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1. Introduction

Thermal analysis (TA) is a standard technique to study the chem-
ical and physical properties of materials as they change with tem-
perature. For the development of new alloys and improvement of
existing engineering materials, TA is essential to understand
material behavior under the influence of thermal loads, to predict

its performance, and to optimize process-
ing conditions. A TA instrumentation nor-
mally comprises a furnace, a temperature
measurement setup, and a corresponding
data recording unit. In addition, to study
material property changes in the sample
under applied force (tension, compression,
bending, etc.) thermomechanical analysis
(TMA) is applied. A dilatometer is a suffi-
ciently precise equipment that can be
applied to perform both TA as well as
TMA experiments. Typical dilatometry
measurements include the determination
of thermal expansion, monitoring phase
transitions, conducting kinetics studies,

constructing phase diagrams, performing sintering studies,
and many more. Dilatometry utilizes the volume change associ-
ated with nearly all solid material transitions and measures the
length change of a specimen as it is heated and cooled at a fixed
rate.[1] Modern dilatometers offer a high resolution measure-
ment of length change (Δl), which can reach a length change res-
olution down to Δl� 1 nm in case of the DIL 831 manufactured
by TA instrument.[2] Moreover, the sensitivity in length change
can bemaintained also during long-term isothermal measurement
conditions.[3] In addition, compared to conventional laboratory
furnaces, a dilatometer can provide a very wide range of heating/
cooling rates from typically 0.001 K s�1 up to 1000 K s�1.[4]

Initially, dilatometry has been widely used in studying
the kinetics of austenite–ferrite phase transformations.[4]

Application of dilatometry for constructing continuous heating
transformation (CHT) and continuous cooling transformation
(CCT) diagrams of steels has been outlined as a main source
to understand the transformation behavior.[5] These diagrams
have shown that the knowledge of microstructural constituents
resulting from given heating and cooling conditions is instru-
mental for the metallurgist in steel characterization and produc-
tion. Dilatometry measurements have also been used deriving
time–temperature–precipitation (TTP) diagrams. For ferrous
materials, a wide range of TTP diagrams which include the infor-
mation of isothermal transformation, CCT, TTP, time–tempera-
ture embrittlement, and time–temperature ordering have been
collected.[6] A detailed study of precipitation kinetics of a dilute
Al–Mg–Si under isothermal dilatometry has revealed the evolu-
tion of the atomic fraction of two precipitates.[7] The result was
used to construct the isothermal TTP diagrams which can be
incorporated into technologically relevant processes. Using a
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A modified quenching and deformation dilatometer (TA instruments DIL 805A/
D/T) is now in operation at the Heinz Maier-Leibnitz Zentrum (MLZ, Germany)
neutron center. It is customized for running neutron scattering measurements
during the temperature/deformation treatment of the sample, in particular
neutron diffraction (phase, texture, and lattice strain) and neutron small angle
scattering. The bulk length change of dilatometer specimens is successfully
combined with in situ neutron diffraction patterns for analyzing dynamic pro-
cesses in metallic materials. A detailed introduction to the unique dilatometer is
given and examples of recent experiments highlight the use of the added insight
provided by combining diffraction and dilatometry.
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quenching dilatometer at extraordinarily long isothermal aging
times, the temperature–time–transformation (TTT) curves have
been obtained for both a primary precipitation and an eutectoid
decomposition in a Cu–Al–Ni shape memory alloy.[8] In this arti-
cle, crystal structures of the precipitate and the decomposition
phase were also identified in the quenched samples using
X-ray diffraction. A method using the dilatometric signal, assum-
ing isotropic dilatation and considering atomic volumes of the
phases present, in this case austenite and bainitic ferrite, finally
lead to an estimation procedure for the dislocation density.[9]

In this article, ex situ quantitative X-ray diffraction analysis
was needed in addition for determination of the fraction of
retained austenite and bainitic ferrite.

