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bstract

Dilatometry is a technique for precise measurement of thermal dilatation of materials during heating or cooling. A procedure has been presented
or calibration of a differential dilatometer operating with electromagnetic heating for metallic specimens both upon heating and cooling as
ell as under uniaxial compressive and tensile loading. The dilation signal has been calibrated for both heating and cooling and for uniaxial

oading (compressive and tensile) using platinum or iron reference specimens, for which recommended dilational data are available. The ferro- to

aramagnetic transition (characterised by the Curie temperature) of pure iron or iron-based alloys has been adopted to calibrate the temperature in
he dilatometric measurement under different loading modes during heating and cooling. On this basis calibrated data for the thermal expansion
oefficients of Fe and Fe–Ni alloys have been obtained.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Many solid materials exhibit structural changes, e.g. phase
ransformations, upon changing the temperature. These phase
ransformations are usually accompanied by a significant change
n specific volume. The change in volume of a solid mate-
ial is usually measured by the corresponding change in length
f a specimen (long in one dimension) of this material. Thus,
easurements of the change in length of solid materials are

ften applied for the determination of the kinetics of phase
ransformation of metals and alloys (e.g. [1–6]). Length-change

easurement under applied compressive or tensile load dur-
ng phase transformation makes it possible to investigate the
nfluence of applied load on the phase transformation. If, upon
ncreasing or decreasing the temperature, a phase transformation
oes not occur, the length of the specimen changes by thermal
ilatation only, characterised by the linear thermal expansion

oefficient, i.e., the relative length-change divided by the corre-
ponding temperature interval.

∗ Corresponding author. Tel.: +49 711 6893316; fax: +49 711 6893312.
E-mail address: f.sommer@mf.mpg.de (F. Sommer).
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ange; Curie temperature

The two principal factors that limit the accuracy of determi-
ation of the length-change by differential dilatometers are: (i)
he thermal dilatation behaviour of the push-rods, which support
he specimen and transmit the dilation signal, and (ii) the accu-
acy of the temperature determination of the specimen, because
f the existing temperature gradient along the specimen-length
xis due to heat loss by heat conduction from the specimen
hrough pushrods and by radiation. Recently, a calibration
rocedure for the dilation and temperature signals upon heating
nd cooling in a differential dilatometer, provided with a
esistance heated furnace, was proposed by Liu et al. [7]. In the
resent work the focus is on the use of a differential dilatometer
perating with electromagnetic heating in the temperature range
f about 300–1800 K applied to a solid, cylindrical, metallic
pecimen.

The construction and working principle of the dilatometer in
he different modes (normal, compressive and tensile) have been
riefly discussed in Section 2. Section 3 is dedicated to tempera-
ure profile measurement in the dilatometer specimen subjected
o a heat treatment cycle. The calibration of the length-change

s well of the temperature has been discussed in Section 4. The
ength-change calibrations for the normal (zero load) and com-
ressive modes and for the tensile mode have been performed by
aking pure Pt and pure Fe as reference specimens, respectively.

mailto:f.sommer@mf.mpg.de
dx.doi.org/10.1016/j.tca.2006.11.007
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he Curie temperature of pure Fe or Fe-based alloys has been
aken as a standard for the absolute temperature calibration
uring heating and cooling experiments. Finally, Section 5
resents the linear thermal expansion coefficient (LTEC) data
s determined in this work for pure Fe and Fe–Ni alloys.

. Experimental

.1. Dilatometer

The dilatometer used in this work (DIL-805A/D (A: quench-
ng; D: deformation) dilatometer; Baehr-Thermoanalyse GmbH;
f. Fig. 1a–c) measures the specimen dilation as a function
f temperature in the absence of a reference specimen. It is
differential dilatometer because two pushrods are used to

easure the thermal dilation behaviour. The dilatometer can

e used in normal (zero load) mode and deformation (uniaxial
ompressive/tensile) mode (see Fig. 1(a)–(c)). The electrically
onductive specimen is heated inductively applying a water

ig. 1. Schematic (cross sectional top view) diagram showing the quenching
nd deformation differential dilatometer (from Baehr-Thermoanalyse GmbH)
n different modes (a) normal mode (zero load mode), (b) compressive mode,
nd (c) tensile mode.
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ooled induction Cu heating coil to generate a high frequency
urrent. An additional inner Cu coil is perforated and thus can be
sed for inert gas quenching. The temperature of the specimen is
ontrolled and measured with Pt–Pt90Rh10 thermocouples (type-
) spot welded on the specimen surface. The pushrods, used
o transmit thermal dilation of the specimen and to also hold
he specimen in normal (zero load) mode (cf. Fig. 1(a)), are
ither made of fused silica or alumina. The thermal dilation is
easured via a linear variable differential transformer (LVDT)

ositioned in the measuring head. The whole system is insensi-
ive to mechanical vibration. The LVDT and the specimen are
ept isolated from each other by a dividing wall and hence the
VDT is not influenced by heat radiation or heat conduction from
he specimen. The length-change resolution achievable with this
nstrument is about 50 nm.

