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Temperature modulated thermophysical measurements can deliver valuable insights into the phase
transformation behavior of many different materials. While especially for non-metallic systems at low
temperatures numerous powerful methods exist, no high-temperature device suitable for modulated
measurements of bulk metallic alloy samples is available for routine use. In this work a dilatometer
for temperature modulated isothermal and non-isothermal measurements in the temperature range
from room temperature to 1300 K is presented. The length measuring system is based on a two-
beam Michelson laser interferometer with an incremental resolution of 20 pm. The non-contact
measurement principle allows for resolving sinusoidal length change signals with amplitudes in
the sub-500 nm range and physically decouples the length measuring system from the temperature
modulation and heating control. To demonstrate the low-amplitude capabilities, results for the thermal
expansion of nickel for two different modulation frequencies are presented. These results prove that
the novel method can be used to routinely resolve length-change signals of metallic samples with
temperature amplitudes well below 1 K. This high resolution in combination with the non-contact
measurement principle significantly extends the application range of modulated dilatometry towards
high-stability phase transformation measurements on complex alloys. Published by AIP Publish-
ing. [http://dx.doi.org/10.1063/1.4959200]

I. INTRODUCTION

Dilatometry has proved itself to be a valuable technique
for the investigation of thermal expansion and phase transi-
tions in various materials, ranging from metals and ceramics
to polymers. Although the method is routinely used in many
fields of materials science, advancement reports on the mea-
surement precision, and, more importantly, on the measure-
ment principle are barely found in the literature. This situation
may reflect that for complex processes, e.g., phase transforma-
tion kinetics or glass transitions, the standard characterization
method is considered to be calorimetry rather than dilatometry.
Nevertheless, the great technological importance of thermal
expansion data, especially for structural materials, drives a
steady progress in the field.1 As a most recent example, the
work of Neubert et al.2 may be mentioned.

Spectroscopic measurement techniques, i.e., using tem-
perature modulation, were first introduced by Birge et al. some
30 years ago for specific heat measurements3 and later on
implemented in differential scanning calorimeters (DSC) in
the form of modulated-DSC (MDSC).4 For thermomechanical
analysis (TMA), which in the case of zero force is equiv-
alent to dilatometry, a modulated method was described by
Price.5,6 Kamasa et al. developed a dilatometer equipped with
sinusoidal temperature modulation and successfully applied
the method to second-order phase transitions in metals7 and
later on to glass transitions in polymers.8 Especially for the
latter case the necessity of a very high incremental length-
change resolution and the complexity of a push-rod force-
controller suitable for temperature-modulated measurements
are pointed out. Non-contact dilatometric measurements by
means of laser interferometry were successfully applied in
isothermal equilibration measurements on large time scales

and in specific volume studies of bulk metallic glasses by the
present authors.9–12

In this paper we present a novel high-resolution laser
dilatometer, which was specifically developed for non-contact
modulated dilatometry studies of metallic materials with a
temperature modulation amplitude below 1 K. In the following
first section the basic measurement concept and the furnace
design are described. Then data analysis and post-processing
procedures are explained. Finally, results for the thermal
expansion coefficient of nickel are presented and discussed
with respect to the application range of the novel device.

II. EXPERIMENTAL SETUP

A. General concept

The primary goal of the present work was to develop and
build a non-contact dilatometer for high-stability isothermal
and non-isothermal measurements in the temperature range
from room temperature to 1300 K. In addition to the capability
of performing highly stable isothermal measurements on very
long time scales of up to 106 s, the device should be capable of
performing temperature modulated high-temperature measure-
ments on complex metallic alloys, both isothermally and
non-isothermally. It is expected that such measurements will
deliver new insights into the phase transformation kinetics of,
e.g., multi-phase aluminum alloys or complex steels especially
with regard to the distinction between phase formation and
recrystallization processes.

At the planning stage of the dilatometer, the require-
ments for the successful implementation of modulated high-
resolution dilatometric measurements were identified:
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• A very high incremental length change resolution to
reliably resolve sinusoidal length change modulations
with amplitudes below 500 nm.

• A non-contact measurement principle based on the idea
that a push rod force controller suitable for fast temper-
ature modulation would be hard to realize.

• Fast and precise temperature variation of the specimen
exceeding the typical parameters of conventional dila-
tometry.