To combine diffraction and TA, a quenching/deformation
dilatometer is available since 2011 at the high energy X-ray beam-
line High Energy Materials Science (HEMS) at Deutsches
Elektronen-Synchrotron center in Germany.[10] Using this dila-
tometer together with in situ synchrotron X-ray diffraction,
the CCT behavior of two low-alloy vessel steels was investigated
across a range of cooling rates following austenitization.[11] This
study revealed a good agreement in transformation start temper-
atures between the two techniques and helped to correct the
length change signal from dilatometer for ferrite phase quantifi-
cation, thereby avoiding overestimation. For the first time, an
in situ synchrotron experiment using this dilatometer was per-
formed during the solidification of Mg–4Y–3Nd alloy to deter-
mine the solidification sequence of the phases and to correlate
them with the thermodynamic simulations.[12] However, in this
experiment, the dilatometer was only used as a high precision
furnace without using the information of length change. To date,
a large number of dilatometric studies have been performed at
the HEMS beamline on the lightweight intermetallic TiAl
alloys.[13] Combining the information from dilatometry with
in situ high energy X-ray diffraction allowed tracing the evolution
of phase fractions of these alloys over a wide temperature range.
However, the order–disorder transition in TiAl alloys cannot be
detected unambiguously using synchrotron radiation alone due
to the equal X-ray scattering lengths of Ti and Al atoms.
Moreover, so far the maximum beam size of high energy
X-ray can only reach about 1mm2 which provides insufficient
grain statistics for materials with coarse and/or lamellar grains.
Furthermore, photoabsorption strongly depends on the atomic
number, which limits its application for materials containing
heavy elements such as tungsten, cobalt, and niobium.

Therefore, to overcome these limitations, the installation of a
modified dilatometer for neutron scattering was initiated at
Maier-Leibnitz Zentrum (MLZ), first for the two beamlines
STRESS-SPEC (diffraction) and SANS-1 (small angle scattering).
In particular, neutron diffraction is a powerful tool to probe
structural chemistry of solid-state materials. Since neutrons
are scattered from nuclei, neutron diffraction offers additional
advantages compared to X-rays such as providing a different con-
trast for elements and a high penetration depth of several cen-
timeters. As neutron beam size at a diffractometer can be
quite large, neutrons are quite well suited for the investigation
of samples with coarse or lamellar grains. In addition, in situ
analysis using bulky sample environment such as a dilatometer
is easily possible with neutrons. In recent years, diffraction-based
in situ analysis techniques have been developed increasingly.[14]

This is because in situ diffraction with neutron or synchrotron
radiation offers the possibility to investigate real-time structural
evolutions on the atomic scale. In particular, crystal structure and
phase fraction, preferred orientation/texture and lattice strain
can be derived.

Therefore, in the past few years, various devices or compo-
nents have been developed at currently available worldwide mate-
rials/engineering neutron diffractometers to facilitate in situ
neutron diffraction during thermomechanical processing. This
includes devices such as specialized load frames including rapid
infrared heating at the diffractometer ENGIN-X (ISIS, UK) or
induction heating at the neutron strain scanner VULCAN
(SNS, USA), respectively.[15,16] A quite unique instrumentation
is the thermomechanical processing simulator at BL19
TAKUMI (J-PARC, Japan).[17] Using this particular device, many
studies related to phase transformations kinetic, texture evolu-
tion, and developing mechanical properties in alloys have been
conducted successfully in recent years, highlighting the demands
for this kind of in situ studies.[18–21] Compared to these thermo-
mechanical devices, the dilatometer is used as a phase transition
research equipment including loading and heating/quenching in
one device with an exceptionally resolution of the sample length
change. It offers highly stable and accurate temperature control
and, as instrumentation of this type is also used in many material
laboratories as standard equipment for kinetic studies of phase
transitions, it is common to a wider user community.

The report at hand presents the specifications and capabilities
of our unique experimental setup. The advantages of combining
dilatometry with neutron diffraction for studying modern
materials are demonstrated for three typical measurements at
the engineering materials science diffractometer STRESS-SPEC
at MLZ.

