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Global Techniques for Characterizing
Phase Transformations – A Tutorial
Review
By Michel Perez*, Olivier Lame and Alexis Deschamps

1. Introduction

In order to characterize phase transformations and their
kinetics, one needs to know (i) the nature (crystallography,
chemistry, morphology) of each phase, and, (ii) their
distribution and volume fraction. Phase transformations can
involve very small volume fractions (e.g. fine precipitation) as
well as the whole sample (e.g. ferrite to austenite transforma-
tion).

Presently, no experimental technique can, alone, measure
accurately these two types of information. The nature of
phases is indeed a local data (nano or micrometer scale)
whereas their distribution, or volume fraction are more easily
accessible with global measurements (micrometer to meter
scale).

From a local point of view, the most wildly used technique
is electron microscopy (see Fig. 1, the introductory book of
Murphy[2] and a more specific paper dedicated to precipita-
tion[3]). Another rising technique is the tomographic atom
probe (TAP), which gives access to the nature and position of
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Fig. 1. High resolution TEM image of Al3ZrxSc1–x precipitate showing core-shell
structure with Zr rich shell (from Cloué et al.[1]).
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To characterize phase transformations, it is necessary to get both local and global information. No
experimental technique alone is capable of providing these two types of information. Local techniques
are very useful to get information on morphology and chemistry but fail to deal with global information
like phase fraction and size distribution since the analyzed volume is very limited. This is why, it is
important to use, in parallel, global experimental techniques, that investigate the response of the whole
sample to a stimulus (electrical, thermal, mechanical. . .). The aim of this paper is not to give an
exhaustive list of all global experimental techniques, but to focus on a few examples of recent studies
dealing with the characterization of phase transformations, namely (i) the measurement of the
solubility limit of copper in iron, (ii) the tempering of martensite, (iii) the control of the crystallinity
degree of a ultra high molecular weight polyethylene and (iii) a precipitation sequence in aluminum
alloys. Along these examples, it will be emphasized that any global technique requires a calibration
stage and some modeling to connect the measured signal with the investigated information.
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atoms. The investigated volume is of the order of a few
thousands of nm3 (see Fig. 2 and ref. [4]).

Due to the small analyzed volume, these local techniques
hardly provide global information. They require a large
number of data and heavy statistical treatment to get, for
example, size distribution of second phase particle. Moreover,
estimation of volume fraction of phases is tedious and
inaccurate with local techniques.

This is why, in parallel, it is important to perform global
characterization that give information averaged on a large
analyzed volume. Global techniques are based on the
response of a sample to many kinds of solicitation:
(i) thermal: measurement of (i) energy to maintain a

given temperature, or heat a sample (calorimetry), (ii)
voltage difference at the extremities of a sample sub-
mitted to a temperature gradient [thermoelectric
power (TEP)]

(ii) electric: measurement of electric resistance (resistivity)
(iii) mechanical: measurement of the deformation of a sample

submitted to (i) cyclic and low amplitude stress (mech-
anical spectroscopy) or (ii) large amplitude stress (tensile
test)

(iv) radiative: measurement of the interaction between radi-
ation (X-rays, neutrons, electrons) and matter1.

The aim of this paper is not to give an exhaustive list
of all global techniques, but to provide the reader with a
brief review on global characterization methods used in
material science and underline the potentialities of some
of promising techniques through four recent examples:
(i) the measure of solubility limit of copper in iron, (ii) the
tempering of martensite, (iii) the crystallization of polyethy-
lene, and, (iv) a precipitation sequence in an aluminum alloy.
The involved global techniques are briefly presented in
appendix.

2. Solubility Limit of Copper in Iron

Fe-Cu binary alloys have been extensively studied in the
last 50 years because copper is an excellent candidate for
structural hardening in many alloys: TRIP, HSLA, etc.

It is paradoxically in the temperature range, within which
copper is usually precipitated (between 550 and 600 8C) that
very few experimental data exist on its solubility limit (see
Fig. 3). Solubility limit of copper is usually extrapolated from
high temperature measurements (>700 8C). Solubility limits
are indeed measured with the diffusion couples technique:
two blocks of iron and copper are put in direct contact and the
content of copper in iron is measured when thermodynamical
equilibrium is reached. Although very convenient at high
temperature, this technique is intractable at temperatures
lower than 600 8C, where diffusion is too slow to reach
thermodynamic equilibrium during the time scale of the
experiment.
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Fig. 2. Reconstructed image from a TAP showing copper precipitates in iron (from
ref. [5).

1Techniques involving diffraction and scattering of X-rays are
reviewed by A. Deschamps et al [6]

Fig. 3. Fe-Cu phase diagram. This diagram does not show that the solubility limit of
copper in iron is not known for temperatures lower than 600 8C.