The non-contact length measurement is realized by using a
custom-built two-beam Michelson laser-interferometer based
on a SP120 DI manufactured by SIOS Meßtechnik Ilmenau,
Germany with a resolution down to 20 pm. The two-beam prin-
ciple can be used to simultaneously measure either the length
change of a sample and a reference (differential dilatometry)
or of a sample and a reference plane (high-stability absolute
measurement).

In Fig. 1, a block diagram of the vertical measurement
setup is shown. The interferometer sensor head (which con-
tains the actual interferometer) is connected to the 632.8 nm
He–Ne laser by a single-mode glass fiber cable. The laser
beams enter the vacuum chamber through a transparent fast-
entry door which is also used for sample loading. The in-
atmosphere optical paths for the laser beams are kept to
a minimum distance of ca. 100 mm and are equally long
to self-compensate for frequency shifts due to temperature
changes in the laboratory. The high-precision measurements
require a control of the lab temperature to ±0.4 K during an
experiment by air conditioning. Two mass flow controllers
(MFC 1 and 2) for helium and air are connected to the
measurement chamber. The He gas can be used to cool the
sample and enters the chamber just below the sample holder
tube. The air flow ensures a correct operation of the furnace
heating elements. Details on the cooling procedure are given in
Section II B. Sample and cooling air temperatures are
controlled by a specially configured controller, based on the
proportional-integral-derivative (PID) principle. For conve-
nient operation the system is connected to a PC, where time-

FIG. 1. Block diagram of the vertical dilatometer setup showing the main
components. A detailed drawing of the furnace assembly (dotted rectangle)
is shown in Fig. 2.

temperature programs can be configured and the data can
be visualized using a self-developed control and analysis
software. A recirculating chiller with a temperature stability
of ±0.05 K is used for cooling water supply to the furnace.
The measurement chamber and the interferometer sensor head
are mounted on a heavy stone table which is isolated from
vibrations by a passive air suspension system.

B. Furnace design and temperature measurement

The demanding control requirements associated with
modulated dilatometry called for a furnace design capable of
delivering a very high heat flux while at the same time exhibit-
ing low thermal inertia to allow for fast heat flux changes. A
conventional radiation furnace can only deliver very limited
sample heating rates because of the relatively low heating
element temperature, which is limited by the heating element
support material. The heating up of the support material is also
the reason for the large control time-constants usually found
for conventional furnaces. Additionally only a small amount
of the input power can be used for sample heating because the
emitted radiation is not focused to the target area. To overcome
these problems, the concept of a “cold-wall” mirror furnace
was pursued. Cold-wall means that only the heating elements,
the sample, and the sample holder are heated, while the furnace
chamber, i.e., the walls, stay cold during operation. In the
course of this work a lamp furnace, realized with three 117 mm
R7s tungsten halogen lamps as heating elements was designed
to fulfill the mentioned requirements.

In Fig. 2, a section drawing of the furnace with sample
holder is shown. Each halogen lamp is located inside a fused
silica protection tube in one of the two foci of an elliptically
shaped reflector. The tubes separate the lamps from the vac-
uum system. Position T in Fig. 2 shows an empty protection
tube with the lamp sockets. To prevent the halogen tubes from
overheating during operation, the protection tube is continu-
ously flushed with cooling air. A mass flow controller (MFC
1 in Fig. 1) is used to control the air-flow in such a way that
the glass temperature of the lamps stays in the optimum range
for halogen lamp operation. For the air and power supply to
the lamps, flexible supply tubes are connected to the sockets.
For the sake of clarity those tubes are not shown in Fig. 2.
To control the heating power, the power supply delivers a
direct current with voltages between 0 and 120 V. In this work,
halogen lamps with a power rating of 300 W at 120 V were
used (Type: GE Q300T3/HD/SCD2).

