
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ity and, after heating up, upon subsequent isothermal holding
at 1273 K the pushrods need time to reach thermal equilibrium.
Hence, the pushrods (pushrods 1 and 2 in Fig. 1(a)) continue
to expand at the isothermal holding temperature. This results
in a virtual increase in relative dilation (b= a) of the speci-
men during the isothermal holding at 1273 K (see Fig. 2(a)).
A reverse phenomenon, i.e. a small decrease in relative dilation
upon isothermal holdingat 1273 K (shown by ¢ = dinFig. 2(b)),
occurs for using fused silica pushrods. This can be understood
as follows. As a consequence of radiative heat transfer from
the specimen to its surroundings the reference pushrod 3 (see
Fig. 1(a)) expands relative to pushrods 1 and 2 and this results in
asmall decrease in relative dilation. The temperature of the refer-
ence pushrod 3 was measured additionally during the heat treat-
ment cycle. Indeed, the measured temperature of pushrod 3 after
30 min of isothermal holding at 1273 K had increased with about
24 K. If the thermal expansion coefficient of fused silica is taken
as0.5 x 10~° K~1 [9] then the increase in relative length-change
(ALILp) corresponding to an increase in temperature of 24K is
12 x 10~° which agrees well with the observed relative dilation
as given by ¢ = d which equals 10 x 10~°. Further, the mea-
sured relative dilation and its temperature dependences (slopes
in Fig. 2) are larger using the alumina pushrods than using the
fused silica pushrods. This is ascribed to the thermal expansion
coefficient of alumina being larger than that of fused silica and
to the different temperature changes for the same heat treatment
cycle due to different thermal conductivity in both types of the
pushrods.

Calibration of temperature depends also on the heating and
cooling rate employed. Hence, to each heating and cooling rate to
be used, a separate temperature calibration has to be performed,
or inter- or extrapolation of calibration parameters with respect
to heating/cooling rate has to be performed.

It was recently proposed to adopt the Curie temperature cor-
responding to the ferro- to paramagnetic phase transformation in
e.g. pure iron for temperature calibration upon heating and (also)
upon cooling. This idea was successfully applied to the calibra-
tion of differential thermal analysis (DTA) for determining the
heat capacity in heating and cooling experiments [10] and to the
differential dilatometer to measure the specific volume change
on heating and cooling, respectively [7].

4.2. Length-change calibration

4.2.1. Normal and compressive modes

The correction to the measured relative length-change of the
specimen under investigation is a consequence of the (unde-
sired) thermal dilation of the pushrods/deformation punches in
thermal contact with the specimen surface. To determine the true
relative length-change, a correction term should be added to the
measured relative length-change for each temperature for any
specimen to be investigated.

A polycrystalline, platinum dilatometric specimen, of the
same geometry as the specimen to be investigated, serves as
the reference specimen. Then the calibration or correction term
(ALI/Lg)cali is given by the difference of the known true rela-
tive length-change of the reference specimen (AL/Lg)ret [11]

and the measured length-change for the reference specimen
(AL/Lo)ref meas,i:

<AL> . (AL) (AL) 1)
Lo cal,i Lo ref Lo ref,meas, i

where i, stands for either heating or cooling. Hence, the corrected
length-change of the specimen to be investigated (AL/Lg); then
is given by

AL AL AL
<LO>i B (Lo>meas,i - (Lo>cal,i (2)

where (AL/Lg)meas,i is the measured length-change.

The measured length-change of the cylindrical platinum
reference specimen upon heating and cooling is shown in
Fig. 3, employing the fused-silica pushrods in normal mode
(Fig. 3(a)) and the fused silica solid punches in compres-
sive mode (Fig. 3(b)). The following isochronal heat treatment
program was executed: the specimen was heated from room tem-
perature up to 1273 K (at 20 K min~1), kept at this temperature
for 30 min, and then the specimen was cooled down continu-
ously to 300K (at 20 K min—1). By subtracting the measured
data from the known (AL/Lg)ef Values of the platinum, the cor-
responding calibration data (AL/Lg)ca are obtained for heating
and cooling, respectively (cf. Eq. (1)). As indicated in Section
4.1, the correction (AL/Lg)cq is different for heating and cool-
ing. Moreover a slight difference in correction, for both heating
and cooling, occurs between the normal and compressive modes,
reflecting the difference in dilatometric geometry (cf. Fig. 1(a)
and (b)).