2. The Quenching/Deformation Dilatometer

The current DIL 805A/D/T dilatometer is a modified device from
TA Instruments, which can realize quenching in combination
with deformation (compression and tension). Its bulk length
change signal is detected via a push rod made of glass or alumina.
Push rod dilatometry is a well-proven method for characterizing
dimensional changes of a material as a function of temperature.
The measurement may be performed across a wide temperature
range (e.g., from room temperature [RT] to 1500 �C), or employing
a user-defined temperature program to simulate industrial pro-
cesses, firing regimes, or a material’s operating environment.
The coefficient of thermal expansion (α) is defined as the normal-
ized expansion (Δl/l0) divided by the change in temperature (ΔT ).

2.1. Design and Specifications

The sample deformation such as thermal expansion and contrac-
tion with changing temperature is measured as the probe dis-
placement by the length detector. A linear variable differential
transformer (LVDT) is used for this length detection sensor.
The modified dilatometer used in our investigations has a length
resolution of up to 10 nm using the “alpha” measuring unit. To
the best of our knowledge, this is the highest length resolution
achievable currently in in situ neutron diffraction.
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The sample temperature change is controlled by an oscillator,
which is connected to an induction coil. To cooperate with the
geometries of neutron diffraction at STRESS-SPEC and in a later
stage also for neutron small angle scattering, four new induction
coils have been specially designed for this purpose, as shown in
Figure 1. The middle part of the induction coil is separated to
avoid shielding both the incoming and outgoing neutron beam
with a typical beam size of 5 mm� 5mm. Unfortunately, such a
design weakens the induced magnetic field generated by the
induction coil, thus making the highest reachable sample tem-
perature lower than the 1500 �C which can be reached using a
standard induction coil (Figure 1e). However, this modification
does not change its excellent temperature control accuracy.
Compared to other thermomechanical devices, these uniquely
designed induction coils reduce the fluctuation between target
and sample temperature caused by over heating/over cooling
at the end of fast heating/quenching stage to �3 �C within
5 s.[20,21] The maximum sample temperature is further affected
by the relative permeability μ/μ0 of sample material itself. For
example, an alloy containing a large amount of a phase with
low relative permeability μ/μ0≤ 1 can only be heated to a maxi-
mum temperature of about 800 to 1000 �C using the new dila-
tometer in deformation mode. When using the quenching mode
alone maximum temperatures of�1400 �C for TiAl, and 1300 �C
for Co-based alloy can be reached with the modified coils.

Parameters related to the measurement process of the dilatome-
ter in four different modes are summarized in Table 1.

The sample geometry used in tension mode is shown in
Figure 2 (with more detailed drawings available in ref. [22]).
The sample temperature is measured by a thermocouple spot
welded onto the sample surface and the heat treatment can be
performed in vacuum or in inert gas N2/He atmosphere. The
maximal cooling rate shown in Table 1 is reached from
1500 �C down to around 100 �C using He gas flow. Below
100 �C, the maximum cooling rate will continue to decrease grad-
ually until quenching to RT. Mechanical deformation loading is
facilitated by a hydraulic oil actuator acting on ceramic or steel
pistons (further details can be found in ref. [23]).

2.2. Integration into the Instrument

The dilatometer is designed so that it can be used like the usual
standard sample environment available at the neutron diffrac-
tometer. This includes that it can be easily installed or unin-
stalled as well as quickly aligned to the neutron beam. It is
mainly installed at the STRESS-SPEC instrument, which is an
optimized engineering materials science neutron diffractometer
at MLZ. STRESS-SPEC offers highly flexible setup options for
the respective measurements purpose.[24] It also provides vari-
able specialized sample environments such as a mirror furnace
and a tension/compression rig which can be combined with
in situ neutron diffraction.[25]

Utilizing an adapter to the xyz-stage with a load capacity of
�300 kg, the dilatometer can be mounted so that the centre of
a cylindrical sample to be tested is located around the neutron
beam gauge centre. Since the standard specimen for the dilatom-
etry test has cylindrical geometry with a diameter of 5mm and a
height of 10mm, the current standard gauge volume for meas-
urements is set to about 5� 5� 5mm3 using a specialized radial
collimator in front of the detector, as shown in Figure 3. This
setup ensures that only the sample is visible to the neutron beam
during a measurement and no additional diffraction signals are
recorded from the sample environment. A 2D position sensitive
3He detector (PSD) with 25� 25 cm2, 256� 256 pixels, and a 2θ