In the center of the furnace assembly in Fig. 2, the sample
holder insert SI is shown. Up to three (8 × 6 mm) fused silica
sample tubes can be mounted into the insert. The sample holder
can be removed from the furnace and dilatometer by simply
unscrew three Allen screws. This enables sample loading and
unloading as well as a simple integration of different sample
holder designs. The positions of the sample tubes coincide
with the positions of the second focus of the three elliptical
reflectors. Since the tungsten filaments of the halogen tubes
have finite physical dimensions, the focus lines are broad-
ened into a cylindrically shaped volume. Due to this fact,
the sample positioning is much less critical than one would
expect. Temperature measurements in each sample tube at a
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FIG. 2. Sectional drawing of the furnace assembly located inside the vacuum
chamber with the sample holder insert. At the bottom, the shape of the three
intersecting elliptical reflectors can be seen. The abbreviations are explained
in the text.

fixed heating power showed a homogeneity in the range of the
thermocouple uncertainty. This finding is also confirmed by
the test measurements presented in Section IV. The sample
positions S1 and S2 may contain a sample as shown for position
S1 or only a reference reflector as shown for position S2. The
laser beams L1 and L2 are reflected either by the sample itself
or by a nickel coated fused silica disk which is put on top of
the sample. When using fused silica reflectors, both reflectors
for L1 and L2 must have the same thickness to cancel out their
thermal expansion during the experiment.

For the purpose of sample temperature measurement, two
possible methods are implemented. For modulated heating
rate experiments, the most useful method for the temperature
measurement is the use of a so-called dummy sample. The
dummy sample must be identical to the measured sample and
is placed in the third sample tube not used for length mea-
surement. The temperature of the dummy sample is measured
by a thermocouple which is spot-welded to its top surface.
The thermocouple should have a neglectable heat capacity
compared to the sample. In this way the temperature can be
determined with sufficient accuracy (±2 K). For isothermal
high-precision measurements, it is necessary to directly attach
the thermocouple to the measured sample. For this purpose,
sample tubes which are open on one side are available. To
reliably press down the sample onto the bottom of the sample
tube, longer fused silica reflectors are necessary than in the
case of an indirect temperature measurement.

The crucial advantage of a cold wall halogen furnace
regarding sample temperature control is based on two facts.
First the use of halogen lamps enables temperature changes
of the heating element in the range of 2000 K s−1 which is
very advantageous for the control loop delay time. The heating
rate changes nearly instantaneously with a change of electrical
input power. The second fact is that only the sample and the
sample holder are heated while all the other components of
the furnace are held at a constant temperature. This leads to
very stable control conditions in the course of an experiment.
In fact, for a certain heating power, a well-defined sample
temperature exists, which only depends on the surface area and
the spectral emissivity of the specimen material.

III. MEASUREMENT PROCEDURE
AND DATA EVALUATION

The coefficient of thermal expansion α(T) (CTE) of a
material is defined as the instantaneous length change in
response to a temperature change,

α(T) · L(T) = dL(T)
dT

≈ ∆L
∆T

. (1)

As the standard definition postulates an infinitesimally small
temperature change dT , the sample length L(T) is a well
defined quantity. In a real experiment the derivative must be
approximated by finite differences ∆L, ∆T as shown on the
right side of Eq. (1). This also renders the choice of L(T)
somewhat arbitrary because it is no longer an instantaneous
quantity. In dilatometry the commonly used approach is to
set L(T) = L0, the sample length prior to the experiment. This
approximation is feasible as long as the condition∆L(T) ≪ L0
holds. This is true for most materials especially for metals and
ceramics.

The origin of α , 0 is the anharmonicity of the inter-
atomic potentials in the material, causing distinct equilib-
rium lattice constants for a given temperature. The thermal
response of the lattice constants can be considered as quasi-
instantaneous, i.e., in a laboratory experiment the volume
change happens simultaneously with the temperature change.
Since in general the length change measured by a dilatometer
includes not only the quasi-instantaneous thermal expansion
but also all thermally induced volume changes, the time scale
of the experiment determines the possibility of measuring the
coefficient of thermal expansion. In conventional dilatometry
it is only possible to determine a true CTE when kinetic
effects can be ruled out or neglected. Since thermally activated
processes are time-temperature dependent phenomena, the
most promising approach for the determination of a true CTE
is a fast but small time dependent modulation of the sample
temperature during a dilatometric experiment. For simplicity
of evaluation, the modulation function should be mathemati-
cally simple, e.g., a pure sine function. In general a temperature
program for modulated dilatometry takes the form