Fig. 4. The calibration straight line rDS vs. [Cu] proves the validity of Gorter—
Nordheim’s equation (Eq. 1) and therefore offers a way of measuring the amount of
copper in solid solution.
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2.1. Precipitation Kinetics

To overcome this difficulty, fine precipitation of copper
from a super saturated solid solution is performed. Indeed,
nanometric precipitates induce diffusion of copper within a
very limited range (of the order of a few tenth of nanometer)
and therefore equilibrium can be reached within a more
reasonable isothermal treatment duration (of the order of 1
month).

Thermoelectric Power

In order tomeasure the solubility limit of copper in iron, the
variation of thermoelectric power (TEP) can be studied (see
appendix A). The absolute TEP S! of a metallic material is
affected, at different levels, by all the lattice defects (solute
atoms, dislocations, precipitates, etc) which may disturb the
electronic or elastic properties of the material and subse-
quently, induce a TEP variation from the defect free TEP S!0.

The contribution of copper on the diffusion component of
TEP is given by the Gorter—Nordheim law[7], which can be

expressed as follows:

rS " r S! # S!0
! "

" aCu Cu$ %SCu (1)

where r " r0 & rCu is the resistivity of the considered material
(given the Mathiessen’s rule), r0 the resistivity of the pure metal,
rCu the increase in resistivity due copper solute atoms
(rCu " aCu Cu$ %, where [Cu] is the concentration of copper and
aCu is its specific resistivity) and SCu is the specific TEP of copper.

Calibration

To estimate the specific TEP of copper in iron, it is necessary
to check the validity of Gorter—Nordheim’s equation (Eq. (1))
by plotting rS versus copper content of the solid solution. A
second Fe-Cu model alloy has therefore been used
(Fe-0.8wt%Cu). The calibration procedure gives an estimation
of the specific TEP of copper SCu" 23.4 nV K#1 knowing the
specific resistivity of copper in iron aCu " 3:9 mV.cm/wt%
(see Fig. 4).

Results

TEP evolution was measured for a set of different aging
temperatures ranging from 450 to 700 8C (Fig. 5). For aging
temperatures higher than 500 8C, kinetics have been followed
until the end of precipitation characterized by a stabilization
of TEP at a final value, which depends on the aging
temperature. This value is indeed directly connected to the
copper content of iron, namely the solubility limit, at the end
of precipitation trough Equation (1).

In situ small angle X-rays scattering (SAXS) is also a well
suited technique for following precipitation kinetics (see
ref. [6]). It gives access to both precipitate volume fraction and
precipitates mean radii. Figure 6 compares precipitate
transformed fraction (normalized to 1) measured with TEP
and SAXS: a good agreement is observed for aging at 500 and
600 8C.

From the final value of TEP measured during aging,
solubility limits of copper in iron XCu(R) in equilibrium with

M. Perez et al./Global Techniques for Characterizing Phase . . .

Fig. 5. Precipitation kinetics of copper in iron from TEP measurements.

Fig. 6. Evolution of transformed fraction (precipitate volume fraction normalized to 1) at 500 8C (left) and 600 8C (right). Thermoelectric power and X-ray scatering technique are in
good agreement.
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precipitates of radius R have been determined. In order to
compare with solubility limits found in the literature, theses
values have to be corrected by the Gibbs–Thomson factor:

XCu R' ( " XCu 1' ( exp 2gvat
RkBT

# $
(2)

Precipitate radii have been measured from in situ SAXS
experiment (Fig. 7). Note that even for longer aging times,
precipitate radii are small enough to modify solubility limits
(6% at 500 8C and 1% 700 8C – in relative value with
g " 0.4 Jm#2).

From Figure 8, it can be noticed that solubility limits are
significantly higher than values usually used in the literature,
which are, once again extrapolation from high temperature
measurements. This trend has been confirmed by a TAP
measurement within the solid solution at 500 8C.

2.2. TEP and SAXS: Two Complementary Techniques

TEP and small angle X-ray scattering (SAXS) are indeed
two complementary global techniques: whereas SAXS gives
information on precipitates (transformed fraction, mean
radii), TEP characterizes evolution of the solid solution. The
measurement of solubility limit of copper in iron is a nice
example of experimental techniques coupling: final values of
TEP are indeed modified to account for precipitate curvature,
that is measured with SAXS.

3. Tempering of Martensite

Thanks to their very high hardness, martensitic steels are
very good candidates for ball bearing parts. However, due to
their far-from-equilibrium structure, undesired dimensional
evolution may occur. Kinetics pathways that lead to
equilibrium are rather complex and obviously depend on
tempering temperature. Tempering of martensite occurs in
five stages: (0) carbon segregates to dislocations, (i) remaining
carbon precipitates to form emetastable carbides; (ii) retained
austenite decomposes to form ferrite and cementite; (iii)
simultaneously with (2) cementite precipitates to the expend
of e-carbides and dislocation segregated carbon; (iv) marten-
site laths coarsen and dislocations density decrease (recovery).

