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ABSTRACT
In this work the formation of Fe-Cr microalloy by ultrasonic irradiation at a frequency of 20
kHz is presented. Two sample series were produced with different ultrasonic irradiation
procedures. For the first sample, Fe and Cr powder were each separately brought into the
ultrasonic device before they were mixed in 7:1 weight ratio and then together retreated using
the ultrasonic method. Secondly, Fe and Cr powder with same weight ratio were mixed and
directly ultrasonically irradiated. During the ultrasonic irradiation process both samples were
put in a toluene solution of 99%. The formation of the Fe-Cr microstructure in conjunction with
ultrasonication time were investigated by using Scanning Electron Microscopy (SEM ), X-ray
Diffraction (XRD) and Transmission Electron Microscopy (TEM). After 40 hours of ultrasonic
irradiation the particle sizes of the Fe powder of the first samples became significantly smaller;
some particles were also fused together. However, with the exception of smaller-sized particles
no fused Cr powders can be found even after 63 hours of ultrasonic irradiation. After both
experiments Fe and Cr were mixed and again ultrasonically irradiated for 20 hours. Some
particles indicated as Fe-Cr alloys containing 24.34 wt.% Fe and 67.43 wt.% Cr were observed.
In the sample produced from the second procedure in which both Fe and Cr powders were
irradiated together by an ultrasonic method for 50 hours, some powder particles formed a Fe-Cr
microalloy with the composition of 96.27 wt.% Fe and 3.73 wt.% Cr. The XRD analysis
revealed that the Fe-Cr alloy from the first samples has a BCC structure with a mass fraction of
Fe:Cr:Fe-Cr which is equal to 0.836:0.0294:0.135, while the mass fraction of the Fe-Cr alloy
from the second sample series is equal to 0.736:0.0808:0.183, respectively. Analysis of the
TEM selected area diffraction patterns (SAED) confirmed that the Fe-Cr microalloy occured
originaly from the precursor Fe and Cr particles of size smaller than 2 µm. The Fe-Cr
microalloy has been successfully synthesized by using an ultrasonic process.
Keywords: Diffusion; Fe-Cr microalloy; SEM; TEM; Ultrasonic; XRD
1. INTRODUCTION
Fe based alloys such as Fe-Cr have several advantages in replacing the traditional ceramic
based materials as interconnecting materials for solid oxide fuel cells (SOFC) due to their
suitable and excellent physical properties, such as thermal expansion and high corrosion
resistance at elevated temperatures (Willem et al., 2004; Greiner et al., 1995; Badwal, et al.,
1997).
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Crucial properties to be fulfilled by the SOFC materials are a high oxidation resistance in both
an air and anode environment, low electrical resistance of the oxide scales formed on the alloy
surface as well as good compatibility with the contact materials. In addition, the value of the
thermal expansion coefficient should match with those of the other cell components (Malkow
et al., 1997). These requirements can potentially be achieved with high chromium ferritic steels
(Quadakkers et al., 2000). However, a previous study (Malkov et al., 1998) has shown that none
of the commercially available ferritic steels seem to possess the suitable combination of
properties required for long-term reliability for cell performance.
In order to obtain Fe-Cr alloys, excavated raw materials are extracted to get nearly pure
elements and then mix them together. Atomic scale mixing is a necessary step for making Fe-Cr
alloys and the most common and fundamental process is heating to a temperature above the
melting point and mixing in the liquid state (Zurek & Gawel, 1993; Shen et al., 1998). Another
important method developed so far is a mechanical alloying technique, in which the mixture of