.1.1. Normal mode
The normal mode of operation is schematically shown in

ig. 1(a). The pushrods 2 and 3 are connected to the LVDT.
he specimen is supported by pushrods 1 and 2. Pushrod 1 is
xed at the left side of the specimen; pushrod 2 is fixed at the
ight side of the specimen and transmits the occurring dilation;
ushrod 3 serves as reference. The specimen is a solid (or hol-
ow) cylinder; typical specimen dimensions are length of 10 mm;
iameter of 5 mm; wall thickness of 1 mm for a hollow speci-
en. The specimen can be heated inductively under vacuum

o a defined temperature with a maximum allowable heating
ate of 4000 K min−1 (upper limit of DIL-805A/D) and, for a
olid specimen, can be continuously cooled applying a cool-
ng rate of maximal 200 K min−1 and, with additional Ar flow
hrough the inner, perforated Cu coil, applying a cooling rate
f maximal about 1600 K min−1. Ar gas can be led additionally
hrough a hollow specimen to achieve large cooling rates up to
500 K min−1.

.1.2. Compressive mode
The compressive mode of operation is schematically shown

n Fig. 1(b). Pushrods 1 and 2 are connected to the LVDT. The
pecimen is supported at both sides by deformation punches.
he specimen dilation is transferred via pushrod 1; pushrod
serves as reference. The specimen can be deformed (elas-

ically/plastically) during heat treatment under simultaneous
ecording of length-change. Deformation punches are made of
used silica or alumina and have a diameter of 12 mm and a
ength of 35 mm. The left punch is used to apply the uniaxial,
ompressive load, whereas the other punch is fixed. The load,
enerated by a hydraulic system, is transferred via a hydraulic
ylinder. The maximum applied load is limited to 25.0 kN with
sensitivity of ±0.0005 kN. The accessible heating and cooling

ates in this mode are in the range or 2500 and 200 K min−1,
espectively.

.1.3. Tensile mode

The tensile mode of operation is schematically shown in

ig. 1(c). The specimen to be used in the tensile mode has a
eometry different from that used in the normal or compres-
ive 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
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i 0.6 5.3

nit: ppm in mass.

f length 10 mm and of diameter 5 mm, as in the normal and
ompressive modes, but now incorporates two additional parts
clamps) at both sides of length 29.5 mm and of diameter 9 mm.
his relatively long specimen is screwed on the wall at the

ight side; the uniaxial tensile load is applied at the left side.
he pushrods transmitting the dilation of the specimen to the
VDT are positioned in contact with the specimen as shown
n Fig. 1(c): pushrod 1 measures the dilation of the specimen
elative to pushrod 2.

.2. Alloy preparation

As model systems pure Fe and Fe–Ni alloys were chosen. Iron
as supplied by Aldrich GmbH and nickel was supplied by Alfa
esar GmbH; for compositions, see Table 1. The as-received
ure Fe rods were hammered down to rods with a diameter of
bout 6 mm, for both normal and compressive mode specimens.
e–Ni alloys were prepared by melting appropriate amounts of
e and Ni in a vacuum arc melting furnace; the molten alloy
as cast in a copper mould of 7 mm diameter. The as cast ingots
ere hammered down to rods of 6 mm diameter, for both nor-
al and compressive mode specimens. To prepare tensile mode

pecimens, castings of pure Fe, of dimensions 100 mm length
nd 10 mm diameter, were made and subsequently hammered
own to rods of 9.5 mm diameter.