Although very well known, these stages have been seldom
quantified and very few data exist on phase fraction,
martensite carbon content, etc. Even fewer predictive models
tackle this complex evolution.

In this section, we will see that a combination of local
(TEM) and global (dilatometry2, TEP3 and mechanical
spectroscopy4) techniques allows a quantitative characteriza-
tion of martensite tempering.

M. Perez et al./Global Techniques for Characterizing Phase . . .

Fig. 8. Solubility limit of copper in iron from TEP measurement. Below 700 8C, there is
a disagreement with databases commonly used in the literature[8] that are based on
extrapolations from ref. [9].

Fig. 9. Tempering of 100Cr6 martensite characterized by Thermoelectric power. A two
step sigmoidal evolution (labeled A and B) combined with a broader one (labeled C) are
observed. Labels and stand for states H& 4 h at 140 8C and H& 2 h at 240 8C, for
which TEM analysis has been performed (see Figure 10).

2See appendix Appendix D.
3See appendix Appendix A.
4See appendix Appendix E.

Fig. 7. Evolution of mean precipitates radii during aging measured with in situ SAXS.
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As ithas been seen in Section 2, TEP is very sensitive to
many microstructural evolutions that may occur during
tempering. Moreover, Abe et al. [10] demonstrated that TEP,
like resistivity, is very well adapted to follow the precipitation
kinetics of carbides in steels.

3.1. Isothermal Aging of a 100Cr6 Ball Bearing Steel

Samples have been austenitized at 850 8C, quenched in an
oil bath and held in hot water (60 8C) for 5min before
performing isothermal aging treatments (tempering) at
various temperatures. Figure 9 shows the change in TEP,
DS, as a function of the aging time. From these evolutions,
three different stages can be observed:
(i) Stage A: a sigmoidal shaped evolution at low aging

temperatures (e.g. 100min at 110 8C).
(ii) Stage B: another sigmoidal shaped evolution for higher

temperatures (e.g. 20min at 240 8C).
(iii) Stage C: a fairly broad evolution, for the highest inves-

tigated aging temperatures.

To investigate the origin of the first step (stage A), TEM has
been performed after H& 4 h at 140 8C (Fig. 10- ). Analysis of
the diffraction pattern led to the positive identification of
e-carbide. This stage is then assumed to be related to the
precipitation of e-carbide (first stage of tempering).

As far as the second step (stage B) is concerned, TEM
analysis has been performed after H& 2 h at 240 8C (Fig. 10- ).

Analysis of the diffraction pattern led to the positive
identification of cementite. Note that no retained austenite
has been observed in the TEM after 2 h at 240 8C. Stage B is
then assumed to be related to both the decomposition of
retained austenite and the precipitation of cementite (second
and third stages of tempering).

Finally, the evolution of TEP for high temperature and/or
long aging times (stageC) is assumed to be connected to the
recovery of the dislocation structure and the coarsening of
martensite (fourth stage of tempering).

4. Results

Figure 11 shows that temperature-time equivalence with an
activation energy of 120 kJmol#1 (diffusion of carbon in
martensite) brings all the TEP curves on a single master curve.
Moreover, TEP signal can be decomposed in three contribu-
tions: carbon content of martensite (solid solution) DSSS,
retained austenite decomposition fgRKgR and recovery DSR.
The global TEP signal of martensite/retained austenite
composite structure is described using a simple law of
mixture:

DS " f0gR # fgR

% &
KgR & 1# f0gR

% &
DSSS & DSR' ( (3)

where f 0gR and fgR are the initial5 and actual volume fraction of
retained austenite. Precipitation of e-carbides and cementite as
well as decomposition of retained austenite and recovery are all
described using the empirical equation of Johnson-
Mehl[13]-Avrami[14]-Kolmogorov[15] (JMAK). The transformed
fraction Y is a function of time t and twomore parameters K and
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Fig. 11. Comparison between experimental TEP measurements (points) and empirical
approach based on JMAK formalism (lines): master curve at 110 8C. TEP variationsDS
(Eq. 3) are supposed to depend on: e-carbide precipitation (e), cementite precipitation (u),
retained austenite decomposition (gR), and recovery (R). Experimental measurements
have been shifted according to an activation energy of 120 kJmol#1 (diffusion of carbon
in martensite with Cr[12]).

5f0gR is measured using another global technique: X-ray dif-
fraction analysis, where the area of diffraction peaks is used to
measure the volume fraction of retained austenite.