4.2.2. Tensile mode

A polycrystalline, iron dilatometric specimen of the same
geometry as the specimen to be investigated, serves as the ref-
erence specimen. The reference, relative length-change of iron
as a function of temperature has been obtained using the ana-
Iytical expression for LTEC of the austenite and ferrite phases,
as discussed in Section 5. The calibrated relative length-change
is derived from the measured relative length-change following
the same procedure as described in Section 4.2.1. The obtained
calibrations in this mode, for the heat treatment cycle described
in Section 4.2.1, are shown in Fig. 3(c). It should be recognised
that, (1) the calibrations for heating and cooling are different,
for both the « and vy phases, as also observed for the normal
and compressive modes, and (2) the calibrations for the « and
v phases are different, exhibiting a sharp discontinuity at the
o — v and y — a phase transformations.

The length change calibration during y — « transformation
was done as follows: first the transformed fraction f,, was deter-
mined from the measured length change adopting the lever rule
[4]. Secondly, taking into account the f, and extrapolated cal-
ibration length changes for the pure o and -y phases in the
v — a transformation range, the length change calibration dur-
ing v — « transformation is given by:

(AL)Cal,'y%a = fa(AL)cal,u + (1 - fu)(AL)cal,y (3)
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Fig. 3. The relative length-change, as measured for the Pt reference specimen
(AL/Lp)meas, the corresponding data according to Ref. [12] and the resulting
relative length scale corrections (AL/Lp)ca (right ordinate in (a) and (b)) upon
continuous heating (20 K min—1) from room temperature to 1273 K and subse-
quent continuous cooling (20 K min—1) interrupted by an isothermal annealing
at 1273 K for 30 min, with fused silica pushrods: (a) normal mode, (b) com-
pressive mode, and (c) the obtained (AL/Lg)ca upon heating and cooling with a
pure Fe specimen subjected to the aforementioned temperature program; tensile
mode; the vertical arrows indicate the measured Curie temperature upon heating
and cooling in the single ferrite (o) phase region; the inserted blow up shows
(AL/Lp)ca for the single austenite (y) phase region shown as an apparently single
line in the main figure.
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where (AL)cal,« and (AL)cal,y are the calibrated length changes
for the pure o and -y phases, respectively (see Fig. 3(c)). A similar
expression can also be given for length change calibration during
o — +y transformation.

4.3. Temperature calibration

Execution of the temperature calibration is independent
of the mode of operating the differential dilatometer. As an
example the calibration procedure is discussed here for the
normal mode (cf. Fig. 1(a)). Several heat treatment cycles
for different heating rates (10-500 K min~1) and cooling
rates (10-500 K min—1) were performed with pure iron as the
specimen. The occurrence of the ferromagnetic transition was
exhibited by a hump on the length-change curve [cf. Fig. 9(b)] as
well as by a perceivable rise/drop in energy input (cf. Fig. 4) for
heating/cooling. Fig. 9(b) also shows a relative length-change
curve upon heating indicating the magnetic transition and a
blow up of the magnetic transition against an interpolated length
change without magnetic transition. Because of the temperature
ranges observed for the rise/drop in energy input and the hump
in length-change during magnetic transition it is difficult to
identify the temperature for magnetic transition. The LTEC of
ferritic Fe as determined (according to Eq. (5) given in Section
5) from the dilatometer measurements at a heating and cooling
rate of 20 Kmin—! is shown in Fig. 5. The distinct minimum in
the linear thermal expansion coefficient indicated with arrows
in Fig. 5 represents the Curie temperature for heating and
cooling.

