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Abstract: A Fe-16Cr-2.5Mo (wt% ) damping alloy was prepared by spark plasma sintering (referred to SPS alloy) and vacuum
induction melting followed by forging and annealing (referred to VIMFA alloy). The comparative study on microstructure, magnetic
performance, damping capacity and mechanical property of SPS and VIMFA alloys was conducted. Results show that the relatively
high compactness of SPS alloy is obtained. The dissolution of Cr and Mo in a-Fe solid solution is obviously promoted and the

homogeneity of microstructure of SPS alloy is dramatically ameliorated with increase in sintering temperature and extension in

holding time. SPS alloys exhibit relatively lower saturation magnetization but higher coercivity than VIMFA ones. There is still

favorable damping capacity for SPS alloys despite it is lower than that of VIMFA one. Furthermore, the damping capacity of SPS

alloy slightly rises with increase in sintering temperature and extension in holding time. The SPS alloys possess evidently higher

compression strength than VIMFA ones. Also, the compression strength of SPS alloy rises with increase in sintering temperature.
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As a ferromagnetic damping material, the damping capacity
of Fe-Cr based alloy is mainly achieved by the magnetic-
mechanical hysteresis damping mechanism. When the
external alternating stresses are applied to the alloy, the
vibration energy suffered will be converted into heat energy to
dissipate through the irreversible movement of the magnetic
domain wall in it'". Fe-Cr based damping alloys are extremely
promising in many fields because of their excellent damping
capacity and favorable mechanical properties *.

Conventional preparation of Fe-Cr based damping alloy
requires a relatively complex process, i. e. firstly vacuum
induction melting, and then forging followed by annealing
(referred to VIMFA)“?. The powder metallurgy technology
such as hot pressing sintering (HPS) and spark plasma
sintering (SPS), has been considered as a favorable method to
prepare the alloys possessing homogeneous compositions, fine
grains and excellent properties”. Moreover, this technology is
especially suitable for directly preparing some complex and
satisfy the engineering

precise components that can

requirement”’. However, the relevant researches regarding the
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effects of preparation methods on the microstructure and
properties of Fe-Cr based damping alloys have hardly been
involved before. As a kind of rapid prototyping method of
powder metallurgy, the SPS technology is more energy-
efficient and environmentally friendly™
prepare Fe-Cr based damping alloys in this work.

It has been reported that adding appropriate Mo into the Fe-

, so it was employed to

Cr alloy can improve its mechanical properties while
maintaining high damping capacity of the alloy™ .
Combined with our previous studies, a Fe-Cr based damping
alloy with a nominal composition of Fe-16Cr-2.5Mo (wt% )
has been selected and fabricated by SPS technology. For
comparison, this alloy was also prepared by the conventional
VIMFA method. The microstructure, magnetic performance,
damping capacity and mechanical properties of Fe-Cr based
alloys fabricated by SPS and VIMFA were researched

comparatively.
1 Experiment

The mixture of pure elemental powders with a nominal
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composition of Fe-16Cr-2.5Mo (wt% ) was ball-milled at a
rotating speed of 330 r/min for 2 h and the ball-to-powder
mass ratio was 3: 1. The spark plasma sintering of powder
mixture was performed in a vacuum SPS system (LABOX™-
350). The SPS samples were firstly heated to target tempe-
rature of 900 °C or 1000 °C and then held for 20 or 30 min
(referred to SPS900-20, SPS1000-20 and SPS1000-30). Also,
a pressure of 30 MPa was applied during SPS process. The
alloy with the same composition was fabricated by VIMFA
method, specifically vacuum induction melting followed by
forging at 1100 °C and annealing at 1000 °C for 30 min.

The samples for microstructural analysis with a size of
8 mmx8 mmx8 mm were cut by electro-discharge machining.
The constituent phases of samples were identified by X-ray
diffraction (XRD, Panalytical X Pert Pro, Cu Ka). The micro-
structure of samples was observed by scanning electron
microscopy (SEM, QUANTA FEG 250) using backscattered
electron (BSE) imaging, and optical metallographic micro-
scopy (OM, Olympus CX21). The chemical compositions of
constituent phases were determined by energy dispersive
spectroscopy (EDS, Inca X-sight). The quantitative analysis of
microstructure was carried out using Image-Pro Plus 6.0
imaging analysis software.