Fig. 10. State H& 4 h at 140 8C. Dark field micrograph of e-carbides corresponding
the the bold circled spot of the diffraction pattern. The diffraction pattern shows the a0-Fe
matrix near the [111] orientation and additional spots due to hexagonal e-carbide.
State H& 2 h at 240 8C. Bright field image of cementite. The diffraction pattern shows
the a0-Fe matrix near the $112% orientation and additional spots due to orthorhombic
cementite (see ref. [11] for more details).
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n describing the kinetics and rate of the transformation,
respectively. Taking into consideration that precipitation of
cementite will destabilize e-carbides, one gets[16]:

Yu t' ( " 1# exp # kut' (nu$ %

Y" t' ( " 1# exp # k"t' (n"$ % # Yu t' ( (4)

where subscripts u and e stand for stable and metastable
carbides, respectively. JMAK parameters has been adjusted to
give an accurate description of TEP evolutions at all
investigated aging temperatures (see Fig. 11). Therefore,
analysis of TEP measurements gives the quantities of carbon
in martensite as well as the volume fraction of e-carbides,
cementite, and retained austenite as a function of time and
temperature. From the knowledge of molar volume of all
phases, theses quantities are used to predict dimensional
changes using classical Voigt and Reuss limits. More details
on this analysis can be found in ref. [17].

The following scenario is then proposed to quantitatively
analyze the tempering of 100Cr6 steel: (i) e-carbides pre-
cipitate first from the excess carbon of the martensite; then (ii)
cementite precipitates are formed with carbon coming from
e-carbides, dislocations and the remaining carbon of marten-
site, and (iii) (simultaneously with (ii)) retained austenite is
decomposed into cementite and ferrite. Figure 12 shows a very
good agreement observed between the predicted and
measured dimensional changes, thus validating the proposed
scenario. Similar conclusions have been drawn using
resistivity[18], dimensional, and thermal analysis.[19,20]

4.1. Non Isothermal Aging of Martensite

Carbon content of martensite is a key parameter controlling
mechanical properties of martensitic steels. It is therefore

important to have, at our disposal, accurate techniques to
measure this quantity.

In addition to the TEP technique, the amount of carbon in
martensite can be accurately measured with an X-ray
diffraction experiment (this technique will not be detail in
this paper). Mechanical spectroscopy (see Appendix E) can
also be fruitfully used for this purpose. Carbon in solid
solution occupies octahedral sites that are highly distorted
involving thus an anelastic response when submitted to cyclic
stress. when submitted to external stress, some octahedral
sites, for which the tetragonal distortion axis is parallel to the
tensile stress will be favoured, whereas the others are
unfavored, leading to a diffusion of carbon tomore favourable
sites. With a low frequency cyclic stress, carbon will have
‘‘enough time’’ to jump to favoured sites, strain being
therefore in phase with stress. With a high frequency cyclic
stress, carbonwill remain in its site (no anelastic deformation),
strain being once again, in phase with stress. For intermediate
frequencies, a resonance phenomenon will occur, leading to a
maximum energy dissipation or internal friction. The
amplitude of this maximum is proportional to the amount
of carbon in solid solution[21] (see Fig. 13).

Finally, Tkalcec et al. demonstrated that TEP, X-ray
diffraction, and mechanical spectroscopy give similar results
when measuring the amount of carbon in iron[23] (see Fig. 14).
The good agreement gives much confidence in the accuracy of
these techniques, provided that a calibration stage is
performed for all of them.

4.2. Combining TEP, X-ray Diffraction, and Mechanical
Spectroscopy

When it is possible to interpret its evolution, TEP is a very
accurate technique able to provide quantitative data on
microstructure evolution. Mechanical spectroscopy and
dilatometry are more classical techniques that necessitate
only a relatively simple calibration stage.

M. Perez et al./Global Techniques for Characterizing Phase . . .

Fig. 13. Internal friction of a Fe-20at.ppmC versus temperature. A nice peak, namely
the Snoek peak, is observed at room temperature at 1Hz. Internal friction has been
simulated coupling Kinetic Monte-Carlo with Molecular Dynamics[22]. Inset: internal
friction and carbon content exhibit a linear relationship, providing thus an accurate
technique to measure the amount of carbon in solid solution in iron.

Fig. 12. Lines: Voigt and Reuss limits of dimension evolution calculated from phase
fractions and martensite carbon content. Dots: dilatometry measurements. Analysis of
TEP evolution gives an estimation of phase fractions that is used to predict dimension
change during tempering. A good agreement is observed with dilatation measuremens.
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To study complex phenomena, like martensite tempering,
where many phase transformations occur simultaneously,
coupling several global techniques like TEP, X-ray diffraction,
and mechanical spectroscopy is very profitable. However,
all these techniques require a calibration stage and/or the
use of a model that includes hypotheses and parameters.

