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Abstract. Internal friction and Young’s modulus were measured for pure iron and a high carbon steel.
Temperature dependent measurements in pure iron show a strain dependent component to internal
friction below the Curie temperature. It can be attributed to the magneto-mechanical damping as
confirmed by amplitude dependent measurements at room temperature with and without magnetic
field. The bec to fce phase transition on further heating is clearly marked by internal friction peaks in
both iron and steel. The effects of cementite dissolution and precipitation in steel are visible on
thermal cycling at even higher temperatures.

Introduction

Mechanical spectroscopy is a well-known technique that allows the measurement of the mobility
of crystal defects. The defect movement under the stress applied in the elastic range of loading
produces damping of sample vibration i.e. energy dissipation during a periodic excitation cycle.
Defects of magnetic structure, e.g. magnetic domain walls, especially in ferromagnetic materials, are
known to cause damping as well. Such damping is strongly amplitude dependent [1]. Experiments in
high purity iron have shown that the magneto-mechanical damping exhibits a maximum that shifts to
higher strain amplitudes with the increase of dislocation density [2]. In this paper, we present the
results of amplitude dependent damping in pure iron measured at room temperature, as well as
temperature dependent internal friction measurements in the high temperature range, which
encompasses both the Curie temperature and the bcc (@ — phase) to fcc (y — phase) transition. A
sharp peak corresponding to the bece-fee transition was also found e.g. in some Fe-Ga alloys, more
specifically A2(D0s3) bee to L1z fec [3],[4]. The temperature dependent measurements in iron are
compared with those of a high carbon tool steel where magnetic and phase transitions occur
simultaneously.

Experimental

Two materials were studied. The first is a pure iron containing less than 0.02% of other elements.
The second is a high carbon tool steel containing 1.23 wt.% carbon and 0.64 wt.% chromium that is
mostly retained in cementite (hypereutectoid) spheroidal precipitates. Cementite carbides
spheroidized in the primary thermal treatment at 1150 K range from 0.2 to 2 um in diameter and
occupy 12 + 2 % of the volume. As confirmed in [5], the actual composition of the iron matrix is just
below the eutectic with a maximum of 0.4 wt.% C obtained by quenching from 1100 K.

Amplitude Dependent Internal Friction (ADIF) measurements are made in a free pendulum
capable to produce high strain amplitude oscillations up to a maximum strain of 2.2-107 at a resonant
frequency of about 2 Hz. A magnetic field of 0.056 T could be applied axially around the sample to
saturate magnetisation. Temperature scans are realized in a forced pendulum at strain amplitudes of
110 and 1-10* and at frequencies of 0.2 and 1 Hz. Heating and cooling rate was 2 K/min.
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Results

The spectra measured in pure iron as a function of temperature on heating and cooling are shown
in Fig. la. Two maxima in internal friction are found: at about 760 K and at 920 K. The maximum
found at 920 K has an amplitude much higher in cooling than in heating when the strain amplitude is
1-10*. Moreover, the shape of the maximum is also different. Another observed feature is a dip in
internal friction and modulus between 1020 and 1040 K, which is expected to be the transition from
the ferromagnetic to the paramagnetic state of sample close to the Curie temperature. If the strain
amplitude is decreased from 10 to 1075, the whole spectrum shows a lower level of internal friction,
but particularly the maximum present at 920 K at 10 is hardly visible at 10~ and there is almost no
difference between heating and cooling.

Fig. 1b shows the temperature spectra measured for two different frequencies at the strain
amplitude of 1-10* on heating and cooling. If the frequency is changed from 1 Hz to 0.2 Hz, both
peaks and the high temperature background slightly shift to lower temperatures. However, the onset
of the IF increase and modulus plateau are not affected.

The ADIF measurements performed on the same sample at room temperature are presented in Fig.
2. In case of no additional magnetic field, there is a strong amplitude dependent internal friction with
a maximum for strain amplitude about 5-10". If an axial saturation magnetic field is applied, this
maximum completely disappears, there is only a smaller internal friction increase at high amplitudes,
present also with no field. The difference curve (obtained using interpolated values as the measured
points do not have exactly the same strain values) is also plotted showing a maximum of magneto-
mechanical damping (Fig. 2a). After removing the magnetic field, the first measurement displays a
transient effect, the internal friction remains lower until a maximal strain amplitude is reached, after
which the maximum is again seen at the initial level (Fig. 2b).
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Fig. 1. Internal friction and shear modulus in pure iron measured as a function of temperature at two
different strain amplitudes at 1Hz (a) and at two different frequencies at a strain of 1-10"* (b).

Fig 3a. presents temperature dependent internal friction and shear modulus in pure iron measured
at higher temperatures, where the a to y phase transition is expected on heating. An IF peak and a
modulus dip are observed at 1180 K on heating, and an IF peak and modulus decrease appear at 1170
K on cooling.
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Fig. 2. Amplitude dependent internal friction in pure iron. a) Measurements with and without axial
magnetic field of 0.056 T at about 2 Hz and their difference. b) Comparison of measurements
without external magnetic field, before and after it was applied.