the raw material powders is milled in the solid state using a high energy ball mill
(Suryanarayana, 2001; Darwin et al., 2010). Alloy powders and/or bulk are then formed into the
proper shape for the applications. However, both alloying techniques of melting and mechanical
alloying have an intrinsic problem mainly stemming from the use of containers such as a
crucible, jar, balls and so on (Choong-Hwan, 2003).
It is not possible to sinter chromium alloyed powders in non-inert atmosphere without causing
oxidation. Prealloyed powders with an homogenous alloy concentration are less sensitive to
oxidation than mixed powders with an inhomogenous alloy concentration (Arvidsson, 1998).
So, to minimize these problems, it is important to merge the microalloy of Fe-Cr as a feed for
the further sintering process. The main challenge has been in the ability of evaluating and
predicting the progress of an ultrasonic process as a microalloying material processing
technique. Ultrasound with a high intensity frequency (or ultrasonic) has become an important
synthetic technique for many heterogeneous organic and organometallic reactions. It could
enhance the reactivity of metals as stoichiometric reagents. The chemical effects of high
intensity ultrasound result primarily from acoustic cavitation: the formation, growth, and
implosive collapse of bubbles in liquids. The shock waves generated through this implosion can
cause small particles to collide into one another with great force, producing interparticle
melting (Stephen et al., 1990; Kenneth, 1980) and feasibility for particle-size reduction (Franco
et al., 2004 ). The mechanism of rate enhancement in reactions of metals has been unveiled by
monitoring the effect of ultrasonic irradiation on the kinetics of the chemical reactivity of the
solids, examining the effects of irradiation on surface structure and size distributions of
powders and solids, and in determining depth profiles of the surface elemental composition
(Kenneth, 1989; Suslick et al., 1986; Timothy & John, 2002; Parag et al., 2006).
Microalloying of metals Fe-Cr by ultrasonic irradiation is a relatively new method. However,
some physical and chemical characteristics of the products should be clearly observed to give a
better understanding of the process. Therefore, the aim of this research is to make a systematic
investigation about the possibility of fabricating Fe-Cr microalloying using the ultrasonic
method. Chemical activation is provided through the energy of the collapsed cavitation bubbles.
Both extremely high temperatures and high pressures could occur during cavitation in micro
regions. This may lead to the alloying process of metals. Fe-Cr microalloying with the
ultrasound in a toluene solution creates a lower level of oxidation than with the conventional
route of using water as the processing medium. Mass particles migration along ultrasound
irradiation process will additionally increase homogenization.
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2. METHODOLOGY
2.1. Materials
In this work, pure Fe (325 mesh) and Cr (325 mesh) powders from the Aldrich Company with a
99.9% high purity were used as precursor materials. Toluene liquid of 90% purity was used as
the processing medium for the ultrasonic irradiation method (Ando et al., 1984; Luche, 1993).
2.2. Experimental method
The ultrasonic alloying method was carried out to synthesize microalloys from a powder
mixture of 80 wt.% Fe and 20 wt.% Cr as starting materials. In this work, ultrasonic treatment
was applied to two powder mixture samples. The ultrasonic process was performed using the
instrument namely, Sonics & Material, INC., USA, Model VCX 750, Ti Horn, 20 kHz.
Treatment methods of the samples are summarized in Table 1. Duration of treatments were
determined based on preliminary studies which give the most significant results.
Table 1 Summary of the treatments of powder samples
Sample