The magnetization curve and hysteresis loop of samples
with a size of 2 mmXx2 mmx2 mm were achieved using a
vibrating sample magnetometer (VSM, LakeShore 7404). The
damping capacity of samples with a size of 1.5 mmx1.5 mmx
30 mm was examined in an internal friction instrument using
inverted torsion pendulum mode. The variation of damping
capacity with strain amplitude was obtained at room
temperature with a frequency of 1 Hz. The compressive
property of the cylindrical samples with 9 mm in height and 6
mm in diameter was measured by a compression test device
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2 Results and Discussion

2.1 Microstructure of Fe-Cr-Mo alloys

Fig.1 and Fig.2 show the BSE images and XRD patterns of
SPS and VIMFA alloys, respectively, and Table 1 presents the
chemical compositions of their constituent phases. It can be
seen that the microstructures of the alloys obviously change
with increase in sintering temperature and extension in
holding time. Combined with BSE, XRD and EDS analysis
results, the microstructure of SPS900-20 alloy is mainly
composed of gray Cr-rich a-Fe, light gray Cr-poor a-Fe, dark
Cr and white Mo particles (Fig. 1, Fig. 2, and Table 1). It
should be noted that the pure Fe, Cr and Mo elements all have
bce structure at room temperature, and the former two
elements have relatively close lattice parameters, about 0.2863
and 0.2884 nm, respectively, which are lower than that of the
latter one (0.3147 nm). Meanwhile, considering the relatively
small amounts of Cr and especially Mo phases, no obvious
diffraction peak of them can be detected in XRD patterns of
the alloys (Fig.2). The microstructure of SPS1000-20 alloy
consists primarily of gray Cr-rich a-Fe and light gray Cr-poor
o -Fe phases (Fig. 1, Fig. 2, and Table 1). It is indicated
that with increasing the sintering temperature from 900 to
1000 °C, Cr and Mo elements almost dissolve into a-Fe solid
solution. Moreover, the area fraction of Cr-poor a-Fe phase
deceases with increase in sintering temperature (about 39.7%
and 10.5% in SPS900-20 and SPS1000-20 alloys, respec-
tively). In contrast, the microstructures of both SPS1000-30
and VIMFA alloys comprise relatively homogeneous a -Fe
solid solution (Fig. 1, Fig.2, and Table 1). It is suggested that
the microstructural homogeneity can be achieved by
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Fig.1 BSE images of Fe-Cr-Mo damping alloys: (a) SPS900-20, (b) SPS1000-20, (c) SPS1000-30, and (d) VIMFA
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Fig.2 XRD patterns of Fe-Cr-Mo damping alloys

Table 1 Chemical compositions of constituent phases in Fe-Cr-

Mo damping alloys determined by EDS in Fig.1 (at%)

Alloy Phase Fe Cr Mo
Cr-rich a-Fe 79.98 18.02 2.00
Cr-poor a-Fe 96.98 1.25 1.77
SPS900-20
Cr particle 0.16 99.84 -
Mo particle 2.83 0.13 97.04
Cr-rich a-Fe 82.01 17.83 1.16
SPS1000-20
Cr-poor a-Fe 93.45 5.24 1.31
SPS1000-30 o-Fe 81.61 17.10 1.29
VIMFA o-Fe 80.92 17.82 1.26

extending the holding time. In addition, some tiny holes are
observed in SPS alloys; in spite of this, they still have
relatively high compactness (about 97.1%, 98.0% and 98.4%
for SPS900-20, SPS1000-20 and SPS1000-30
respectively). Fig.3 shows the OM microstructures of SPS and
VIMFA alloys. It can be seen that the average grains size of

alloys,

SPS1000-30

SPS alloy slightly rises with increase in sintering temperature,
but it is obviously lower than that in VIMFA alloy (about 28,
42, 45 and 320 um in SPS900-20, SPS1000-20, SPS1000-30
and VIMFA alloys, respectively).

As mentioned above, the SPS900-20 and SPS1000-20
alloys contain gray Cr-rich and light gray Cr-poor a-Fe solid
solution. Moreover, it can also be seen from Fig.1a that the Cr
particles are primarily surrounded by gray Cr-rich instead of
light gray Cr-poor a -Fe solid solution. There are gradually
decreased Cr concentrations in Cr particle, Cr-rich and Cr-
poor a -Fe phases, successively. Combined with the results
regarding variation of area fractions of these phases, it is
concluded that the sintering process of SPS alloys, especially
the microstructural formation and homogenization, is mainly
dominated by the diffusion of Cr elements into a-Fe solid
solution. Furthermore, the sintering temperature has a greater
influence on the microstructure of SPS alloys than holding
time.

2.2 Magnetic performance of Fe-Cr-Mo alloys

Fig. 4 and Fig. 5 show the magnetization curves and
hysteresis loops of the alloys under SPS and VIMFA
conditions, respectively. It can be seen that the saturation
magnetization of SPS alloys is approximate but slightly lower
than that of VIMFA one. According to the local magnification
details of the hysteresis loops, the SPS alloys have relatively
higher coercivity than VIMFA ones (Fig.5). Generally, the
ferromagnetic damping alloy contains many magnetic
domains with different magnetic moment directions. These
magnetic moments deflect towards the direction of the
external magnetic field applied on the alloy and gradually tend
to the same direction with increase in intensity of external
magnetic field, i. e. saturation magnetization is achieved,
accompanied with the irreversible movement of the magnetic