The same measurements made on high carbon tool steel are presented in Fig. 3b accompanied by
a calorimetry measurement (DTA at 5 K/min). The measurements presented in Fig. 3 are reproducible
on heating up to the maximal temperature presented and on the following cooling both for iron and
steel samples.
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Fig. 3. Internal friction and shear modulus as a function of temperature measured at 2 K/min and
1Hz in pure iron at strain amplitude of 1-10” (a) and in high carbon steel measured at strain
amplitude of 5-10 (b). A dotted line in a) marks the temperature of 1183 K corresponding to the
bce-fece transition in pure iron. Calorimetry measurements (DTA) at 5 K/min in high carbon steel
are added for comparison in b).

Fig. 4 presents the measurements in the high carbon steel on high temperature thermal cycling. On
heating, the internal friction is much higher, and the modulus lower when measured after the sample
was quenched from 1100 K (heating 1). An abrupt IF decrease is observed on heating starting at
1000 K and another more gradual one starting at 1150 K, both accompanied by a modulus increase.
On cooling, a smaller I[F maximum is visible at about 1120 K accompanied by a strong modulus
increase. If the cooling is condinued (cooling 2), an abrupt and much stronger IF increase can be
observed starting at 995 K, accompanied by a small dip in the modulus. However, if the cooling is
stopped at 1040 K, the internal friction is even somewhat lower in the following heating (heating 2),
and a maximum is observed at 1225 K. The corresponding modulus remains high in heating until a
drop, starting around 1200 K.
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Fig. 4. Internal friction and modulus in high carbon steel measured on high temperature thermal
cycling starting with first heating after the sample was quenched from 1100 K.

Discussion

The peak observed around 760 K in pure iron is analogue to those found in [6], [7], [8] and the
authors attribute it to grain boundary sliding. Its height does not depend on the strain amplitude (Fig.
la) and the peak is clearly thermally activated (Fig. 1b). Since such phenomenon is not the focus of
this paper it will not be discussed any further.

The internal friction peak observed around 920 K is most likely related to magnetic damping in
the ferromagnetic phase as the internal friction increase in cooling starts abruptly below 1040 K,
which coincides with the Curie temperature. It shows a clear amplitude dependence (especially in
cooling, (Fig. 1a)) and it is frequency independent. The modulus plateau or anomaly found below the
Curie temperature correlates well with the lattice parameter plateau observed by [9]. Unfortunately,
for technical reasons, it was not possible to perform measurements at such high temperature under an
external magnetic field, which would have irrefutably proven the magnetic origin of the peak. Such
measurement was possible only at room temperature (Fig. 2) and for a fixed frequency (free decay
pendulum). The magneto-mechanical damping, calculated as the difference between the internal
friction measured without the external magnetic field and the one measured under a magnetic field
(Fig. 2a), shows a clear maximum. Such behaviour is expected for ferromagnetic materials and is
explained by the stress-induced movement of magnetic domain walls [10]. A behaviour very similar
to that exposed in Fig. 2 was found by one of the authors in Fe-Cr alloys and in pure iron [1]. In
previous measurements made on high-purity iron [1], [2] at room temperature, the maximum was
situated at strain amplitudes in the range (2-5)-10* depending on the annealing temperature after cold
work in ref. [1]. Inref. [2], where cold-work strains up to 3% were applied at RT and at liquid nitrogen
temperature, the maximum was located below 1-10* In the present experiment the value of 4-10*
indicates the presence of high internal stresses or high dislocation density [2]. The applied axial
magnetic field of 0.056 T is high enough to completely suppress the magnetic contribution, but after
it is removed, a relatively high strain amplitude is needed to replicate a distribution of magnetic
domain walls that produces the initial peak height (Fig. 2b).
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When the temperature dependent measurements are made in pure iron above Curie temperature,
where magnetic damping is completely absent, a clear signature of the ferrite-austenite phase
transition expected at 1183 K is observed both in internal friction and the modulus measurements
(Fig. 3a). An internal friction peak and a corresponding dip in the modulus accompany the phase
transition in both heating and cooling with a hysteretic behaviour expected for first order phase
transitions. To the best of our knowledge this is the first measurement by mechanical spectroscopy
of the bee-fee transformation in pure iron.