Since the dilatometric specimen exhibits a temperature gradi-
ent, during heating and cooling, which is also not constant from
one experiment to another (see Section 3.1), in principle the
average of the measured temperatures Teentre and Teng (cf. Sec-
tion 3) is used as the “measured” temperature of the specimen.
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However, the enthalpy consumption by the magnetic transition
poses a problem here, that is dealt with as follows.

The LTEC and the temperatures Tcentre and Teng have been
plotted as a function of time in Fig. 6. The temperature Tcentre
varies linearly where as Teng Varies nonlinearly during the mag-
netic transition. The temperature Tcentre Changes linearly with
time because the thermocouple 1 measuring the temperature
Teentre COMpensates, by controlling the induction heating, a
change in temperature in the centre of the specimen due to
enthalpy consumption upon magnetic transition. This is not the
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1090 T T T T 2
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1070 1.8
X
® 1050 16
=] ¥
E >
2 =]
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2
Tend‘ ideal
TC. end meas
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2150 2210 2270 2330 2390 2450
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Fig. 6. The measured temperatures Tcentre and Teng and linear thermal expan-
sion coefficient («) (showing a hump at the magnetic transition) as a function of
time. Tend,igeal (dashed line) is the interpolated temperature, which would have
been the ideal temperature Tenq in the absence of magnetic transition. The tem-
peratures (Tcentre and Teng) corresponding to the magnetic transition, as given
by the intersection of the vertical dashed line at the magnetic transition (identi-
fied by the lowest value of ) with the temperature lines of Tcentre and Teng are
Tc centre,meas aNd 7¢ end,meas, respectively. The intersection of the dashed vertical
line with the temperature Teng,igeal then gives the temperature 7¢ end,ideal -

case for (especially) the ends of the specimen, where the tem-
perature, Teng, has been measured by thermocouple 2. Hence,
the temperature Teng does not change linearly with time during
the transition: the drop observed in temperature Teng is due to
the enthalpy change upon magnetic transition. In the ideal case,
the temperature Teng that thermocouple 2 would have recorded,
if no heat consumption due to the magnetic transition would
occur (as is the case for a specimen to be investigated in this
temperature range, in the absence of enthalpy change due to
phase transformation), can be obtained by (linear) interpolation
from the linear changes in Tg,g outside the temperature range
where the minimum of the LTEC occurs; this temperature has
been indicated with Teng,igeal in Fig. 6. Thus, during the magnetic
transition (i.e., at the Curie temperature, indicated by subscript
C) the average measured temperature of the specimen is given

by:

TC,centre,meas + TC,end,ideaI (4)
2

where Tcend,ideal IS the interpolated temperature Teng at the
Curie temperature. The thus measured Curie point temperatures,
Tcmeas (=Tccentre,mass + 7C,end,ideal/2) and the corresponding
temperature corrections (AT¢), adopting the true Curie temper-
ature of pure iron as reference (1043.0 K [12]), have been listed
in Table 3, for a number of heating and cooling rates. For all the
experiments pertaining to Table 3 the same specimen was used
without taking it out from the dilatometer, ensuring there is no
change in spot welding and the location of the specimen inside
the coil, which changes might otherwise have led to a different
temperature gradient in the specimen.

The obtained temperature corrections (shifts) ATc, for the
different heating and cooling rates, are shown in Fig. 7(a) and
(b), respectively. In order to find out the variation in AT¢ due to
different specimen mountings in the dilatometer a set of experi-
ments was performed for a heating/cooling rate of 20 K min—1,
For each experiment, a fresh specimen was taken and a fresh ther-
mocouple spot welding was done. The results are represented by
the distributions shown in Fig. 8. The average Curie temperature
was obtained as 1036.5 + 2.1 and 1035.3 £+ 2.5 K upon heating
(Fig. 8(a)) and cooling (Fig. 8(b)), respectively. The difference
in measured Curie temperature between heating and cooling is
about 1K (1036.5+2.1 —1035.3 +2.5). The standard devia-
tions in ATc for heating and cooling at 20 K min—! have also
been indicated in Fig. 7.