In order to achieve a homogeneous microstructure, all the
ods/castings were sealed in a quartz container filled with argon
as at 2 × 104 Pa. The specimens were heated from room tem-
erature to 1423 K at 5 K min−1 followed by annealing at 1423 K
or 100 h and subsequently furnace cooled to room temper-

ture. Thereafter the compositions of the Fe–Ni rods were
etermined by inductive coupled plasma-optical emission spec-
rometry (ICP-OES). The composition of the Fe–Ni alloys used
as found to be: Fe–2.96 at.%Ni and Fe–5.93 at.%Ni.

o
t
t
r

able 2
easured temperatures Tcentre and Tend for a set program temperature of 923.0 K (i

e–5.93 at.%Ni) for two different specimens each with a heating and cooling rate of

ode Specimen Heating

Tcentre (K) Tend (K)

ormal 1 923.0 919.2
2 923.0 918.2

ompressive 1 923.0 919.7
2 923.0 920.1

ensile 1 923.0 922.2
2 923.0 922.5
ica Acta 453 (2007) 31–41 33

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

. Temperature measurement

Dilatometry specimens undergoing an inductive heating and
ooling cycle experience a temperature inhomogeneity during
eating and cooling. The temperature inhomogeneity is largely
ttributed to heat loss by heat conduction through the mate-
ial (pushrods, deformation punches and clamps) holding the
pecimen (cf. Fig. 1a–c); heat loss by radiation is largely com-
ensated by additional heating induced by the temperature read
ut by thermocouple 1 (Fig. 1(a)) controlling the inductive
eating.

.1. Temperature profile measurement

The temperature of the specimen during heating and cooling
s controlled and measured with Pt90Rh10–Pt thermocouples (S-
ype) spot welded on the specimen surface.

The locations of the spot welded thermocouples to implement
he programmed temperature and to measure the tempera-
ure profile during heat treatment are schematically shown in
ig. 1(a)–(c). Thermocouple 1 is spot welded at the centre of

he specimen to control the temperature according to the cho-
en temperature program. Thermocouple 2 is spot welded at the
xtreme end of the specimen to measure the temperature at one
nd of the specimen and thus assess the temperature gradient in
he specimen.

The temperatures measured with thermocouple 1 (Tcentre) and
hermocouple 2 (Tend) at a program temperature of 923 K for two
ifferent Fe–5.93 at.%Ni specimens subjected to 20 K min−1

eating and cooling are shown in Table 2 for normal, com-
ressive and tensile modes. The temperature gradient in both
pecimens is not the same for the same heating and cooling
ycle which is due to the lack of reproducibility in spot welding

f thermocouples or differences in the surface contacts between
he pushrods (or punches) and the specimen or differences in
he position of the specimen inside the induction coil. A cor-
ection procedure has been developed and has been presented

.e. before the start temperature of the � → � transformation upon cooling for
20 K min−1 for normal, compressive and tensile modes

Cooling

�Theating Tcentre (K) Tend (K) �Tcooling

3.8 923.0 915.9 7.1
4.8 923.0 916.1 6.3

3.3 923.0 918.0 5.0
2.9 923.0 916.3 4.7

0.8 923.0 921.9 1.1
0.5 923.0 922.2 0.8
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Fig. 2. Measured length-change in normal mode as a function of temperature
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lsewhere [8] that enables full correction for the temperature
nhomogeneity and as a result the length-change as a function
f a homogeneous temperature can be presented. This procedure
as been adopted in this paper if the gradient (Tcentre − Tend) in
he specimen was larger than 1.0 K.

. Calibration procedures

.1. Introductory remarks

Calibration of the dilation upon heating and cooling is per-
ormed, for the normal and compressive modes, by measuring
he length-change of a cylindrical Pt reference specimen with
iameter of 2.99 mm and length of 10.04 mm and, for the ten-
ile mode, by measuring the length-change of a Fe reference
pecimen of pure Fe (large overall specimen size). The differ-
nce between the measured �L/L0 for the reference specimens
nd the recommended (reference) values for the dilatation of the
latinum or iron specimen upon heating and cooling serves as
calibration (additive correction) for the relative length-change

�L/L0) values recorded in measurement runs performed with
pecimens to be investigated applying the same heat treatment
rocedure. The extent of the corrections depends upon tempera-
ure program employed (heating/cooling rates, see Table 3) and
ype of pushrods used (alumina or fused silica (see Fig. 2)),
ecognizing the different thermal conductivities of the differ-
nt types of pushrods. To demonstrate the consequences of the
hoice of the type of pushrods, two heat treatment cycles were
erformed in normal mode, with a heating and cooling rate of
0 K min−1 and an intermediate isothermal holding for 30 min
t 1273 K, for the Pt reference specimen, the first time with the
lumina pushrods and the second time with the silica pushrods.
he difference in the �L/L0 values for the heating and cooling
arts of the heat treatment cycle is much larger for using the
lumina pushrods than for using the silica pushrods. This can be

nderstood as a consequence of the fused silica having a lower
hermal conductivity [9] and lower thermal expansion [9] than
he alumina (LTEC of silica and alumina are around 0.5 × 10−5

nd 1.0 × 10−5 K−1, respectively).