Figure 1. Uniquely designed induction coils for the STRESS-SPEC neutron diffractometer and the SANS-1 neutron small-angle scattering beamline,
respectively. The induction coils from left to right are as follows: a) STRESS-SPEC alpha/quenching mode, b) STRESS-SPEC deformation mode,
c) SANS-1 deformation mode for cylindrical samples, d) SANS-1 quenching/tension mode for sheet samples, and e) standard induction coil.

Table 1. Specification and parameters of dilatometer using specially
designed STRESS-SPEC induction coils.

Type of mode Alpha/quenching Compression Tension

Temperature range 50 to 1400 �C (depends on material and modes)

Temperature resolution 0.05 �C

Heating rate 100 K s�1 60 K s�1 40 K s�1

Cooling rate 150 K s�1 150 K s�1 100 K s�1

Length change accuracy 10 nm/50 nm 50 nm 50 nm

Deformation force Max. 20 kN Max. 8 kN

Deformation rate 0.01–200mm s�1 0.01–20mm s�1

Strain rate 0.001–20 s�1 0.001–20 s�1
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coverage of 15� was used to record the diffraction patterns of the
samples.[24] This 2D detector can be moved to cover a total 2θ
angle ranging from 40� to 100�. Depending on the scattering
properties of the specimen material, 10 to 30 s measuring time
is needed for one diffractogram with one detector setting during
an in situ measurement.

2.3. Operation and Data Acquisition

The temperature of the sample is programmed by the software
Win-TA. Each activity such as heating and cooling is defined as a
segment. The whole heat treatment process must be predefined
in Win-TA. The parameters recorded during the experiment will
be output to the instrumental server through a “start server”
function, and are saved into a log file simultaneously with the
measured STRESS-SPEC data. During the measurement, the
temperature–time–length (TTL) curve can also be recorded syn-
chronously with the in-house data acquisition system NICOS.[26]

After the experiment is started, the only command that can be
issued to the dilatometer through the NICOS system is the trig-
ger signal “move to the next segment.” The purpose of this com-
mand is to synchronize the segments in the dilatometer
experiment with the neutron diffraction images.

3. Examples of Application

The neutron dilatometer has been successfully commissioned at
STRESS-SPEC in 2018, and it is now open for user service
through the official MLZ proposal submission system. The fol-
lowing three examples will present recent measurements using

the dilatometer combined with in situ neutron diffraction of a
cast iron alloy, an Mg–Al alloy, and a high entropy alloy
(HEA), demonstrating the advantages of the synergy of both
techniques.

3.1. Phase Transformation in Austempered Ductile Iron

Dilatometry has been used to study austenite to ferrite transfor-
mation kinetics in different kinds of ferrous alloys for many
years.[1,27–29] A large number of essential information on the
Fe–C phase diagram, such as the proeutectoid ferrite formation
temperature A0

r3, the eutectoid start/finish transformation tem-
peratures (A0

r1)s/(A
0
r1)f, and phase transformation mode can be

obtained directly through the TTL curve analysis.[1,27–29]

However, additional diffraction data are in some cases essential
to identify peculiarities in the phase transformation kinetics
shown here, using as an example, the phase transformation
and carbon diffusion process in Mo alloyed austempered ductile
iron (ADI).