TC,meas =

5. Relative length-change calibration of pure Fe
(normal, compressive and tensile modes)

The relative length change of pure iron, using the normal
mode measured upon the heat treatment procedure indicated in
Section 4.2.1, is shown in Fig. 9(a), before and after calibration
of both the temperature and the length-change scales apply-
ing the methodology developed in Section 4. Similar relative
length-change results (before and after calibration) are obtained
using the compressive mode. The segment AB of the calibrated
curve corresponds to the thermal expansion of the specimen
upon continuous heating in the absence of a phase transforma-



38 G. Mohapatra et al. / Thermochimica Acta 453 (2007) 31-41

10 T T T T

AT, /K

+*

+
0 110 220 330 440 550
(a) heating rate / Kmin-1

T T T T T T

0 40 80 120 160 200 240
(b) cooling rate / Kmin-1

Fig. 7. Temperature scale correction, ATc, for various heating rates (a) and
cooling rates (b). A single specimen with the same pair of welded thermocouples
was applied. The scatter in the temperature calibration for a repeated sets of
experiments (number: 25) at 20 K min~! heating and cooling with now for each
experiment a freshly spot welded pair of thermocouples has been indicated too.

tion. Part BC represents the o — -y transformation, during which
a length contraction occurs due to the formation of austenite.
Parts CD and EF stand for the expansion and contraction of
austenite upon heating and subsequent cooling, respectively. Part
FG corresponds to the y — « transformation, associated with
length increase. After completion of the y — « transformation
the length of the specimen decreases continuously down to room
temperature due to thermal contraction (indicated by GH).

The measured relative length change of pure iron, using
the tensile mode device without applying load, upon the heat
treatment procedure indicated in Section 4.2.2, is shown in
Fig. 10(a), before and after calibration of both the tempera-
ture and the length-change scales, applying the methodology
developed in Section 4. As compared to the (linear) thermal
expansion/shrinkage, a small rise in specimen length occurs at
the end of o« — +y transformation and a small drop in specimen
length occurs before the start of v — « transformation, accord-
ing to the relative length-change data as a function of temperature
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Fig. 8. The distribution of the values measured for the Curie temperature
(Tc,meas) during heating (a) and cooling (b) for a heating and cooling rate
of 20K min~! for repeated (number: 25) sets of experiments using for each
experiment a freshly spot welded pair of thermocouples.

(see Fig. 10 (b)). This effect is due to the prevailing tempera-
ture gradient in the specimen. The clamps are part of the entire
specimen and therefore of the same material as the inner part of
the specimen that is used for measuring the dilation (see Section
2.1.3; Fig. 1(c)) The portions of the clamps in contact with the
pushrods (see Fig. 1(c)) are at a lower temperature than the inner
part of the specimen because large parts of the clamps are out-
side the heating zone (i.e. outside induction coil) (cf. Fig. 1(c)).
Hence, upon cooling they start to transform earlier than the inner
part of the specimen. In that stage, then the pushrods 1 and 2
move towards each other (because of the transformation induced
volume expansion) and thereby cause an apparent decrease in
relative length-change just before the start of v — « transfor-
mation in the inner part of the specimen. A similar reasoning
can be applied for the heating run and explain the apparent
increase in relative length change at the end of the o — -y trans-
formation due to later completion of this transformation in the
outer part (clamps) of the specimen. The start temperature of
the v — « transformation and the end temperature of the o — vy
transformation are taken as the temperatures corresponding to
the minimum of relative length-change (see the vertical arrows
in Fig. 10(b)).



G. Mohapatra et al. / Thermochimica Acta 453 (2007) 31-41

0.016 T T - T T
= measured, heating
==+ measured, cooling B,
=== calibrated, heating
------ calibrated, cooling
0.010f = 1
=7
2
<1
0.004 1
5
# H
-0.002 . : i : 2
200 400 600 800 1000 1200 1400
(a) temperature / K
T T T T T 6.0x10-5
0.0114F
g
414.0x105
magnetic transition . S
rd
3 d -
3 0.0112F - iy =
- 5
Yl 42.0x10% 5
AN ~
7L
0.0110} 2} b
B AL 44 ) 1h Ay -’;".‘“ﬁ"" hiiﬁ!‘:"-', "f‘#”ﬁa
) g A Y KA1 PO
1020 1025 1030 1035 1040 1045 1050 1055
(b) temperature / K