5. Recrystallyzation of Polyethylene

The ultra-high molecular weight polyethylene (UHMWPE)
(with molecular mass typically higher than 106 g mol#1,
instead of few 105 gmol#1 for conventional polyethylenes) has
excellent wear and impact properties. The latter are impos-
sible to reach for other polymer with conventional molecular
weight. Moreover, their bio-compatibility allows using
them in many biomedical application such as orthopaedic
implants.

Despite these excellent properties, its use is currently
limited by the process difficulty. Indeed, its viscosity is so
high that it does not allow to process it by extrusion or
injection.

Alternative processes derived from powder metallurgy
(native material compaction and sintering at high tempera-
ture) have been developed. However, they require high
temperatures (above Tf) and very long time, which makes the
final product very expensive. Moreover, the first melting
weakens the material because the degree of crystallinity of
a recrystallized material is lower than after polymerization.

A new technique of high velocity compaction (HVC) allows
to process native powder in one step (compaction and
sintering are obtained simultaneously): a high-impact energy
is applied on material at a temperature slightly below Tf (see
Fig. 15). Very promising results have been obtained.[25–29] In
this section, we will only focus on the calorimetry technique,
which has been a crucial test to elucidate the sintering
mechanism involved in HVC. Indeed, as it will be shown in
the following, this technique allows preserving a fraction of
the native crystallinity of the materials without reducing the
quality of sintering.

5.1. Caracterization

To characterize the crystallinity of UHMWPE, calorimetry
is themost suited technique. Indeed, the degree of crystallinity
XC is commonly measured by the ratio of melting enthalpy
DHf measured by integrating the melting peak over the
enthalpy of fusion of single crystal DH0

f (which is approxi-
mately known and given in handbooks[30]):

XC "
DHf

DH0
f

(5)

Figure 16(a) compares the DSC diagram during a ramp of
temperature of nascent and recrystallized UHMWPE. Note
that the degree of crystallinity is strongly higher for the
nascent material XN

C " 74%
! "

for the melt material
XR

C " 54%
! "

. Moreover, for the same ramp in DSC peaks
are not located at the same place, which implies that the
crystalline phases have different stability.

Figure 16(b) shows the DSC curves of the materials
compacted at different total energies. We observed the
presence of two peaks, suggesting the coexistence of two
different crystalline phases (composite). Moreover, when the
impact energy increases, the characteristic peak of nascent
phase decreases whereas the characteristic peak of the
recrystallized phase increases. By increasing the energy of
impact on the polymer is gradually melted and then loses its
nascent phase to a recrystallized one. The phase rates can be
then calculated by deconvolution of both peaks [see Fig. 16(c)].

By adjusting the impact energy it can be possible to obtain a
material more or less rigid, hard and brittle (see the curves
Fig. 17). Using theHVC technique, it is also possible to process

M. Perez et al./Global Techniques for Characterizing Phase . . .

Fig. 15. High velocity compaction process (from ref. [25].)

Fig. 14. Evolution of the amount of carbon in a martensite during heating. Comparison
between three global techniques: (i) TEP; (ii) mechanical sperctroscopy; (iii) analysis of
X-rays diffraction peaks (from ref. [24]).
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the polymers below Tf. By preserving a fraction of the nascent
crystalline phase the final properties of the material are
strongly improved.

5.2. DSC: a Key Technique in Polymer Science

Calorimetry is a decisive experimental technique in
polymer science. It allows the detection of Tg, but also the
melting peak and the crystallinity degree. Moreover, as the
melting temperature depends on crystallites thickness, DSC is
particularly suitable to characterize average crystallite size for
semi-crystalline polymers. It may also be a valuable tool to
highlight the presence of two different crystalline phases in
the same material.

6. Precipitation Sequences in 7xxx Aluminum

Alloying elements and precipitation lead to spectacular
improvement of mechanical properties of aluminum alloys
(from 20 for pure aluminum up to 500 MPa). The control of
precipitation is therefore crucial for the aluminum industry.
Unfortunately, these alloys undergo a rather complex
precipitation sequence, involving several metastable phases.

It is therefore essential to combine several experimental
techniques to characterize precipitates (i) structure (crystal-
lography, chemistry and morphology), (ii) size distribution,
and (iii) volume fraction. In the following, wewill focus on two
alloys of the 7xxx series (Al-Zn-Mg). It will be demonstrated
that differential scanning calorimetry (DSC), although being a
valuable technique, requires an advanced local characteriza-
tion investigation, and even modeling, carried out in parallel.

6.1. A Complex Precipitation Sequence

To illustrate the characterization of a precipitation sequence
in aluminum alloy, consider a 7150 alloy (Al-6wt%Zn-2wt%-
Mg-2wt%Cu) submitted to a T3 treatment (solutionizing and
5 days at room temperature maturation).