d
(
T

able 3
easured average Curie temperature (for two cycles), TC,meas characterising the ferro

=TC − TC,meas) (TC = 1043 K [12]) as given by the difference of the reference value o

ates (K min−1) Heating

TC,meas (K) �TC

10 1035.3 ± 0.5 7.7
20a 1035.8 ± 2.1a 7.1
50 1036.4 ± 0.5 6.6
00 1036.2 ± 0.6 6.9
50 1036.4 ± 0.5 6.6
00 1036.6 ± 0.5 6.4
00 1036.2 ± 1.2 6.8
00 1037.5 ± 1.0 5.4
00 1037.8 ± 1.4 5.2

a The average Curie temperature for a repeated set of 25 experiments with a heatin
b The Curie temperature could not be detected precisely from the drop in expansion
ooling rates (200 K min−1 and above) the drop in linear expansion coefficient is wit
ng (20 K min−1) from room temperature to 1273 K and subsequent cooling
20 K min−1) interrupted by an isothermal annealing at 1273 K for 30 min: (a)
lumina pushrods; (b) fused silica pushrods.
An increase of the relative dilation of the specimen occurs
uring isothermal holding at 1273 K for using alumina pushrods
shown by b ⇒ a in Fig. 2(a)). This can be understood as follows.
he alumina pushrods have a relatively high thermal conductiv-

- to paramagnetic transition, the temperature shift (calibration correction), �TC

f the Curie temperature and the measured value

Cooling

(K) TC,meas (K) �TC (K)

1034.8 ± 0.5 8.2
1034.9 ± 2.5a 8.1
1034.6 ± 0.4 8.4
1033.3 ± 0.8 9.7
1031.3 ± 1.0 11.7
1027.7 ± 1.1 15.3

b b

b b

b b

g and cooling rate of 20 K min−1.
coefficient (see Fig. 5) as a function of measured temperature, because at high

hin the scatter of the measured LTEC data.
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ty and, after heating up, upon subsequent isothermal holding
t 1273 K the pushrods need time to reach thermal equilibrium.
ence, the pushrods (pushrods 1 and 2 in Fig. 1(a)) continue

o expand at the isothermal holding temperature. This results
n a virtual increase in relative dilation (b ⇒ a) of the speci-

en during the isothermal holding at 1273 K (see Fig. 2(a)).
reverse phenomenon, i.e. a small decrease in relative dilation

pon isothermal holding at 1273 K (shown by c ⇒ d in Fig. 2(b)),
ccurs for using fused silica pushrods. This can be understood
s follows. As a consequence of radiative heat transfer from
he specimen to its surroundings the reference pushrod 3 (see
ig. 1(a)) expands relative to pushrods 1 and 2 and this results in
small decrease in relative dilation. The temperature of the refer-
nce pushrod 3 was measured additionally during the heat treat-
ent cycle. Indeed, the measured temperature of pushrod 3 after

0 min of isothermal holding at 1273 K had increased with about
4 K. If the thermal expansion coefficient of fused silica is taken
s 0.5 × 10−5 K−1 [9] then the increase in relative length-change
�L/L0) corresponding to an increase in temperature of 24 K is
2 × 10−5 which agrees well with the observed relative dilation
s given by c ⇒ d which equals 10 × 10−5. Further, the mea-
ured relative dilation and its temperature dependences (slopes
n Fig. 2) are larger using the alumina pushrods than using the
used silica pushrods. This is ascribed to the thermal expansion
oefficient of alumina being larger than that of fused silica and
o the different temperature changes for the same heat treatment
ycle due to different thermal conductivity in both types of the
ushrods.

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

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

.2. Length-change calibration

.2.1. Normal and compressive modes
The correction to the measured relative length-change of the

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

pecimen to be investigated.
A polycrystalline, platinum dilatometric specimen, of the
ame geometry as the specimen to be investigated, serves as
he reference specimen. Then the calibration or correction term
�L/L0)cal,i is given by the difference of the known true rela-
ive length-change of the reference specimen (�L/L0)ref [11]

�
i

(

ica Acta 453 (2007) 31–41 35

nd the measured length-change for the reference specimen
�L/L0)ref,meas,i:

