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a b s t r a c t

The damping capacity of Fe–16Cr–2.5Mo damping alloy was analyzed using a cantilever device. The mag-
netostriction property was measured using an improved Michelson interferometer. The domain morphol-
ogy was optically observed using a magneto-fluid. Magnetomechanical Hysteresis Effect (MMHE) was
discussed by analyzing the relationship between the magnetostriction performance and the annealing
process of the alloy. The results show that the variation of saturate magnetostriction coefficient is quite
consistent with that of the damping capacity of the annealed samples. With the local internal stress
widely distributing in the annealed alloy, both the domain’s mobility and their structure vary with the
increasing annealing temperature and time. The local internal stress not only pins the domain mobility
but also makes the domain structure disorder. The domain size and the number of 90� magnetic domains
are responsible for the highest damping capacity of the sample annealed at 900 �C for 1 h. However, with
the prolonged annealing time, the number of 90� domain decreases sharply and more heterogeneous
domains appears in the alloy. The spike domains can also pin domain-walls.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

With the development of high-speed transport, vibration and
noise are severely deteriorating our civil environment. To solve
the problem, much attention is focused on some materials with
high damping capacity, especially Fe–Cr damping alloys [1–12].
To date, many believe the magnetomechanical coupling and DE ef-
fect depend on magnetostriction and anisotropy [13–15], and
internal stress is of great importance to the domain’s mobility
and its structure. In our previous reports [10] on Fe–Cr–Mo damp-
ing alloys, it is made clear that larger domain-wall area per unit
volume in the alloy causes the alloys to achieve higher damping
capacity. The wedge-shaped domains may act as obstacles for pin-
ning the domain walls, lowering the damping capacity of the alloy.
Our theoretic calculation [11] shows that smaller domains and
sub-domains can dissipate more vibration energy.

Magnetomechanical Hysteresis Effect (MMHE) is the damping
mechanism of Fe–Cr alloys, although identifying its role in vibra-
tion is very hard. Actually, the magnetostriction coefficient has
emerged as a proof of the MMHE in the Fe–Cr damping alloy. Kar-
imi found in Ref. [6] that the variation of the magnetostriction
coefficient seems to occur over the same order of magnitude as
Q�1. Golovin mentioned that the value of saturation magnetostric-
tion constant depends greatly on a chemical composition and heat

treatment of alloys [9]. However, insufficient experimental reports
make the identification of the role of MMHE difficult in some cases.

The objective of this paper is to evaluate in detail the effect of
annealing treatment on the magnetostriction behavior, and to cor-
relate it with the MMHE of Fe–16Cr–2.5Mo alloy. The relationship
among the damping capacity, magnetostriction coefficient, and
magnetic domain morphology of the annealed Fe–16Cr–2.5Mo al-
loy was discussed. It is found that the internal stress was abated
through the annealing treatment, increasing the domain mobility
and structure. As a result, the damping capacity and MMHE varied
with annealing parameters.

2. Experimental procedure

The nominal composition of the alloy was Fe–16Cr–2.5Mo (wt.%). The alloy was
melt and cast in a vacuum induction furnace under an argon atmosphere. To com-
pletely dissolve atoms in alloy, the cylindrical ingot was solid solution treated at
1150 �C for 10 h. Then the ingot was hot-rolled at approximately 1000 �C for achiev-
ing elongation and fragmentation of cast grains. Seven beam samples of the alloy
were cut from the hot-rolled ingot by a wire-cut EDM. Their size is
1 � 10 � 110 mm. Then the samples were annealed in vacuum furnace followed
by water-quenching. The annealing process is shown in Table 1.

The damping measurement was conducted on a cantilever device according to
ASTM standard E756-04. The sample was excited by using a hammer. The vibration
response of the sample was measured by an accelerometer. Its frequency–response
curve is illustrated in Fig. 1.

The damping value Q�1 of the annealed samples is expressed by

Q�1 ¼ Df
ffiffiffi
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ð1Þ
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where Df, f2–f1, represents the half-power bandwidth, and f0 the resonance fre-
quency for the curve in Fig. 1. Every sample was tested five times, and the mean va-
lue represents the damping capacity of the sample.