Figure 18 shows the DSC thermogram of this alloy. Four
exothermic peaks can be observed. This thermogram alone is
useless: it is indispensable to perform, in parallel, and after
each peak, a fine TEM characterization in order to identify the
precipitates. This combined study led the to propose the
following precipitation sequence:

GP ! h0 ! h1 ! h (6)

When many metastable phases are involved, coupling a
global technique with TEM is essential, in order to give a
correct interpretation of the global technique.

6.2. A Model to Interpret DSC Resutls

Let us consider now an (apparently) more simple case: a
7108.50 aluminum alloy (Al-5wt%Zn-0.8wt%Mg) submitted to
a T7 treatment (overaged 6h at 100 8C, and then 6h at 170 8C).

Thanks to a local characterization stage, it is known that
7108.50 (T7) alloy exhibit ametastable h0 and, the predominant

M. Perez et al./Global Techniques for Characterizing Phase . . .

Fig. 16. Analysis by DSC of UHMWPE melting during a heating ramp. (a) Com-
parison between the nascent (as-polymerized) material and the material crystallized
from the melt. (b) Evolution of the DSC diagram and crystallinity as a function of
impact energy during process. (c) Measurement of crystallinity by integrating the area
of the DSC peaks.

Fig. 17. Tensile curves of different UHMWPE. It is possible to obtained a ratio
module-yield strength/hardness desired by adjusting the energy of impact according.
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stable h phase (see Fig. 19). Figure 20 shows the thermogram of
this alloy after the T7 treatment: two distinct peaks can be
clearly identified. The question still remains whether or not
two distinct phases coexist after the T7 treatment.

To shed some light on this particular
point, a dissolution model has been used to
predict the evolution of the real precipitate
size distribution (that was characterized with
TEM–see Fig. 19) and the associated pre-
cipitate volume fraction. Based on the
classical nucleation and growth theories,
the dissolution model predicts the evolution
of the whole precipitation size distribution
through exchange laws between adjacent size
classes (more details can be found in
ref. [33]).

Figure 21 represents the evolutions of (i)
enthalpy (integration of the DSC thermogram
of Fig. 20); (ii) precipitate volume fraction
measured with SAXS and modeled with
the classical nucleation and growth theories
with a single precipitate phase. Surprisingly,
the classical nucleation and growth theory
predict a two stages dissolution (two
‘‘steps’’ in the precipitate volume fraction
evolution), even with a single initial pre-
cipitate phase.

This peculiar behavior is due the the
sudden increase of the equilibrium radius
R!6. If the heating rate of the DSC experiment
is low enough, R! slowly increases, dissol-
ving thus smaller precipitates and enriching
the solute content of the solid solution, the
consequence of which is that R! drops and
dissolution stops. Later, when temperature is
high enough, shrinkage of precipitates
restarts to occur until complete dissolution.
A more detailed explanation can be found
in ref. [34]

This interpretation is confirmed by a high heating rate DSC
experiment (100 8C min#1): the two peaks observed for a low
heating rate (10 8C min#1) are replaced by a single peak (see
Fig. 22).

A similar approach coupling resistivity measurements
with classical nucleation and growth theories has been
successfully applied by Fazeli et al. to interpret precipitation
kinetics in Al-Mg-Sc alloys.[35]

6.3. Coupling Modeling with DSC Experiment

Modeling the phase transformations occurring during a
DSC experiment is extremely profitable: it permits to test
hypothesis on the interpretation of the thermogram and
therefore provide an accurate description of the phases.

M. Perez et al./Global Techniques for Characterizing Phase . . .

Fig. 18. Thermogram realized on alloy 7150 T3 (naturally aged 5 days at room temperature), with a heating
ramp of 10 8Cmin#1. Precipitation sequence exhibits four exothermal peaks (cf arrows). Diffraction patterns and
TEM images lead to the precipitation sequence: GP ! h0 ! h1 ! h (from ref. [31]).

Fig. 20. DSC thermogram of a 7108 T7 aluminum alloy. Two exothermic peaks can be
identified. Do they correspond to the dissolution of two distinct phases?

6The equilibrium radius R! is the precipitate radius bellow
which precipitates are unstable and shrink due to
Gibbs-Thomson effects.

Fig. 19. Characterization of the precipitation sequence of a 7108.50 aluminum alloy (T7 treatment). Electronic
microscopy combined with small angle X-Ray scattering lead to the knowledge of (i) the size distribution, (ii) the
chemistry and (iii) the transformed volume fraction (from ref. [32]).
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7. Concluding Remarks

The material scientist willing to characterize phase
transformations often has the difficult choice between
knowing more about less (local analysis) or less about more
(global analysis). The examples, presented in this paper
illustrate the absolute necessity of combining global techni-
ques with (i) local techniques, and (ii) modeling approaches.

Figure 23 recalls all global techniques involved in the four
examples treated in this paper.

Global techniques are extremely useful, but as indirect
measurement techniques, they require (i) a calibration stage,
(ii) a theoretical background to interpret the data, and (iii) a
meticulous cross analysis involving other techniques.