�L

L0

)
cal,i

=
(

�L

L0

)
ref

−
(

�L

L0

)
ref,meas,i

(1)

here i, stands for either heating or cooling. Hence, the corrected
ength-change of the specimen to be investigated (�L/L0)i then
s given by

�L

L0

)
i
=

(
�L

L0

)
meas,i

+
(

�L

L0

)
cal,i

(2)

here (�L/L0)meas,i is the measured length-change.
The measured length-change of the cylindrical platinum

eference specimen upon heating and cooling is shown in
ig. 3, employing the fused-silica pushrods in normal mode
Fig. 3(a)) and the fused silica solid punches in compres-
ive mode (Fig. 3(b)). The following isochronal heat treatment
rogram was executed: the specimen was heated from room tem-
erature up to 1273 K (at 20 K min−1), kept at this temperature
or 30 min, and then the specimen was cooled down continu-
usly to 300 K (at 20 K min−1). By subtracting the measured
ata from the known (�L/L0)ref values of the platinum, the cor-
esponding calibration data (�L/L0)cal are obtained for heating
nd cooling, respectively (cf. Eq. (1)). As indicated in Section
.1, the correction (�L/L0)cal is different for heating and cool-
ng. Moreover a slight difference in correction, for both heating
nd cooling, occurs between the normal and compressive modes,
eflecting the difference in dilatometric geometry (cf. Fig. 1(a)
nd (b)).

.2.2. Tensile mode
A polycrystalline, iron dilatometric specimen of the same

eometry as the specimen to be investigated, serves as the ref-
rence specimen. The reference, relative length-change of iron
s a function of temperature has been obtained using the ana-
ytical expression for LTEC of the austenite and ferrite phases,
s discussed in Section 5. The calibrated relative length-change
s derived from the measured relative length-change following
he same procedure as described in Section 4.2.1. The obtained
alibrations in this mode, for the heat treatment cycle described
n Section 4.2.1, are shown in Fig. 3(c). It should be recognised
hat, (1) the calibrations for heating and cooling are different,
or both the � and � phases, as also observed for the normal
nd compressive modes, and (2) the calibrations for the � and
phases are different, exhibiting a sharp discontinuity at the
→ � and � → � phase transformations.
The length change calibration during � → � transformation

as done as follows: first the transformed fraction f� was deter-
ined from the measured length change adopting the lever rule

4]. Secondly, taking into account the f� and extrapolated cal-
bration length changes for the pure � and � phases in the

→ � transformation range, the length change calibration dur-

ng � → � transformation is given by:

�L)cal,�→� = f�(�L)cal,� + (1 − f�)(�L)cal,� (3)
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Fig. 3. The relative length-change, as measured for the Pt reference specimen
(�L/L0)meas, the corresponding data according to Ref. [12] and the resulting
relative length scale corrections (�L/L0)cal (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 (�L/L0)cal 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 (�) phase region; the inserted blow up shows
(�L/L0)cal for the single austenite (�) phase region shown as an apparently single
line in the main figure.

Fig. 4. Energy input as a function of temperature (Tcentre) upon heating and cool-
ing (with 20 K min−1) for pure iron in the vicinity of the true Curie temperature
(=1043 K [12]). The rise of energy input upon heating and the drop of energy
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nput upon cooling indicate the measured Curie temperature during heating and
ooling, respectively.

here (�L)cal,� and (�L)cal,� are the calibrated length changes
or the pure � and � phases, respectively (see Fig. 3(c)). A similar
xpression can also be given for length change calibration during
→ � transformation.

.3. Temperature calibration

Execution of the temperature calibration is independent
f the mode of operating the differential dilatometer. As an
xample the calibration procedure is discussed here for the
ormal mode (cf. Fig. 1(a)). Several heat treatment cycles
or different heating rates (10–500 K min−1) and cooling
ates (10–500 K min−1) were performed with pure iron as the
pecimen. The occurrence of the ferromagnetic transition was
xhibited by a hump on the length-change curve [cf. Fig. 9(b)] as
ell as by a perceivable rise/drop in energy input (cf. Fig. 4) for
eating/cooling. Fig. 9(b) also shows a relative length-change
urve upon heating indicating the magnetic transition and a
low up of the magnetic transition against an interpolated length
hange without magnetic transition. Because of the temperature
anges observed for the rise/drop in energy input and the hump
n length-change during magnetic transition it is difficult to
dentify the temperature for magnetic transition. The LTEC of
erritic Fe as determined (according to Eq. (5) given in Section
) from the dilatometer measurements at a heating and cooling
ate of 20 K min−1 is shown in Fig. 5. The distinct minimum in
he linear thermal expansion coefficient indicated with arrows
n Fig. 5 represents the Curie temperature for heating and
ooling.