In ADI, the austenite to ferrite transformation is affected by
carbon diffusion and takes place during the austempering pro-
cess between 250 and 450 �C.[30,31] This kind of phase transfor-
mation is also defined as stage I reaction in ADI material. After a
certain time and dependent on temperature, the carbon enriched
retained austenite further decomposes into ferrite and cementite
in the so-called stage II reaction. Between stages I and II, there is
a processing window period, which lasts from 0min to 3 h,
depending on the austempering temperature and alloying ele-
ments content (i.e., Cu, Ni, and Mo).[32–35]

The change of the phase fractions of austenite and ferrite as
well as the carbon redistribution, as encoded in the crystal lattice
expansion of austenite, can be extracted from the diffraction pro-
files and length change curves (Figure 4 and 5).[20,21] At the
beginning/end of stage I (Figure 4a,c), the reflections are sym-
metric and can be fitted using a single Gaussian peak shape func-
tion. In the middle part of stage I, the austenite Bragg reflections
show an asymmetric shape caused by both, low carbon enriched
and high carbon enriched austenite (Figure 4b).[30] The inte-
grated peak intensities after fitting were used to quantify the
phase fractions of austenite and ferrite.[30,31] The lattice constant
of austenite calculated from the Bragg peak position of the (111)
peak of austenite is shown together with the austenite phase frac-
tion and the macroscopic length change recorded in the dilatom-
eter in Figure 5.

During the first 3 h of austempering at 350 �C (Figure 5a), only
the stage I reaction and beginning of the processing window in
ADI materials can be characterized. The increase in sample
length is related both to ferrite formation and carbon enrichment
in retained austenite.[23] As shown by Figure 5a, the maximum of

Figure 2. Geometry of tension samples used for dilatometer experiment. Left: cylindrical sample. Right: flat sample.

Figure 3. Schematic drawing showing the dilatometer and the beam defin-
ing optics at STRESS-SPEC. The slits in the incoming beam and the radial
collimator in front of the detector define a measurement gauge volume of
5� 5� 5mm3 located in the sample center.
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carbon enrichment in retained austenite is reached after the fin-
ish of austenite to ferrite transformation (stage I reaction). At the
higher austempering temperature of 400 �C, the maximum of
carbon enrichment is reached again after the end of stage I phase
transformation, as shown in Figure 5b.[33] This shows that it is
impossible to determine whether the phase transformation or
carbon diffusion has been completed using dilatometry alone
and additional informations from diffraction are essential. At
the same time, the length change curve cannot be used directly
for quantitative phase calculation, as it is additionally affected by
carbon diffusion. In the sample austempered at 400 �C
(Figure 5b), retained austenite decomposes into carbides and fer-
rite at increasing rate after the processing window. However, the
expected positive length change resulting from austenite decom-
position cannot be observed in the length change curve. This
might be due to contraction effects of precipitating carbides or
forming residual stresses, making it difficult to use the dilatom-
etry results alone when studying phase transformations during
which opposing effects occur.

3.2. Precipitation Kinetics in Mg–Al Binary Alloy

The Mg–Al–Zn (AZ) series of magnesium alloys based on the
Mg–Al binary is one of the most popular magnesium alloys

for industrial applications due to its good castability. The maxi-
mum solubility of Al in Mg decreases with temperature from
12.7 wt% at 437 �C to 3 wt% at 200 �C.[36] To enhance the
mechanical properties of Mg–Al alloy, a supersaturated Mg–Al
alloy is usually subjected to a T6 isothermal aging heat treatment.
In the selected aging temperature range from 150 to 250 �C, the
β-phase (Mg17Al12) has been found to be the only precipitate in
Mg–Al alloys.[37] The precipitation process can be either contin-
uous or discontinuous, depending on aging temperature and Al
content.[36,38]

Since the density of β-phase precipitates is larger than that of
pure Mg, it should be possible to observe a reduced length
change in the TTL curve during the precipitation process.[38]

At the same time, the occurrence of peaks from precipitates
can also be observed in corresponding diffraction patterns.
Due to the nanometer-sized β-phase precipitates and the phase
detection limits (around 1 vol% of the phase) using in situ neu-
tron diffraction technique, the information about the early stage
of the precipitation process (nucleation) including the start point
of precipitation at different aging temperatures might be lost in
the continuously recorded neutron diffraction patterns.[39] Thus,
the additional input from dilatometry makes up for this lack of
experimental signal in the diffraction study of the early stage of
precipitation.