Fig.3 OM microstructures of Fe-Cr-Mo damping alloys: (a) SPS900-20, (b) SPS1000-20, (c) SPS1000-30, and (d) VIMFA
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Fig.4 Magnetization curves of Fe-Cr-Mo damping alloys

200
- SPS900-20
on
= ———SPS1000-20
‘e 100 F ——sPS1000-30
< —— VIMFA
s
=3 0 T —
2 =
h~ 0.5[== e
I
. NI -
5 _100t
gb —o.s/
= 10
-10 -5 I(J 5 10

-200 ;
-8000 -4000 0 4000 8000
External Magnetic Field, H/x79.6 A-m™

Fig.5 Hysteresis loops and local magnification details of Fe-Cr-Mo

damping alloys

domain wall. It is easy to imagine that the deflection of
magnetic moment and movement of the magnetic domain wall
are bound to be blocked by grain boundaries around, and the
obstruction effect is enhanced in SPS alloys with smaller grain
sizes and more grain boundaries compared to VIMFA alloys.
This illustrates the lower saturation magnetization and higher
coercivity in SPS alloys than in VIMFA one to some extent.

2.3 Damping capacity of Fe-Cr-Mo alloys

Fig. 6 shows the variation of the damping capacity of SPS
and VIMFA alloys with strain amplitude. As can be seen, all
the alloys have relatively high damping capacity and exhibit a
tendency of increasing firstly and then decreasing with strain
amplitude, and the maximum value appears at strain
amplitude of 800x10°—900x10°. The damping capacity of
SPS alloy slightly rises with increase in sintering temperature
and extension in holding time, although it is still relatively
lower than that of VIMFA alloy over the whole strain
amplitude range (Fig.6).

It is well known that the damping capacity of the
ferromagnetic damping alloys is mainly achieved by the
irreversible movement of the magnetic domain wall.
According to Ref. [12], the magnetic domain wall will not
move across the grain boundary. This is because of the
obvious stress concentration at grain boundary so there are
very high energy barriers to overcome for movement of
magnetic domain wall based on S-B model™. The presence of
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Fig.6 Variation of damping capacity of Fe-Cr-Mo damping alloys

with strain amplitude

grain boundary also limits the range of movement of the
magnetic domain wall, thus resulting in magnetic hardening of
the alloys"". The more grain boundaries there are, the higher
the energy barriers to overcome and the smaller the range for
the movement of the domain walls will be. Therefore it can be
deduced that the smaller grain sizes will bring an adverse
effect on damping capacity of Fe-Cr-Mo alloys. In addition,
the uneven and discontinuous microstructures of SPS alloys,
especially when sintered at relatively lower temperature, may
hinder the formation of magnetic domain and cause the
generation of internal stress, thus resulting in decreased
damping capacity. All those mentioned above illustrates the
variation of damping capacity of SPS and VIMFA alloys to
some extent in this work (Fig. 6), which can also be
demonstrated by the results regarding the variation of
saturation magnetization and coercivity (Fig.4 and Fig.5).
2.4 Mechanical properties of Fe-Cr-Mo alloys

Fig. 7 shows the compression stress-strain curves of SPS
and VIMFA alloys. It can be seen that the compression stress
of all the alloys increases rapidly first, then slowly, and
eventually generally stable. The compression strength of SPS
alloy corresponding to the maximum value of compression
stress, rises with increase in sintering temperature, which is
higher than that of VIMFA alloy (about 634, 682, 676 and 610
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Fig.7 Engineering stress-strain curves of Fe-Cr-Mo damping alloys
upon compressing at room temperature with a strain rate of

0.005 s
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MPa for SPS900-20, SPS1000-20, SPS1000-30 and VIMFA
alloys, respectively). As mentioned above, the dissolution of
Cr and Mo elements is obviously promoted and the
homogeneity of microstructure of SPS alloy is improved by
increasing the sintering temperature. Therefore, the better
compression property can be obtained by solid solution
strengthening effect in the alloys higher
temperatures. The VIMFA alloy has significantly larger grain
sizes than SPS one, thus leading to the deceased mechanical
property based on Hall-Petch relationship.

sintered at

3 Conclusions

1) The SPS alloys have high compactness (97.1%—98.4%).
With increasing the sintering temperature, the dissolution of
elements Cr, Mo etc in a -Fe phase is promoted and the
homogeneity of microstructure is obviously improved. The
grain size of SPS alloy slightly rises with increase in sintering
temperature, while it is obviously smaller than that of VIMA
alloy. The sintering process of SPS alloy is primarily
controlled by diffusion of Cr and Mo into a-Fe phase.

2) The SPS alloys have lower saturation magnetization but
higher coercivity than VIMFA ones. There is favorable
damping capacity for SPS alloys despite it is lower than that
for VIMFA alloy, and it slightly rises with increase in sintering
temperature and extension in holding time. The compression
strength of SPS alloys is dramatically higher than that of
VIMFA ones, and rises with increase in sintering temperature.
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