Fe

Cr

Fe+Cr

A

-

-

Ultrasonic for 50 hours

B

Ultrasonic for 40 hours

Ultrasonic for 63 hours

Ultrasonic for 20 hours

O

-

-

Manual mixture method

For the first sample, both the Fe and the Cr powders were directly mixed and immersed in
toluene solute and processed by ultrasonic method. The Fe and Cr powders were mixed with a
composition of 80 wt.% and 20 wt.% Cr respectively. The mixture was immersed in a toluene
solution with a 1:7 volume ratio in a glass tube. The mixture was loaded into a glass tube, and
then poured into a water-filled beaker glass. Afterwards, the ultrasonic process was run with a
frequency of 20 kHz while the amplitude was set at 40% of the maximum. The process lasted
for 50 hours, hereinafter referred to as Sample A.
The second sample, which was synthesized using Fe and Cr powder as a precursor was
processed separately by ultrasonic method before mixing. The ultrasonic method treatment of
Fe and Cr powder precursors is needed in order to obtain powders having particles of uniform
size. Fe powder was immersed in a toluene liquid solution with a 1:7 volume ratio in a glass
tube. Then the solution was transferred into a glass beaker filled with water. The ultrasonic
instrument was then operated to run at a frequency of 20 kHz and an amplitude of 40% of the
maximum power. The process lasts up to 40 hours. The same process for Cr powder up to 63
hours was also performed. Both of the Fe and Cr powders were then mixed together and
ultrasonically processed for 20 hours, hereinafter referred to Sample B.
Both samples are then compared to the third sample, which is a mixture of Fe and Cr powders
prepared by a manual mixing method in the mortar (without the ultrasonic treatment). The third
sample was named as Sample O.
2.3. Characterizations
The evolution of the microstructure of Fe-Cr microalloy was observed by using the Scanning
Electron Microscopy (SEM) apparatus equipped with the Energy-Dispersive Spectrometry
(EDS) in order to identify the elemental composition of the samples. SEM analysis was taken
on a JEOL JSM-6510LA at an accelerating energy rate of 20 keV.
For phase identification X-ray Diffraction (XRD- Shimadzu XRD 610) was used. XRD
measurements were performed using Cu Kα1 radiation (λ = 0.15406 nm). The analysis of x-ray
diffraction data for cubic unit cells is expressed by Bragg’s Law:
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where  is the wavelength of incident wave, a is the atomic spacing of unit cell, h, k, and l are
the diffraction plane indices, n is an integer, d is the crystal lattice spacing between atomic
planes, and θ is the angle between the incident ray and the diffraction planes.
To obtain the lattice parameter, the mass fraction of the compound and the structure of
crystallites, a refinement of the X-ray diffraction pattern by using RIETAN Software was
based on the Rietveld refinement technique (Izumi & Ikeda, 2000). The Rietveld refinement
technique is used to fit the reflection intensity by fitting the initial structure parameters to the
structural model of a particular crystal belonging to a specific crystal symmetry group. The
ideal minimum requirement for a good refinement result is considered to be achieved when the
value of the as defined goodness of fit (G) or (S) is ≤ 1.200, with unity being a perfect ideal
number. Here, S is defined by (Franco, 2004; Young, 2000) as follows:
S = Rwp/ Rexp

(3)

where Rwp is the weighted profile reliability-factor and Rexp is the expected reliability-factor. For
the Transmission Electrons Microscopy (TEM) characterization method, a Selected Area
Electron Diffraction (SAED) image of the samples was additionally used for phase
characterization. For this purpose TEM JEOL JEM-1400 with an accelerating voltage of 120
keV was used. For the TEM-investigation a small amount of the sample powder was poured
into acetone and mixed in an ultrasonic bath. A small drop of the solution was put on the TEM
copper grid covered by thin carbon layer as a sample carrier and subsequently dried in air.
3. RESULTS
3.1. Ultrasonic irradiation of individual precursor powders
Figure 1 shows SEM micrographs of Fe powder before and after irradiation with ultrasonic
waves. It is obvious that as it received the Fe sample, there are nearly spherical structures with
sizes ranging from 0.5 to 7 µm, respectively, as shown in Figure 1(a). Figure 1(b) shows the
particles after ultrasonic irradiation for 36 hours. The particle size has slightly decreased and
has become more homogenous. It seems that some agglomerates have broken up to become
separate particles and some have regrouped to form larger agglomerates. After longer
ultrasonic irradiation treatment for 40 hours, SEM images of the samples revealed that larger
particles seem to be composed from the smaller particles or from melted agglomerate pairs, as
shown in Figure 1(c).