Finally, the experimenter is like a judge in court: he needs a
body of evidence with as much evidences as possible.

Appendix A. Thermoelectric power

Appendix A.1. Principle7

Consider an open circuit B/A/B composed by twometalsA
and B (see Fig. A.24). If a temperature difference DT is created
between the two A/B junctions of this circuit, a voltage
difference DV will appear between the two B segments. The
TEP SAB of such a circuit, also known as the Seebeck
coefficient, is defined as

SAB " DV
DT

(A.1)

SAB, referred as the relative TEP of metal A with respect
to metal B, is the difference between absolute TEP of both
metals: SAB " S!A # S!B. TEP is generally expressed in nV/K.
Variation of TEP during a treatment, notedDS, is often defined
as the difference between instant and initial TEP:
DS " SABjt # SABj0 .

TEP does not depend on sample geometry. It is very
sensitive to microstructural state of materials. In particular,
solute elements, defects like dislocations, and nature and
fraction of phases strongly influence TEP of metals.

This high sensitivity is an asset compared to other
techniques like resistivity or DSC, but could be sometimes
a serious drawback when several parameters evolve simulta-
neously. It is then mandatory to identify all the parameter that
might influence the TEP.

Appendix A.2. Example: Segregation of Carbon to
Dislocations

Variation of TEP DS can be fruitfully used to monitor the
segregation of carbon to dislocation to form the so-called
Cottrell atmospheres. Indeed, for low alloy content, TEP
variations are proportional to solute content evolution.

M. Perez et al./Global Techniques for Characterizing Phase . . .

Fig. 21. Evolution of (i) enthalpy (integration of the DSC thermogram of figure 20);
(ii) precipitate volume fraction measured with SAXS and modeled with the classical
nucleation and growth theories[33].

Fig. 22. DSC thermogram of alloy 7150 T7 for two heating rates. The two peaks
observed for a low heating rate (10 8C min#1) dissapear during a higher heating rate
(100 8C min#1).

Fig. A.24. TEP device, designed and made at INSA, and marketed by Techlab[37]. Inset:
Principle of TEP measurement.

Fig. 23. Wrap-up of global characterization techniques mentioned throughout the four
examples presented in this paper.

7For more detail, refer to[36]
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Figure A.25 shows the segregation kinetics of carbon on
dislocations in heavily deformed ULC steels aged at 120 8C
monitored by TEP.

Appendix B. Electric resistivity

Appendix B.1. Principle8

The principle of resistivity measurement is rather simple.
A cylindrical sample of length ‘ and section S is submitted
to a current I. The voltage difference V is then measured at
the extremities of the sample. The resistivity r is finally
given by

r " VS
‘I

(B.1)

In contrast with TEP, the voltage difference V strongly
depends on the geometry of the sample that has to be well
defined and controlled. Electric resistivity depends on the
microstructural state of a sample, i.e. the fraction and
distribution of all phases, the amount of solute atom,
dislocations, etc.

Similarly with mechanical properties, it is not straightfor-
ward to quantify phase fraction from a global measurement
like resistivity. It is then necessary to make hypothesis on the
morphology of phases (serial, parallel) and/or use numerical
approaches, i.e. finite elements, finite differences methods.

Appendix B.2. Example: Measurement of Solute Content
of an Alloy

Resistivity of steels9 is approached by[40]:

r mV:cm' ( " 9; 9& 30 C$ % & N$ %' ( & 6 Mn$ % & 12 Si$ %
&14 P$ % # 10 S$ % & 1 Co$ % & 2; 9 Ni$ %
&5; 5 Cr$ % & 2; 8 Mo$ % & 1; 3 W$ % & 3; 3 V$ %
&6; 4 Ti$ % & 3; 9 Cu$ % & 13 Al$ %

(B.2)

Resistivity measurement is therefore an accurate technique
for the quantification of solute content in such alloy.

Similarly, Figure B.26 shows the variation of resistivity of a
Cu-Zn versus temperature for different Zn content. For low
Zn content, resistivity varies linearly with Zn content.
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Fig. A.25. Segregation of carbon atoms to dislocations in a low carbon steel. Typical
evolution of TEP DS as a function of the aging time at T" 120 8C (from ref. [38]).

Fig. B.26. Resistivity of a Cu-Zn alloy as a function of zinc content (at.%)[41].

Fig. C.27. Schematics of a differential scanning calorimeter (DSC). (Left) Power
compensated: the thermal energy furnised to a sample in order to equal its temperature
with the temperature of a reference sample is measured. (Right) Heat flux: the
temperature difference between the sample and a reference sample is measured when
they are both submitted to similar heat flux.