T(t) = T(t) + ∆Tm(t), (2)

where T(t) is the mean and ∆Tm(t) is the modulated part of
the sample temperature. As in a conventional experiment, T(t)
may either be time-dependent or time-independent. In practice
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FIG. 3. Two possibilities for a temperature modulated dilatometric experi-
ment. In the left panel (a) the modulation of sample temperature (black line)
is superimposed onto a constant ramp temperature program (dashed red line).
In the right panel (b) the experiment is isothermal except for the modulation.

the manifestations would be a ramp rate experiment or an
isothermal experiment. These two possibilities are schemat-
ically depicted in Fig. 3. For the sinusoidal modulation used
in the course of this work the specific form of Eq. (2) is

T(t) = Φ · t + AT · sin(2πνt), (3)

with the heating rateΦ, the temperature modulation amplitude
AT, and the modulation frequency ν. Accordingly the sample
length variation during the experiment is given by

L(t) = L(t) + AL(t) · sin(2πνt), (4)

where L(t) is the mean length change and AL(t) is the
length change modulation amplitude. To determine a thermal
expansion from the modulation amplitudes, it is first necessary
to calculate the mean values T(t) and L(t). For the temperature
variation, this is a simple task because the mean temperature
Φ · t is the predetermined controlled quantity and therefore
well-known. To determine L(t), different numerical methods
are possible. In the course of this work, a straightforward
approach was used which is based on calculating the moving
average of the length change signal.13 Given that L(t)
is a discrete time series, the simple moving average is
defined as

L(t)MA =
1
n

n−1
i=0

L(t − i), (5)

where M A stands for moving average and n denotes the filter
width. The sum in Eq. (5) has to be evaluated for each value of
t in order to obtain the filtered signal. When a moving average
filter is applied to a periodic function with constant amplitude
with the filter width n corresponding to the period tp, the result
is zero except for numerical effects. Assuming that changes in
L(t) are much slower than tp, it is as follows:

L(t)n=tpMA ≈ L(t). (6)

The CTE can now be calculated as the proportion of the
amplitudes,

α(T) · L(t) = AL(t)
AT

. (7)

The value of L(t) can either be calculated iteratively
(Li = Li−1(1 + αi−1∆T)) starting with L0 or by simply approx-
imating its value by L0 for all temperatures.

IV. EXAMPLE MEASUREMENTS

A. Second order phase transition

In this section measurement results which best assess
the capabilities of the dilatometer are presented. The thermal
expansion of nickel was chosen because it exhibits a second
order phase transition at the ferromagnetic Curie-temperature,
TC. Additionally high quality literature data exist for this mate-
rial,14–17 qualifying that it is not only for test measurements
but also for temperature calibration. In theory the thermal
expansion coefficient as the first derivative of length exhibits a
discontinuity at the transition temperature TC. The signature
of this behavior is observed in a dilatometric measurement
as a distinct change in slope of the thermal expansion near
the Curie-temperature. While qualitatively the phenomenon is
simple to detect, a quantitative analysis is a very challenging
task.15 With modulated dilatometry the numerical derivative
of the length change is continuously determined as shown in
Eq. (7). When the modulation frequency ν is chosen appropri-
ately the true CTE can be determined with very high accuracy.
The choice of ν must be a compromise between the heating
rate Φ and the highest possible frequency at which the sample
temperature modulation can follow the temperature modula-
tion set point.

In all measurements two cylindrically shaped identical
high purity nickel samples (4 × 15 mm, 4 N) were used. One
sample acted as the measuring sample and the other one was
used as a dummy sample for temperature measurement. All
measurements were conducted in modulated ramp mode with
constant heating rate according to Eq. (3). Heating rates of 1.5,
3, and 5 K min−1 were applied. The modulation frequency was
set to 6 mHz for the 1.5 and 3 K min−1 runs and to 10 mHz
for the 5 K min−1 measurement. Modulation amplitudes of
0.7, 0.8, and 1 K could be used owing to the high-resolution
capabilities of the laser-interferometer. In Fig. 4 the length
variation for a measurement with 1.5 K min−1 heating rate is
plotted against the mean sample temperatureΦ · t. In the insert
a magnification for a small temperature range is shown to bet-
ter assess the modulation of the measurement. The red dashed
line is the mean length change which would be measured in a
conventional unmodulated experiment.