Figure 1 SEM micrographs of Fe powders: (a) before; (b) after ultrasonic irradiation for 36 h; (c) 40 h
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SEM images in Figure 2 demonstrate the microstructural change of the precursor Cr powders
after ultrasonication. The commercially obtained Cr powder as received shows a large
agglomeration containing small Cr particles (Figure 2(a)). Agglomerates have sizes ranging
between 20 µm and 50 µm, respectively, and obviously these are formed from small particles of
about 2 µm in size (Figure 2(a)). After ultrasonic irradiation for 30 hours the majority of the
large agglomerates have dissociated into many smaller particles (Figure 2(b)). However, after
63 hours of undergoing the ultrasonic procedure they are entirely disassociated into many
smaller particles having a homogenous size distribution, as shown in Figure 2(c). The average
size is about 2 µm.

Figure 2 SEM micrographs of Cr powders: (a) before; (b) after ultrasonic irradiation for 30 h; (c) 63 h

3.2. Ultrasonic irradiation of the precursor powders mixture
The SEM image of Sample B in Figure 3(a) shows that some particles have formed
agglomerates after 20 hours of ultrasonic irradiation as detected using the back scattered
electrons BSE method.

Figure 3 SEM micrographs of Sample B after the ultrasonic irradiation for 20 hours: (a) overview; (b)
detail; (c) EDS spectra
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However, under the BSE method, it seems that samples of different compositions would appear
differently depending on their composition. Figure 3(b) is a magnified image of a particle as
indicated in Figure 3(a). The EDS analysis in Figure 3(c) obviously reveals that this particle has
to be composed of Fe-Cr. The atomic Fe/Cr ratio is calculated to be 1:3.
Figure 4(a) shows particles of Sample A, after undergoing the ultrasonic irradiation for 50
hours. The particles, in general, exhibit both the rectangular- and spheroidal-like morphology.
The image also shows an agglomeration of some particles which appears to be homogenous at
first, however, after closer inspection, there are additional agglomerates that are still
heterogeneous, revealing an incomplete fusion of particles, as shown in Figure 4(b).

Figure 4 SEM micrographs of Sample A after ultrasonic irradiation for 50 h: (a) overview; (b) detail

Figures 5(a), 5(b), 5(c) and 5(d) show SEM observation and EDS measurements for Sample A
at two representative particles (See also Figure 4(a)). It is clear from Figures 5(a) and 5(c) that
the particle morphology has changed from their respective precursors, which indicates that the
ultrasonic treatment has caused transformation of the particle morphology. It can be observed
also from Figure 5(c) that agglomerization of some particles still takes place leading to alloying
of different element particles.
Figure 5(b) illustrates spot analysis of the particle shown in Figure 5(a). It was observed that the
particle (spot 002) is composed of 99.1% Fe and 0.9% Cr. In addition, Figure 5(d) shows
another spot analysis of the particle after ultrasonic treatment (See also Figure 4(a)). The
composition analysis of spot 003 of the particle gives a higher composition of Cr, that is 4.0%
Cr, in the Fe-Cr alloy. It means that alloying of Fe-Cr may take place during ultrasonic
treatment in the particles.
Figures 6(a), 6(b) and 6(c) show a plot of the observed X-ray diffraction patterns for Samples
O, B, and A, the Rietveld refinement results of the powder diffraction data for Samples O, B,
and A with a (2θ) angular measurement range of 20-120°. Figures 6(a), 6(b) and 6(c) indicate
that the angular position of the peaks of the observed X-ray diffraction data are almost the same
for all three samples (O, B, and A); they are consistent with the data given in the JCPDF that
are the angular positions for each diffraction angle for the (Fe, Cr or FeCr) phases of the same
crystal plane that are almost similar. Therefore, it is essential to elucidate on the phases
contained in a sample with the Rietveld refinement.
4. DISCUSSION
As reported previously, sound generated from the ultrasonic wave signal generator is a form of
wave energy which vibrates and propagates through the toluene liquid molecule (Timothy,
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2002). The wave energy vibrates through minute pressure differences (compression and
rarefaction) and a microbubble is formed starting from the outer particle surfaces as a result of
pressure wave oscillations in the solution. Pressure waves become unstable when the bubble’s
size, during the transient cavitation, becomes too large to oscillate, and it will collapse. Upon
implosion as the bubbles collapse, the microjet or shock waves are induced which may result in
temperatures higher than 5000 K and in pressures of more than 500 atm (Stephen et al., 1990;
Kenneth, 1980) and also this could result in a jet of liquid being forced upon surfaces at speeds
estimated as high as 100 m/s (Izumi & Ikeda, 2000).
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Figure 5 the SEM-EDS analysis of ultrasonic irradiation of Sample A for 50 hours: (a) rectangle particle
morphology of Figure 4(a) (of spot 002); (b) EDS spectra spot (of spot 002) of Figure 5(a); (c)
incomplete unity particle of Figure 4(a) (of spot 002); (d) EDS spectra of spot 003 of Figure 5(c)