Since the dilatometric specimen exhibits a temperature gradi-

nt, during heating and cooling, which is also not constant from
ne experiment to another (see Section 3.1), in principle the
verage of the measured temperatures Tcentre and Tend (cf. Sec-
ion 3) is used as the “measured” temperature of the specimen.
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Fig. 5. Linear thermal expansion coefficient (α) of ferritic pure iron, as a function
o
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f temperature (Tcentre), as determined from dilatometric measurements applying
heating and cooling rate of 20 K min−1. The true Curie temperature [12] and

he apparent Curie temperature have been indicated with arrows.

owever, the enthalpy consumption by the magnetic transition
oses a problem here, that is dealt with as follows.

The LTEC and the temperatures Tcentre and Tend have been
lotted as a function of time in Fig. 6. The temperature Tcentre
aries linearly where as Tend varies nonlinearly during the mag-
etic transition. The temperature Tcentre changes linearly with
ime because the thermocouple 1 measuring the temperature

centre compensates, by controlling the induction heating, a
hange in temperature in the centre of the specimen due to
nthalpy consumption upon magnetic transition. This is not the

ig. 6. The measured temperatures Tcentre and Tend and linear thermal expan-
ion coefficient (α) (showing a hump at the magnetic transition) as a function of
ime. Tend,ideal (dashed line) is the interpolated temperature, which would have
een the ideal temperature Tend in the absence of magnetic transition. The tem-
eratures (Tcentre and Tend) corresponding to the magnetic transition, as given
y the intersection of the vertical dashed line at the magnetic transition (identi-
ed by the lowest value of α) with the temperature lines of Tcentre and Tend are

C,centre,meas and TC,end,meas, respectively. The intersection of the dashed vertical
ine with the temperature Tend,ideal then gives the temperature TC,end,ideal.
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ase for (especially) the ends of the specimen, where the tem-
erature, Tend, has been measured by thermocouple 2. Hence,
he temperature Tend does not change linearly with time during
he transition: the drop observed in temperature Tend is due to
he enthalpy change upon magnetic transition. In the ideal case,
he temperature Tend that thermocouple 2 would have recorded,
f no heat consumption due to the magnetic transition would
ccur (as is the case for a specimen to be investigated in this
emperature range, in the absence of enthalpy change due to
hase transformation), can be obtained by (linear) interpolation
rom the linear changes in Tend outside the temperature range
here the minimum of the LTEC occurs; this temperature has
een indicated with Tend,ideal in Fig. 6. Thus, during the magnetic
ransition (i.e., at the Curie temperature, indicated by subscript
) the average measured temperature of the specimen is given
y:

C,meas = TC,centre,meas + TC,end,ideal

2
(4)

here TC,end,ideal is the interpolated temperature Tend at the
urie temperature. The thus measured Curie point temperatures,
C,meas (=TC,centre,mass + TC,end,ideal/2) and the corresponding

emperature corrections (�Tc), adopting the true Curie temper-
ture of pure iron as reference (1043.0 K [12]), have been listed
n Table 3, for a number of heating and cooling rates. For all the
xperiments pertaining to Table 3 the same specimen was used
ithout taking it out from the dilatometer, ensuring there is no

hange in spot welding and the location of the specimen inside
he coil, which changes might otherwise have led to a different
emperature gradient in the specimen.

The obtained temperature corrections (shifts) �TC, for the
ifferent heating and cooling rates, are shown in Fig. 7(a) and
b), respectively. In order to find out the variation in �TC due to
ifferent specimen mountings in the dilatometer a set of experi-
ents was performed for a heating/cooling rate of 20 K min−1.
or each experiment, a fresh specimen was taken and a fresh ther-
ocouple spot welding was done. The results are represented by

he distributions shown in Fig. 8. The average Curie temperature
as 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
n measured Curie temperature between heating and cooling is
bout 1 K (1036.5 ± 2.1 − 1035.3 ± 2.5). The standard devia-
ions in �TC for heating and cooling at 20 K min−1 have also
een indicated in Fig. 7.