Figure 4. Austenite (111) and ferrite (110) Bragg reflections after austempering at 350 �C for 4, 8, and 32min, respectively. a) Peak shape analysis of the
austenite (111) Bragg reflection after 4 min of austempering, b) after 8 min, and c) after 32min. γLC: low-carbon austenite, γHC: high-carbon austenite.
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Another noted fact is that the homogeneous continuous pre-
cipitation will increase the lattice parameter of Mg overall in the
matrix and discontinuous precipitation will cause a local increase
of Mg lattice parameter near grain boundaries. This difference
leads to a phenomenon that, on the one hand, the peak positions
of Mg matrix will shift to smaller diffraction angles during con-
tinuous precipitation while the peak shape will become asymmet-
ric during discontinuous precipitation, and on the other hand, an
increased length change in the sample will be observed in the
TTL curve during continuous precipitation. After theoretical
quantitative calculation, it has been confirmed that the expansion
caused by a lattice parameter change in the Mg matrix during
continuous precipitation can completely compensate the contrac-
tion caused by precipitates, resulting in an overall macroscopic
expansion of the sample.[38] Therefore, if the precipitation pro-
cess is dominated by continuous precipitation, the length change
signal will increase, and vice versa. Therefore, it is clear that to
obtain detailed information on the precipitation process of Mg–
Al alloy, a combination of dilatometer results with in situ neutron
diffraction measurements is essential.

In Figure 6a,c,e, Bragg reflection intensity of the β-phase first
appeared clearly in the neutron diffraction patterns after aging at
200 �C for 860min, at 225 �C for 120min, and at 250 �C for
50min, respectively. However, at the beginning of aging, the
decline in the corresponding TTL curves from the dilatometer
(Figure 6b,d,f ) indicates clearly that discontinuous precipitation
occurred simultaneously in the aging process and dominated the
precipitation in the early stage of isothermal aging. The peak
shift of the Mg matrix to smaller 2θ values during aging
(Figure 6a,c,e) shows that continuous precipitation also occurs
at a certain time in the aging process. The possibility to exactly
define the transition point of precipitation being dominantly dis-
continuous to continuous is an advantage when combining dila-
tometry with neutron diffraction.

In addition, taking Figure 6c as an example, although a diffrac-
tion signal of the precipitates can be found in the diffraction pat-
tern after aging for 120min, the Bragg intensity of the
precipitates in the patterns is still too weak for quantitative phase
analysis up to 300min of aging. After combining the TTL curves
from the whole aging process (10 h) and the phase fraction
obtained from peak intensity analysis (after 300min), the phase
fraction of the precipitates in the early stage (<300min) could be
recalculated.[27–29]

3.3. Phase Transformation in HEAs

A difficulty in development of new HEAs results from the lack of
specific information on the phases in the alloying system such as
for instance their amount, exact chemical composition, or atomic
site occupation numbers of each phase in the alloys.[40] This
makes quantitative phase analysis using diffraction patterns
and further in-depth study of phase transformations kinetics
quite difficult. Therefore, research on HEAs focuses mainly
on mechanical properties and microstructures.[41,42] In the
absence of prior in-depth research results on the phase transfor-
mations kinetics of an alloying system, studying the relationship
between its mechanical properties and microstructure and
designing alloys with potential for industrial applications is time
consuming and cost intensive. Therefore, a common method to
obtain the phase composition of an alloying system is to apply
thermodynamic analysis based on first principal calculations
with dedicated software such as Thermo-Calc.[43]

Unfortunately, previous studies have shown that results from
Thermo-Calc calculations, such as, for example, phase composi-
tions, phase transformation temperature, and chemical compo-
sitions of phases differ to some extent from experiment
results.[44–46] However, combining dilatometry measurements
with in situ neutron diffraction data, the phase transformation
type and transformation temperature of HEAs can be deter-
mined conveniently from an analysis of the length change signal
from dilatometry, and the integrated peak intensity and peak
position change from in situ neutron diffraction measurements.
Thus, an approach using thermodynamic calculations with com-
bined neutron diffraction and dilatometry can substantially
reduce the efforts in the development of new HEA systems.