FIG. 4. Exemplary modulated measurement with a heating rate of
Φ= 1.5 K min−1, modulation frequency ν = 6 mHz, and modulation ampli-
tude AT= 0.8 K.
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FIG. 5. Length and temperature modulations near the Curie temperature
TC obtained from a constant ramp measurement with a heating rate of
1.5 K min−1. For the temperature modulation the threshold values Tts used
for the determination of the CTE are also shown (see text for details).
(a) Length modulation ∆Lm= AL(t) · sin(2πvt). (b) Temperature modulation
∆Tm= AT · sin(2πvt).

After subtracting the mean sample temperature Φ · t and
the mean length change L(t) from the measurement data, the
pure modulated signals are obtained. In Fig. 5, these length
∆Lm and temperature ∆Tm modulations are shown for a small
temperature range below and above the Curie temperature. The
maximum length change amplitude in response to the 0.8 K
temperature amplitude is below 300 nm. Despite this small
value, the sinusoidal shape is well resolved. An enhancement
of ∆Lm at the phase transition can clearly be discerned. The
values for the CTE were determined according to Eq. (7). Since
not only the amplitude but also the temporal behavior of ∆Tm
is known from the experiment, it is in principle possible to
directly divide the two functions. In practice this is a difficult
task because the zero crossings of ∆Tm lead to problems in the
numerical data processing. Therefore, a temperature threshold
Tts was chosen so that only values |Tm| > |Tts| were used for
the determination of the CTE. The threshold values are sche-
matically shown in Fig. 5(b) as red dashed lines. The obtained
values for each single period were averaged to get a mean CTE
value for the temperature range of one modulation.

In Fig. 6, the calculated values for the CTE are shown
for five different measurement runs. In all experiments the
second order phase transition is clearly observable. From the
analysis of the data, a value for TC = 627 ± 2 K is determined,
which is in very good agreement with literature data.15 In
addition the functional behavior of α(T) can be evaluated,

FIG. 6. The thermal expansion coefficient α of nickel as a function of
temperature for five different modulation parameters and ramp rates. Down-
pointing triangles: Φ= 5 K min−1, ν = 10 mHz, A= 1.0 K; up-pointing
triangles: Φ= 3 K min−1, ν = 6 mHz, A= 0.7 K; squares: Φ= 1.5 K min−1,
ν = 6 mHz, A= 0.8 K; diamonds: Φ= 1.5 K min−1, ν = 6 mHz, A= 0.7 K;
circles: Φ= 3 K min−1, ν = 6 mHz, A= 1.0 K.

e.g., to determine power law constants. Such a quantitative
analysis of the temperature variation is usually very difficult to
achieve, because in a conventional measurement, the numer-
ical differentiation of the signal requires averaging or smooth-
ing techniques to cancel out large fluctuations in α(T). While
these procedures lead to a smooth appearance of the derivative,
they also cause an attenuation of possible steep variations in
response to small temperature changes. At this point it should
be emphasized that for every data point in Fig. 6, only one
period of modulation was used. In this context the maximum
scattering of the values of ca. 1 · 10−6 can be considered as
very small. A higher accuracy can easily be obtained by using
multiple modulation periods for one value of α, e.g., in a step-
like temperature program where each temperature is held for
a certain number of modulation periods.

B. Isothermal drift stability

One central aspect of the measurement capabilities of
the dilatometer is the possibility of performing isothermal
measurements on very long time scales. The crucial factor
determining such measurements is the isothermal drift sta-
bility. Isothermal zero line drifts can have various origins
but the most important influencing factor is the laboratory
temperature. Temperature variations cause dilatations of the
mechanical components and also influence the electronic
components especially the sample temperature measurement
circuitry. Both factors lead to an apparent length change signal
which can significantly worsen the isothermal capabilities of
the measurement device. To assess the drift stability of the
presented dilatometer an aluminum alloy sample (AA 6060)
was used. Prior to the experiment, the sample was annealed
in the dilatometer for 12 days at 453 K to reach a highly
overaged condition which corresponds to a quasi-equilibrated
microstructure for the given temperature.18 In this condition no
volume changes due to phase formation processes are expected
on laboratory time scales.