The mechanical spectroscopy measurements in steel also show maxima corresponding to the phase
transitions in the material, but the characteristic signatures are modified by the presence of carbon.
According to the equilibrium phase diagram, the ferrite to austenite (bcc to fcc) phase transition is
expected to occur at ~ 996 K and therefore coincides with the ferromagnetic to paramagnetic
transition. Additionally, as the carbon solubility differs strongly in bee and fec structure, the transition
is accompanied by the dissolution of cementite in heating and precipitation on cooling. Similar to
what was observed in iron, the phase transition in steel is marked with peaks in internal friction (Fig.
3b), which start to appear at 1000 K and 995 K in heating and cooling respectively. This transition is
also clearly marked in calorimetry measurements, although with a somewhat larger hysteresis due to
the faster heating and cooling rate: 5 K/min in calorimetry, with respect to 2 K/min for mechanical
spectroscopy. The difference in the temperatures observed in the IF and calorimetry measurements
might be due to the high sensitivity of mechanical spectroscopy to defect movement that might cause
precursor phenomena to the actual transformation. Such difference between calorimetry and IF was
found in martensitic transformation studies [11]. When compared to pure iron, a notable difference
is observed in the modulus behaviour of steel on cooling. In pure iron, the fcc to bee transformation
is marked by a modulus decrease, while the opposite is seen in steel where the modulus increases.
This increase can be attributed to the increase of the elastic modulus due to the precipitation of carbon,
which was in solid solution in the fcc phase [12].

Due to the strong temperature (phase) dependence of carbon solubility in steel, the mechanical
spectroscopy spectra strongly depend on the thermal history of the sample (Fig. 4). The internal
friction is much higher, and the corresponding modulus lower, in first heating after quenching with
respect to the following cycles when the sample is heated following a very slow cooling. If the sample
is quenched from 1100 K, the resulting microstructure is martensitic that is characterized by a very
high dislocation density. The first heating is expected to produce very small cementite carbide
particles decorating the dislocations distributed in the matrix [13]. On the other hand, slow cooling is
more likely to produce a pearlitic microstructure where large cementite lamellae are intertwined with
the ferrite. These cementite lamellae, as well as the large spheroidal cementite particles are expected
to remain stable below 1150 K. When the sample is heated to the maximal temperature of 1300 K, a
full carbon solubility is expected, and even the large carbide particles are expected to start dissolving.
Moreover, a relatively low internal friction is expected for a well annealed austenitic structure.
Therefore, the decrease of internal friction observed between 1150 and 1200 K should be attributed
to the cementite solution and dislocation restoration. However, the dissolution process is likely to be
very slow and there are no visible peaks associated to these microstructural changes in calorimetry
measurements. On cooling from 1300 K (Fig. 4, cooling 1 and 2), there is a small internal friction
maximum at around 1100 K, and the modulus increases as the concentration of dissolved carbon
decreases below 1150 K. Instead, the variation of the modulus on heating is strongly dependent on
thermal history. If the cooling ramp is stopped above 1000 K (cooling 1, Fig. 4) in the austenitic
phase, the internal friction shows a small peak at 1050 K. In the following heating (heating 2), the
modulus remains high and the internal friction low. Then, at around 1150 K, the modulus decreases
again. As observed in [14], the Young’s modulus is expected to decrease as the carbon concentration
increases. We expect the modulus variations to be related to the change of the amount of dissolved
carbon in austenite that affects the purely elastic Young’s modulus. The hysteretic behavior of the
elastic modulus between 1100 K and 1200 K is also in agreement with phase diagrams of similar high
carbon chromium steels such as SAE 52100, where the transition between homogeneous austenite
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and austenite-cementite phases is expected at around 1150 K for 1%C [15], [16], [17]. Clearly, the
precipitation and dissolution of the secondary cementite can occur with a certain delay with respect
to equilibrium. If the sample is cooled below 1000 K (cooling 2), austenite transforms to pearlite and
the dislocation density also increases in the ferrite. On following heating (heating 3), the internal
friction clearly shows the bcc-fee transformation peak although not as high as in quenched sample.
At 1150 K, upon cementite dissolution, the internal friction strongly decreases and modulus increases.
The internal friction decrease can be related to the decrease of the dislocation density. Such a strong
decrease of the internal friction is accompanied by the increase of the dynamic modulus as already
observed on the first heating.

Conclusion

Both magnetic and structural phase transitions were observed by mechanical spectroscopy in pure
iron. It can be inferred that the onset of the paramagnetic to ferromagnetic transition in cooling can
be detected by mechanical spectroscopy via a sudden increase of damping. A dip, corresponding to
the Curie temperature, is also detected in the modulus. These effects are much more pronounced for
high strain amplitude that enhances the magneto-mechanical contribution. In heating, the effect is
much lower, but still clearly marked. This means that the rearrangement of domain walls out of
equilibrium when temperature is decreased leads to a higher magneto-mechanical damping. Instead,
upon heating the magnetic structure is frozen and the magneto-mechanical damping lower. A strong
ADIF is observed in pure iron at room temperature. This effect is suppressed under axial magnetic
field indicating its magnetic origin. By comparing the temperature spectra of pure iron and steel we
can detect a clear signature of ferrite to austenite phase transitions in both materials as a sharp internal
friction peak. However, in steel, the transformation occurs in the same temperature region as that of
the ferromagnetic to paramagnetic transformation. Instead, in iron, only microstructure effect can be
attributed to the transformation peak that occurs at 1180 K on heating. The solid solution state of
carbon in steel produces some complex effects on both internal friction and the modulus, that are not
easy to discriminate without a systematic study that is outside the scope of this paper.
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