8For more details, refer to[39]
9validity domain [C], [N]< 0,03% - [P], [S]< 0,04% - [Ni], [Cu]
< 1% - [Ti]< 1,5% - [Mn], [Si], [Co], [Cr], [V], [Al]< 3% - [W]<
4% - [Mo] < 6%
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Appendix C.1. Principle10

DSC is an accurate technique devoted to
the measurement of thermal characteristics
of a material. The output measure is either (i)
the thermal energy furnised to a sample in
order to equal its temperature with the
temperature of a reference sample (power
compensated), or (ii) the temperature differ-
ence between the sample and a reference
sample is measured when they are both
submitted to similar heat flux (heat flux).

First order phase transformations, like
fusion, will induce a peak in DSC measure-
ment, which surface is proportional to the
enthalpy of the transformation. Second order
transformations will be characterized by a
step (change in heat capacity).

Appendix C.2. Example: Crystallization of PEEK

A typical DSC curve for a semi-crystalline polymer is
shown on Figure C.28. A first step corresponds to the glass
transition (which is not a second order transition). It is
followed by an exo-thermal crsytallization peak (amorphous
to crystal transformation) and an ando-thermal fusion peak.
At higher temperatures, degradation of the polymer is
observed, which can lead to exo- or endo-thermal peaks,
depending on the nature of the polymer.

Appendix D. Dilatometry

Appendix D.1. Principle11

The volume of a material depends on fractions and
specific volume of each constituting phases. Phase transfor-
mations will therefore modify the global volume of a
sample.

Similarly with differential calorimetry, it is possible to
perform differential dilatation measurements: dimension
evolutions of both the studied sample and a reference sample,
that experiences no phase transformation, are compared.
The measure is the differential dilatation of both samples (see
Fig. D.29).

In order to interpret dilatometry measurements, on
needs to know, properties and morphologies of constituting
phases. Hypotheses on phase morphology (serial, parallel. . .)
have to be made before using homogenization techniques to
access the global deformation from local properties and
morphology.

Appendix D.2. Example: a ! g Transformation Kinetics

Dilatationmeasurement is a simple and accurate technique.
It is particularly well adapted to quantify ferrite ! austenite
transformation in steels due to the large difference in specific
volume of both phases.

As it can be seen in Figure D.30, after the subtraction of the
thermal dilatation, the ferrite ! austenite transformation
kinetics is directly accessible. A typical sigmoidal-type
evolution is then observed.

Appendix E. Mechanical Spectroscopy

Appendix E.1. Principle12

It is well known that a material submitted to a stress lower
than the yield stress will deform elastically: the elastic
deformation being proportional to stress. It is however less
known that an additional deformation, which depends on
time, is also observed, namely the anelastic deformation.

M. Perez et al./Global Techniques for Characterizing Phase . . .

Fig. C.28. DSC curve of a semi-crystalline polymer. Tg: glass transition temperature, Tcryst: crystallization
temperature, Tmelt: melting temperature, DHcryst: enthalpy of crystallization, DHmelt: enthalpy of fusion,
DHdecomp: degradation enthalpy (from ref. [43]).)

Fig. D.29. Principle of differential dilatometry. The dilatation difference between
studied sample and a reference sample is measured.

10For more details, refer to[42]
11For more details, refer to[44] 12For more detail, refer to[21]
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All materials exhibit such anelastic deformation, but it is
generally negligible compared to the elastic deformation.
Anelastic deformation is a consequence of defects motion
(interstitial atoms, dislocations, gain boundaries, etc) or
viscous friction of polymer chains.

This deformation can be quantified by the measurement of
internal friction: a cyclic stress s " s0 cos vt' ( is applied to a
sample and strain " " "0 cos vt& f' ( is measured. This strain
comprises an elastic part "el cos vt' (' ( and an elastic part
"an sin vt' (' (. Internal friction is the ratio of dissipated energy

DW over total elastic energy Wel:

d " DW
Wel

"
R 2p

v
0 sd"an

1
2 s0"el0

" 2p
"an0
"el0

" 2p tanf (E.1)

Internal friction is measured with the aid of a torsion
pendulum (see Figure E.31): forced oscillations at very low
strain are characterized. Internal friction depends on the
mobility of defects. It can be measured during heating at a
given frequency or by scanning frequency at constant
temperature. This is why it is called mechanical spectroscopy.

Many phase transformations can be monitored by
mechanical spectroscopy because internal friction highly
depends on constituting phases.

Appendix E.2. Example: Crystallization of PET

Figure E.32 show the variations with temperature of
dynamical shear modulus G’ and internal friction of a
polymer (PET). The drop in modulus observed at approx-
imatively 80 8C is connected to the glass transition, whereas
the rise observed at 130 8C is due to partial recrystallization of
the polymer.
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6374.
[26] D. Jauffrès, O. Lame, G. Vigier, F. Doré, C. Chervin, J.
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