Figure 7a shows the phase components predicted using
Thermo-Calc, for an AlCrFeNiTi alloy produced through hot iso-
static pressing (HIP), from 0 �C up to the melting point. Its result

Figure 5. The phase fraction, lattice constant change of austenite, and TTL
curves of ADI during austempering, a) at 350 �C for 3 h and b) at 400 �C for
3 h. ND: results from neutron diffraction. DIL: length change signal from
dilatometer. Reproduced with permission of the CC-BY license.[33]

Copyright 2020, The Authors, published by Licensee MDPI, Basel,
Switzerland.
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depicts a complicated multiphase system consisting of more than
ten different phases. The phase components obtained from elec-
tron backscatter diffraction (EBSD) and neutron diffraction
measurements (Figure 8) in contrast differ significantly from
the calculated phase diagram in Figure 7a. The experimental
results indicate that the alloy AlCrFeNiTi consists mainly of three
phases denoted as face-centered cubic ( fcc)-L12, sigma, and body-
centered cubic (bcc) from RT up to its melting point.[32] The

amount of these three phases is highlighted in the phase diagram
in Figure 7b as phase fraction. The difference between the exper-
iment and the calculated phase diagram has been further con-
firmed by other experimental results.[45]

In addition to predicting the possible phase compositions,
Thermo-Calc also provides additional thermodynamic informa-
tion on the AlCrFeNiTi alloying system as follows: 1) The amount
of phase fcc-L12#2 starts to decrease gradually at 750 �C until it

Figure 6. Neutron diffraction patterns and temperature–length change curves of Mg–8.9Al during aging a,b) at 200 �C, c,d) at 225 �C, and e,f ) at 250 �C.
Reproduced under terms of the CC-BY license.[38] Copyright 2019, The Authors, published by JOM.
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disappears completely at 1000 �C. The phase fcc-L12#1 forms at
800 �C and its amount increases up to the melting temperature of
the alloy. 2) The amount of sigma phase starts to decrease at about
800 �C until it disappears completely at melting point. 3) BccB2#1
phase forms at about 1000 �C, its amount increases until the

melting point is reached, then it begins to melt until it disappears
at 1250 �C. 4) No information about the type of phase transforma-
tion can be obtained by the Thermo-Calc simulations.

Therefore, to verify whether the information obtained from
the calculated phase diagram in Figure 7b is consistent with

Figure 7. a) The phase diagram of AlCrFeNiTi alloy calculated by Thermo-Calc. b) The same phase diagram showing only the experimentally observed
phases marked in color (i.e., fcc- L12, sigma, and bcc as discussed in the text).

Figure 8. a) Scanning electron microscope micrograph of the AlCrFeNiTi alloy. b) The corresponding EBSD micrograph of the AlCrFeNiTi alloy.
c) Neutron diffraction pattern of the AlCrFeNiTi alloy taken at 700 �C. In the in situ measurements, a wavelength 1.712 Å was selected with a
Ge(311) monochromator and a gauge volume of 5� 5� 5mm3 was set using a radial collimator setup. With this condition, the resolution in the dif-
fraction profile is Δd/d¼ 0.005� 0.007.
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the actual experiment results and to identify the phase transfor-
mation type acting between these three phases, an in situ neu-
tron diffraction experiment has been performed on an
AlCrFeNiTi sample at STRESS-SPEC using the dilatometer to
stepwise heat the sample and monitor the corresponding macro-
scopic length changes (Figure 9a).

The integrated peak intensity of each observed phase Ipwas
extracted after Gaussian peak fitting using the software
STECA and was normalized according to Equation (1) for further
comparison. The normalized peak intensity of the main phases is
shown as a function of time in Figure 9b.

Peak intensity change in ½%� ¼ 100% � Ip
Ipð0Þ

� kðTÞ (1)

Ip: Integrated peak intensity of one phase during the in situ
measurement; Ipð0Þ: integrated peak intensity of one phase at the
beginning of heat treatment; and kðTÞ: correction factor with
consideration of the Debye–Waller factor.[47]

Although the Debye–Waller factors of the phases are
unknown, one can use the summarized integrated intensity from
the whole sample at different temperatures to calculate the k(T).