To measure the magnetostriction value, we designed the gripping heads of an
Michelson interferometer for firmly grasping the above-mentioned annealed beam
samples. The improved set-up is shown in Fig. 2. In this figure, the magnetic coil
around a beam sample produced an tunable axial magnetic field. Thus, the magne-
tostriction coefficient can be calculated by

k ¼ Nd
2L

ð2Þ

where N, d and L represent, respectively, the number of lost interference fringes due
to magnetostriction effect, the wavelength of the He–Ne laser light (around
632.8 nm), and the net length of the samples.

To illustrate the role of annealing treatment on the microstructures of the alloy,
several specimens were cut from the annealed samples. After the specimens were
mechanically polished, some of the specimens were eroded with picric acid solution
for observing their metalphological microstructure under the optical microscope.
To observe the domain morphology, the other specimens were eroded with the
solution of picric acid, ethanol and hydrochloric acid. The domain structure was ob-
served optically by using a water-based magneto-fluid mentioned in Ref. [12].

3. Results and discussion

3.1. Recrystallization behavior

Annealing the hot-rolled Fe–16Cr–2.5Mo alloy is necessary to
achieve a higher damping capacity. Fig. 3 shows the micrographs
of the samples annealed respectively at 800 �C, 900 �C, 1000 �C,
and 1100 �C for 1 h. It reveals that the recrystallization and recov-
ery transformations take place during the annealing process. Espe-
cially, the shape and size of grains depend on the annealing
temperature. At 800 �C, the grain size is only less than 100 lm,
and some columnar features are still visible. However, the average
grain size of the 1100 �C sample reaches several hundred microns.

3.2. Damping capacity

Fig. 4 shows the dependency of damping capacity on annealing
temperature. In the figure, the internal friction value is the highest
at the annealing temperature of 900 �C. Until now, many research-
ers attribute the internal friction of the alloy to the MMHE, the re-
sult of domain irreversible motion during vibration. It is believed
that most internal stress was decreased in the annealing treatment,
making the magnetic domains easier to move [14]. Smith and Bir-
chak postulated that energy loss can occur only if the vibration
stress exceeds the local stress barrier opposing domain wall mo-
tion [12]. Moreover, the amount of dissipated energy also relies
on the domain-wall area per unit volume in a grain [10]. Our
experimental results demonstrate the above-mentioned perfor-
mances. The factors contribute to a peak of Q�1 with the increase
of annealing temperature in Fig. 4. Similarly in Fig. 5, the internal
friction reaches the highest at the annealing temperature of
900 �C for 1 h.

3.3. Magnetostriction behavior

Now that the annealing treatment influences the above-men-
tioned MMHE, we made a particular attempt to measure the mag-
netostriction coefficient values of the annealed samples. The
experimental results are shown in Fig. 6. The annealing process
is shown in Table 1. It is worthy of being noted that the highest va-
lue of saturate magnetostriction coefficient appears at 900 �C for
1 h, which is quite consistent with that of damping capacity in
Figs. 4 and 5. Like the damping performance in Fig. 4, the saturate
magnetostriction coefficient of 800 �C is also higher than that of
1000 �C. Considering the argument of Karimi et al. in 2000 [6],
we speculate that, by measuring the saturate magnetostriction
coefficient, a physical parameter, the role of MMHE in ferromag-
netic damping alloys may be understood.

Nomenclature

Q�1 internal friction
MMHE magnetomechanical hysteresis effect
EDM electrical discharge machining
Df = f2–f1 half-power bandwidth, and
f0 resonance frequency
k magnetostriction coefficient

ks saturate magnetostriction coefficient
N number of lost light circles
k0 wavelength of the He–Ne laser, around 632.8 nm
L net length of the samples

Table 1
Annealing parameters for samples.

No. Heating temperature (�C) Heating time (h)

1 800 1
2 900 1
3 1000 1
4 1100 1
5 900 2
6 900 3
7 900 4

Fig. 1. Resonance curve of a sample.

Fig. 2. Improved Michelson interferometer: 1. sample; 2. coil, 3. movable mirror, 4.
laser device, 5. firmed mirror, 6. mirror, and 7. screen.
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