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

The relative length change of pure iron, using the normal
ode measured upon the heat treatment procedure indicated in
ection 4.2.1, is shown in Fig. 9(a), before and after calibration
f both the temperature and the length-change scales apply-
ng the methodology developed in Section 4. Similar relative

ength-change results (before and after calibration) are obtained
sing the compressive mode. The segment AB of the calibrated
urve corresponds to the thermal expansion of the specimen
pon continuous heating in the absence of a phase transforma-
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Fig. 7. Temperature scale correction, �TC, for various heating rates (a) and
cooling rates (b). A single specimen with the same pair of welded thermocouples
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as applied. The scatter in the temperature calibration for a repeated sets of
xperiments (number: 25) at 20 K min−1 heating and cooling with now for each
xperiment a freshly spot welded pair of thermocouples has been indicated too.

ion. Part BC represents the � → � transformation, during which
length contraction occurs due to the formation of austenite.
arts CD and EF stand for the expansion and contraction of
ustenite upon heating and subsequent cooling, respectively. Part
G corresponds to the � → � transformation, associated with

ength increase. After completion of the � → � transformation
he length of the specimen decreases continuously down to room
emperature due to thermal contraction (indicated by GH).

The measured relative length change of pure iron, using
he tensile mode device without applying load, upon the heat
reatment procedure indicated in Section 4.2.2, is shown in
ig. 10(a), before and after calibration of both the tempera-

ure and the length-change scales, applying the methodology
eveloped in Section 4. As compared to the (linear) thermal

xpansion/shrinkage, a small rise in specimen length occurs at
he end of � → � transformation and a small drop in specimen
ength occurs before the start of � → � transformation, accord-
ng to the relative length-change data as a function of temperature

t
t
t
i

TC,meas) during heating (a) and cooling (b) for a heating and cooling rate
f 20 K min−1 for repeated (number: 25) sets of experiments using for each
xperiment a freshly spot welded pair of thermocouples.

see Fig. 10 (b)). This effect is due to the prevailing tempera-
ure gradient in the specimen. The clamps are part of the entire
pecimen and therefore of the same material as the inner part of
he specimen that is used for measuring the dilation (see Section
.1.3; Fig. 1(c)) The portions of the clamps in contact with the
ushrods (see Fig. 1(c)) are at a lower temperature than the inner
art of the specimen because large parts of the clamps are out-
ide the heating zone (i.e. outside induction coil) (cf. Fig. 1(c)).
ence, upon cooling they start to transform earlier than the inner
art of the specimen. In that stage, then the pushrods 1 and 2
ove towards each other (because of the transformation induced

olume expansion) and thereby cause an apparent decrease in
elative length-change just before the start of � → � transfor-
ation in the inner part of the specimen. A similar reasoning

an be applied for the heating run and explain the apparent
ncrease in relative length change at the end of the � → � trans-
ormation due to later completion of this transformation in the
uter part (clamps) of the specimen. The start temperature of

he � → � transformation and the end temperature of the � → �
ransformation are taken as the temperatures corresponding to
he minimum of relative length-change (see the vertical arrows
n Fig. 10(b)).
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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 (�L/L0)int, without magnetic
transition.
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Fig. 10. (a) Comparison of the measured and corrected relative length-changes
as a function of temperature (Tcentre) 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
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and magnetic contributions [7].

α� = b + cT + dT 2 + fi exp(eiT
∗)(T ∗)gi
. Linear thermal expansion of Fe and Fe–Ni alloys

.1. Linear thermal expansion coefficient (LTEC) of ferrite

The relative length-changes as a function of temperature of
ure Fe and Fe–Ni alloys (Fe–2.96 at.%Ni and Fe–5.93 at.%Ni
nd) are shown in Figs. 9 and 11, respectively. The heat treat-
ent cycles considered here (see Section 4.2.1) were carried

ut in normal mode. The magnetic transition temperature of
e–2.96 at.%Ni was found to be 1033.3 ± 1 K, and the tempera-

ure calibration was performed as for pure Fe (see Section 4.3).
or Fe–5.93 at.%Ni a value for the magnetic transition could not
e obtained, because both during heating and cooling the mag-
etic transition appears in the temperature range of the � → �
nd the � → � transformation, respectively. Thus, for this alloy
he temperature calibration was done on the basis of the mag-
etic transition measured separately for pure Fe (see Section

.3). 3
ertical dashed arrows indicate the measured end temperature of the � → �

ransformation and start temperature of the � → � transformation upon heating
nd cooling, respectively.