The energy of the microjet could create localized surface pitting and material erosion on the
particles existing in the fluid. However, the shock wave can cause small particles to collide into
one another with great force, producing the interparticles merger or fusion. The bubble
implosion that induces a shock wave can merge or propel Fe particles into each other as shown
in Figures 1(b) and 1(c). It can also be considered that the merger between Fe particles
originates from the effect of collision of cohesive particles and these immediately fuse together
by an inelastic collision of compression pressure. This phenomenon has also been found in
several previous works (Stephen et al., 1990; Kenneth et al., 1987; Franco et al., 2004).
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Figure 6 X-ray diffraction pattern for Samples: (a) O; (b) B; (c) A. Observed (+) and calculated (-)

On the other hand, for up to 63 hours in the ultrasonically irradiated Cr particles, the energy
microjets and shock waves would result in the propelling of Cr particles from their bonding in
the agglomerates as is clearly shown in Figures 2(b) and 2(c). The reduction in the Cr particle
size could be caused by the shock wave which produces sufficient energy to cause
fragmentation as was reported in other work (Parag et al., 2006).
Figure 7 shows the TEM image of Sample B after ultrasonic irradiation. The powder particle
has the polygonal type morphology with the size of ca. 600 nm (Figure 7(a)). Figure 7(b)
presents SAED pattern showing the polycrystalline nature of the sample.
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Figure 7 TEM micrograph of the Fe-Cr powder obtained after the ultrasonic irradiation: (a) Bright Field;
(b) indexed SAED pattern