Fig. 9. (a) Comparison of the measured relative length-change as a function of
temperature (Tcentre) and corrected relative length-changes of pure iron (nor-
mal mode) during continuous heating (20 K min—1) from room temperature
to 1273 K and subsequent continuous cooling (20 K min~—1), interrupted by an
isothermal annealing at 1227 K for 30 min. (b) The relative length-change curve
upon heating indicating the magnetic transition and a blow up of the magnetic
transition against an interpolated length change (AL/Lp)int, Without magnetic
transition.

6. Linear thermal expansion of Fe and Fe-Ni alloys
6.1. Linear thermal expansion coefficient (LTEC) of ferrite

The relative length-changes as a function of temperature of
pure Fe and Fe-Ni alloys (Fe-2.96 at.%Ni and Fe-5.93 at.%Ni
and) are shown in Figs. 9 and 11, respectively. The heat treat-
ment cycles considered here (see Section 4.2.1) were carried
out in normal mode. The magnetic transition temperature of
Fe—2.96 at.%Ni was found to be 1033.3 + 1 K, and the tempera-
ture calibration was performed as for pure Fe (see Section 4.3).
For Fe-5.93 at.%Ni a value for the magnetic transition could not
be obtained, because both during heating and cooling the mag-
netic transition appears in the temperature range of the « — ~y
and the y — « transformation, respectively. Thus, for this alloy
the temperature calibration was done on the basis of the mag-
netic transition measured separately for pure Fe (see Section
4.3).
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Fig. 10. (a) Comparison of the measured and corrected relative length-changes
as a function of temperature (7centre) Of pure iron, using the tensile mode device
without applying a load, upon continuous heating (20 K min—1) from room tem-
perature to 1273 K and subsequent continuous cooling (20 K min—1), interrupted
by an isothermal annealing at 1273 K for 30 min. (b) Enlargement of the mea-
sured length-change during heating and cooling in Fig. 10(a) indicating the
sudden rise (heating) and fall (cooling) in measured relative length-change. The
vertical dashed arrows indicate the measured end temperature of the o — vy
transformation and start temperature of the y — « transformation upon heating
and cooling, respectively.

Values for the linear thermal expansion, « (7T), can be calcu-
lated from the relative length-change data according to

d(AL/Lo)
dr

An analytical description for the temperature dependence of the
relative length-change (AL/Lp) of pure iron, ignoring the mag-
netic contribution to the thermal expansion of the ferrite and
austenite phases, has been given in Ref. [11]. Recently, an ana-
Iytical expression for the thermal expansion coefficient of ferrite,
a, Was presented that does take into account both non-magnetic
and magnetic contributions [7].

oT) = (5)

0q = b+ cT +dT? + fexp(ei T*)(T*)*

300K < T < 1185K (6)
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Fig. 11. Measured relative length-change as a function of temperature (Tcentre),
for two Fe—Ni alloys as indicated, during heating (20 K min—1) from room tem-
perature to 1273 K, with an intermediate isothermal annealing for 30 min, and
during subsequent cooling (20 K min—1) to room temperature.

where T" = |(T — T¢c)/Tc|, Tc denotes the Curie temperature, b
to d are parameters representing the nonmagnetic contribution
to aq, and ej to gj are parameters that represent the magnetic
contribution to «. The label i equals 1 if T<T¢, and equals 2
if T>Tc.