For the stability measurement a constant modulation fre-
quency of ν = 4 mHz with an amplitude of A = 0.6 K was
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FIG. 7. Mean length-change signal L(t) for a temperature modulated
isothermal measurement of an equilibrated 5 × 20 mm aluminum alloy
sample at 453 K. On the right axis the relative length-change is shown. The
dashed red zero line is shown for reference.

used. The result for L(t) is shown in Fig. 7. The length change
is stable within ±40 nm. The mean drift over the duration of
the experiment of 48 h is −1.7 nm corresponding to a relative
length-change of the 20 mm sample of ∆L/L = −8.5 · 10−8.
The short-time deviations ∆t ≈ 0.5 h of the signal are caused
by the air conditioning of the laboratory which causes peri-
odic changes of the lab temperature in the range of ±0.4 K.
The long-time deviations ∆t ≈ 12 h are caused by temper-
ature differences between day and nighttime which are not
completely compensated by the air conditioning. No other
deviations from a zero line can be found in the measurement.

The observed drift stability qualifies the dilatometer for
highly stable isothermal experiments on time scales of up to
106 s or even more. Additionally the low-amplitude temper-
ature modulation will give valuable insights into the nature
of the volume influencing processes, e.g., slow changes in the
expansion coefficient due to phase formation or dissolution can
be monitored isothermally.

V. APPLICATION RANGE AND LIMITATIONS

For all thermophysical measurement methods, certain
limits to the application range exist which have to be specifi-
cally evaluated for the given measurement condition, sample
geometry, and sample material. Besides the net heat flux
delivered by the heating furnace, the major limiting factors
for the achievable heating rates are sample volume and thermal
conductivity of the sample. For metallic samples in the volume
range of 100–700 mm3, which represent the main application
scope of the dilatometer, the maximum permissible heating
rates are between 300 and 600 K min−1, for absolute temper-
atures of up to 1100 K. For modulated measurements, the
same limitations as for the heating rate apply. The modulation
frequency must be chosen small enough to allow the sample
temperature to follow the temperature set point. In modulated,
non-isothermal measurements it is additionally important to
choose an appropriate heating rate so that a certain number
of modulation periods for a given absolute temperature range
exist for evaluation. Moreover, in the case of a structural
kinetic process, e.g., a phase transition, it must be ensured that

the time scale of the modulation is much smaller than the time
scale of the kinetics.

Due to the modular design of the sample holder and the
contactless measurement principle, limitations to the sample
geometry are much less pronounced than in commercially
available high-temperature push-rod dilatometers. In fact, the
device can easily be adapted to new fields of application by
simply changing the sample holder insert. The heating method
used also permits the investigation of materials other than
metallic alloys like ceramics, semiconductors, and even poly-
mers. For each of these materials the ranges of permissible
heating rates, modulation frequencies, and maximum absolute
temperatures have to be carefully examined. For instance, the
very low thermal conductivity of most polymers would limit
the usable heating rates to values at least one order of magni-
tude smaller than that for metallic materials. Additionally a
controlled gas atmosphere instead of the vacuum used for
most metals could become necessary if the vapor pressure of
the investigated material, or one of its constituents, exceeds a
certain value in the investigated absolute temperature range.

VI. CONCLUSION

The combination of a fast, precisely controllable optical
heating furnace and the non-contact high-resolution interfer-
ometric measurement principle successfully extends the mea-
surement possibilities for temperature modulated dilatometry.
The application range of measurements with sub 1 K modu-
lation amplitudes is no longer limited to systems with large
coefficients of thermal expansion. This is made possible by
the superior incremental length change resolution of the differ-
ential laser measurement system. Measurement results for the
thermal expansion of a nickel reference sample showed that the
new method delivers reliable results even at 0.7 K amplitudes
without a need for averaging data over subsequent periods or
large temperature intervals. These findings qualify the method
for measurements of all kinds of metallic systems. The supe-
rior drift stability in conventional and modulated isothermal
measurements opens up new possibilities in the characteriza-
tion of non-equilibrium systems, e.g., deformed materials or
complex alloys. The potential of the method can be compared
to the application of modulated DSC in the field of polymers.
Beside advanced temperature modulated experiments the new
dilatometer can also be used for routine measurements without
the need for special sample preparation. The maximum tested
heating and cooling rates are 600 and 300 K min−1, respec-
tively. Especially the possible heating rate is much higher
than for most commercially available non-inductive heating
dilatometers. While induction heating is limited to conductive
samples, the halogen lamp furnace can be used for all types of
sample materials.
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