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

(T ) = d(�L/L0)

dT
(5)

n analytical description for the temperature dependence of the
elative length-change (�L/L0) of pure iron, ignoring the mag-
etic contribution to the thermal expansion of the ferrite and
ustenite phases, has been given in Ref. [11]. Recently, an ana-
ytical expression for the thermal expansion coefficient of ferrite,
� was presented that does take into account both non-magnetic
00 K < T < 1185 K (6)
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Fig. 11. Measured relative length-change as a function of temperature (Tcentre),
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or two Fe–Ni alloys as indicated, during heating (20 K min−1) from room tem-
erature to 1273 K, with an intermediate isothermal annealing for 30 min, and
uring subsequent cooling (20 K min−1) to room temperature.

here T* = |(T − TC)/TC|, TC denotes the Curie temperature, b
o d are parameters representing the nonmagnetic contribution
o α�, and ei to gi are parameters that represent the magnetic
ontribution to α�. The label i equals 1 if T < TC, and equals 2
f T > TC.

The thermal expansion coefficient of the ferrite phase of pure
e as obtained by applying Eq. (5) to the relative length-change

ata given in Fig. 9, is shown in Fig. 12(a), along with the result
btained by fitting Eq. (6) to these α� data. The thus obtained
ptimised LTEC data (values of b�, c�· · ·g�; see Table 4) agree
ith corresponding values given in Ref. [7] within experimen-

able 4
alues for the parameters in the analytical description (cf. Eq. (6)) of the ther-
al expansion of the ferrite phase of pure Fe, Fe–2.96Ni and Fe–5.93 at.%Ni,

s obtained by fitting to the experimental data after length-change scale and
emperature scale corrections as developed in this work

lloys Parameters Parameter values

ure Fe b (K−1) −4.61E−9
c (K−1) 2.35E−8
d (K−1) −2.11E−11
e1 −1.30
e2 2.56
f1 (K−1) 1.57E−5
f2 (K−2) 1.45E−5
g1 0.04
g2 0.03

e–2.96 at.%Ni b (K−1) −4.22E−9
c (K−1) 1.92E−8
d (K−1) −1.68E−11
e1 −1.15
e2 1.92
f1 (K−1) 1.39E−5
f2 (K−2) 1.19E−5
g1 0.07
g2 0.03

e–5.93 at.%Ni b 1.08E−5
c (K−1) 5.35E−9
d (K−2) 2.25E−12

Fig. 12. Comparison of the measured (with a heating rate of 20 K min−1),
a
F

t
t
w
d

nd optimized data according to Eq. (6) (full line) of ferritic (a) pure Fe, (b)
e–5.93 at.%Ni, and (c) Fe–2.96 at.%Ni.

al accuracy; the small difference is due to the larger scatter in

he measured LTEC data obtained with the present dilatometer
ith electromagnetic heating (DIL 805 A/D) as compared to the
ilatometer with resistance heating (DIL 802).
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ig. 13. Comparison of the measured and optimized data according to the linear
erms in Eq. (6) (full line) of austenitic pure Fe.

The thermal expansion of the pure ferrite phase for
e–5.93 at.%Ni is free from a magnetic transition and there-
ore only the non-magnetic contribution in Eq. (6) is fitted to
he measured LTEC data of the ferritic Fe–5.93 at.%Ni. The
hus obtained fit is shown in Fig. 12(b). For Fe–2.96 at.%Ni
he magnetic transition occurs within the temperature range for
hermal expansion of the single ferrite phase and hence the ana-
ytical expression given by Eq. (6), including magnetic and
on-magnetic contributions, is fitted to the measured exper-
mental LTEC data. The result is shown in Fig. 12(c). The
btained fit parameters for the LTEC of the ferrite phases of
oth Fe–5.93 at.%Ni and Fe–2.96 at.%Ni have been gathered in
able 4 as well.

.2. Linear thermal expansion coefficient (LTEC) of
ustenite

An analytical description of the temperature dependence
f the relative length-change of austenite by thermal expan-
ion/shrinkage is given by the linear terms (first two terms:
+ cT) of Eq. (6). By fitting this expression for LTEC of austen-

te upon cooling for both the pure Fe and Fe–Ni alloys, the linear
hermal expansion coefficient of austenite has been obtained as:

e : 1.8 × 10−5 + 4.6 × 10−9T, 1190 K < T < 1260 K

(7)

e–2.96 at.%Ni : 2.1 × 10−5 + 11.0 × 10−10T,

085 K < T < 1260 K (8)
e–5.93 at.%Ni : 2.1 × 10−5 + 8.0 × 10−10T,

085 K < T < 1260 K (9)

[

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

. Conclusions

. 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 a quenching and deformation differential dilatometer with
an electromagnetic heating device have been developed for
the normal, compressive and tensile loading modes.

. 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.

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

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

. 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.

. 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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