The thermal expansion coefficient of the ferrite phase of pure
Fe as obtained by applying Eq. (5) to the relative length-change
data given in Fig. 9, is shown in Fig. 12(a), along with the result
obtained by fitting Eq. (6) to these «, data. The thus obtained
optimised LTEC data (values of by, co- - -g«; Se€ Table 4) agree
with corresponding values given in Ref. [7] within experimen-

Table 4

Values for the parameters in the analytical description (cf. Eq. (6)) of the ther-
mal expansion of the ferrite phase of pure Fe, Fe—2.96Ni and Fe-5.93 at.%Ni,
as obtained by fitting to the experimental data after length-change scale and
temperature scale corrections as developed in this work
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d (K1) —1.68E—11
e1 -1.15
e 1.92
f (K 1.39E-5
2 (K72 1.19E-5
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Fig. 12. Comparison of the measured (with a heating rate of 20 K min—1),
and optimized data according to Eq. (6) (full line) of ferritic (a) pure Fe, (b)
Fe-5.93 at.%Ni, and (c) Fe—2.96 at.%Ni.

tal accuracy; the small difference is due to the larger scatter in
the measured LTEC data obtained with the present dilatometer
with electromagnetic heating (DIL 805 A/D) as compared to the
dilatometer with resistance heating (DIL 802).
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Fig. 13. Comparison of the measured and optimized data according to the linear
terms in Eq. (6) (full line) of austenitic pure Fe.

The thermal expansion of the pure ferrite phase for
Fe-5.93at.%Ni is free from a magnetic transition and there-
fore only the non-magnetic contribution in Eq. (6) is fitted to
the measured LTEC data of the ferritic Fe-5.93 at.%Ni. The
thus obtained fit is shown in Fig. 12(b). For Fe—2.96 at.%Ni
the magnetic transition occurs within the temperature range for
thermal expansion of the single ferrite phase and hence the ana-
lytical expression given by Eg. (6), including magnetic and
non-magnetic contributions, is fitted to the measured exper-
imental LTEC data. The result is shown in Fig. 12(c). The
obtained fit parameters for the LTEC of the ferrite phases of
both Fe-5.93 at.%Ni and Fe—2.96 at.%Ni have been gathered in
Table 4 as well.

6.2. Linear thermal expansion coefficient (LTEC) of
austenite

An analytical description of the temperature dependence
of the relative length-change of austenite by thermal expan-
sion/shrinkage is given by the linear terms (first two terms:
b+ cT) of Eq. (6). By fitting this expression for LTEC of austen-
ite upon cooling for both the pure Fe and Fe—Ni alloys, the linear
thermal expansion coefficient of austenite has been obtained as:

Fe:1.8x107° +4.6 x 107°7, 1190K < T < 1260 K

(7
Fe—2.96at.%Ni: 2.1 x 107> +11.0 x 107107
1085K < T < 1260 K (8)
Fe-5.93at.%Ni: 2.1 x 107> + 8.0 x 107 1°7;
1085K < T < 1260K 9)

The LTEC for the austenite phase of pure Fe obtained in the
present work agrees well with the data given in Ref. [11] (see
Fig. 13). The corresponding data presented in Ref. [7] slightly
deviate (see Fig. 13), which may be due to the small temperature
range applied in Ref. [7].

7. Conclusions

1. Calibration of the temperature and length-change scales
of a differential dilatometer is a prerequisite to accurately
determine the (linear) thermal dilation as well the dilation
associated with phase transitions. Corresponding corrections
for aquenching and deformation differential dilatometer with
an electromagnetic heating device have been developed for
the normal, compressive and tensile loading modes.

2. The length-change calibration has to be performed for heat-
ing and cooling separately. The length-change calibration for
the normal and compressive modes is possible applying a Pt
reference specimen with known thermal dilation data and for
the tensile mode applying pure iron as reference material.

3. The temperature calibration for both heating and cooling and
for all modes can be performed utilizing the hysteresis-free
Curie temperature of pure Fe.

4. Temperature calibration can be performed in situ if the inves-
tigated alloy exhibits a ferro-magnetic transition.

5. Although a quenching and deformation differential dilatome-
ter with electromagnetic heating is naturally less accurate
than a “normal” differential dilatometer with resistive heat-
ing, the LTEC obtained for the ferrite phase in the present
work with the quenching and deformation dilatometer agrees
well with the data obtained in Ref. [7] with a more accurate
differential dilatometer.

6. The calibration correction methods developed in this work
were applied successfully to determine the LTEC for both
the ferrite phase and the austenite phase of Fe—2.96 at.%Ni
and Fe-5.93 at.%Ni.
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