In addition, the peak position obtained from the fitting was
used to calculate the lattice parameter variations of each phase
with the results shown in Figure 9c. According to the information
obtained from peak intensity and lattice parameter evolution with
temperature and time as shown in Figure 9b,c, the heat treatment
temperature range can be divided into following three regions,
yielding valuable insight into the phase transformation behavior:

In these temperature regions, the three phases fcc-L12, sigma,
and bcc are always present and no other phases form. 1) First
region (700 to 750 �C): bcc and fcc-L12 phases transform simul-
taneously into sigma phase, whereas the lattice parameters of
both phases decrease slightly with holding time. This indicates
that a diffusion controlled phase transformation or continuous
precipitation should occur. The observations of peak location
shift during in situ measurement at constant temperature are
mainly caused by the diffusion in/out of matrix.[48,49] When this
process is also time dependent, the occurrence of diffusion con-
trolled transformation should be considered to take place.
2) Second region (750 to 850 �C): fcc-L12 phase starts to further
transform into two phases, bcc and sigma. This transformation
process is dependent on time and temperature, indicating that a
typical diffusion controlled transformation is taking place in this
temperature region. The thermal lattice expansion caused by
rapid heating can only be observed in the fcc and bcc phases,
but not in sigma phase Figure 9a,c. At 750 �C, the lattice param-
eters a and c of sigma phase show an opposite change, and
remain almost constant up to 900 �C. A possible explanation
for this observation may be the following: the new bcc phase that
evolves from the fcc phase has the same chemical composition as
the parent bcc phase, and surplus atoms from fcc phase will dif-
fuse into the sigma phase thereby changing its chemical compo-
sition, resulting in the observed change of lattice parameters of
this phase. 3) Third region (900C to 1050 �C): Above 900 �C, an
increased length change and an oscillating trend for bcc and
sigma phases can be observed in Figure 9a,b, respectively.
This seems to reveal that a massive phase transformation takes

Figure 9. a) The TTL curve of the heat treatment process during the in situ
neutron diffraction experiment. b) Evolution of peak intensity of fcc-L12,
sigma, and bcc phases in AlCrFeNiTi during the heat treatment. c) Lattice
parameter change of fcc-L12, sigma, and bcc phases in AlCrFeNiTi during
the heat treatment.
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place in this temperature range where sigma phase transforms
back into bcc phase whereas the fcc phase remains unchanged.

The phase transformation principle seen in this alloy indicates
that when two phases undergo a transformation in a certain tem-
perature range, the type of phase transformation will not change.
The type of phase transformation between fcc-L12, sigma, and bcc
phases in the AlCrFeNiTi alloying system is confirmed to be
dependent on temperature, in this case at about 900 �C, which
is a new discovery made in this alloying system.

4. Conclusion

From the three examples shown earlier, the advantages of combin-
ing dilatometry with in situ neutron diffraction can be summa-
rized as follows: 1) The addition of the dilatometer
compensates to a certain extent for the low time resolution of
the in situ neutron diffraction measurement in the study of phase
transformations. Some rapid phase transformation phenomena
such as massive transformation in HEAs and the related phase
transformation temperature can be directly observed in the TTL
curves provided by the dilatometer. 2) The high-resolution length
change signal of the dilatometer exhibits a resolutionmuch higher
than that of neutron diffraction in quantitative phase analysis,
which provides additional accurate data for studying nucleation
processes and slow precipitation. 3) The combination of dilatom-
etry and neutron diffraction bundles various advantages in one
in situ measurement such as high time resolution, high length
change accuracy, precise temperature control, large gauge volume,
microstructural analysis, and crystallographic insight. Several
important parameters in phase transformation studies such as
start/end point of transformation, transformation temperature,
transformation type, and transformation rate can thus be obtained
within a single measurement setup.
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