The EDS analysis on the particles in Figure 5(a) (dot 002) indicates that the particles with the
rectangular-shaped morphology are actually Fe particles (as indicated in Figure 5(b)). This
result shows that the rectangular particle is an agglomerate of several spheroidal Fe particles,
obtained after 50 hours of ultrasonic irradiation. Meanwhile, the EDS spot (dot 003) of Figure
5(c) (as in Figure 5(d)) indicates that the particles having the spheroidal-shape morphology
consist of Fe with a distribution of Cr particles. The particle showing a neck formation implies
that the particle partially alloyed in the melted neck joins the other particles. This result shows
that the spheroidal-shaped particle within the necking particle is a partial Fe-Cr alloy.
Reactivity in and around a cavitation site can be described by three zones. The first zone of
reactivity is inside the cavitation bubble. Gases and vapors are subjected to high temperatures
and pressure in this zone. The second zone is the interface between the bubble and the solution.
As the bubble collapses, thermal energy is released into the solution. This heats the immediate
area and its surrounding substituents. Estimates of this temperature were made using the
Arrhenius equation and the activation parameters of the sonochemically-induced metal carbonyl
substitution reactions (Suslick et al., 1986). The temperature in the interfacial region has been
estimated to be between 6001500 K. The third zone is the bulk solution. The bulk solution
constitutes any region beyond the interface zone. This region experiences the effects of the
shock waves.
The shock waves generated from cavitation collapse cause small particles to collide into one
another with great force, producing both cohesive interparticles melting and adhesive
interparticles melting, as illustrated in Figures 3, 4 and 5. The shock waves produce enormous
localized shearing forces which are sufficient in energy for cohesive particles Fe with a particle
size < 2 µm to agglomerate to a greater size as was reported by other authors (Franco et al.,
2004), and these particles are even able to fuse together to form a singular particle with a new
geometry or morphology such as the rectangular shape (see Figures 3(a) and 4(a)). The similar
agglomerate results have also been observed in Ni particles (Kenneth & Dominick, 1987). The
shock waves energy is also sufficient for particles (Fe and Cr) with a size < 2 µm in order to
form adhesive particles of a Fe-Cr microalloy (partially and even completely).
There is a neck formation occuring in the Fe-Cr partial microalloy. A similar necking formation
is also observed in cohesive particles Zn (Stephen & Kenneth, 1990). In the Fe-Cr full
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microalloy, it is assumed that this situation materializes when both precursor (Fe and Cr)
particles are positioned close together at or near the core of the cavitation at the moment of
bubble implosion. Meanwhile, the authors believe that the neck formation of adhesive particles
(Fe with melting point 1538oC, and Cr with melting point 1907oC) are joined together, a
situation which originates from the effect of the collision of adhesive particles because of the
shock energy and therefore this reaction immediately fuses these particles close together by
compression pressure with rapid cooling.
Ultrasonic irradiation of Sample B for 20 hours in a toluene solution (with a mixture of Fe
(ultrasonically irradiating for 40 hours) and Cr (ultrasonically irradiating for 63 hours)) resulted
in the complete Fe-Cr microalloy. On the other hand, ultrasonic irradiation at 20 kHz of Sample
A (a mixture of Fe and Cr) for 50 hours in a toluene solution resulted in the partial Fe-Cr
microalloy. The irradiation of Sample A took a longer time than that of Sample B because the
particle size of the precursor is different. Microalloying of Fe-Cr begins at the precursor particle
size of less than 2 µm. The ultrasonic irradiation increases the chemical reactivity of the Fe and
Cr metal powders and could be used to produce a Fe-Cr microalloy.
The Rietveld refinement is acceptable for the ideal model according to the criteria required by
the goodness of fit (S) parameter (Equation 3) (Young, 1993). Thus, refined parameters could
be extracted and further analysis could be carried out. The goodness of fit (S) of the Rietvield
refinement results for Samples O, B and A are presented in Table 2. Also, from Figure 6 it
seems that the reflection peaks’ fitting between the observed intensity data and the calculated
intensity is highly satisfactory, as is evidenced from the almost flat residual plots of the
difference (delta) between the observed data and the calculated result. Furthermore, Table 2
shows that the Rietveld refinement is acceptable according to the criteria quoted in the literature
(Young et al., 2000), S = 1 for an ideal model. Table 3 listed the Rietveld refinement
parameters for Samples O, B, and A.

Table 2 Goodness of fit (S) from Rietvield refinement
for Samples O, B and A of Figure 6

S

O

B

A

1.868

1.914

2.023

Table 3 Rietveld parameters of Two Phases Rietveld refinements of Sample O, Three Phase Rietveld
refinements of Sample B and Three Phase Rietveld refinements of Sample A
mass fraction
Phase

Fe
Cr
FeCr

a(Å)
JCPDS
2.866
(PDF#060696)
2.883
(PDF#060694)
2.876
(PDF#340396)

before
irradiating

O

B

A

2.871

2.866

2.868

2.883

2.883

-

2.876

after irradiating
O

B

A

0.799

0.622

0.736

0.836

2.884

0.20

0.378

0.081

0.029

2.876

-

-

0.183

0.135
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The Rietvield refinement analysis of the X-ray diffraction patterns of all samples confirmed the
formation of a cubic (bcc) structure for all the samples O, B, and A. These analyses results are
in accordance with the PCPDF data (PDF#060696 for Fe, PDF#060694 for Cr, and
PDF#340396 for FeCr). The Rietveld Refinements results also show that Sample B contains
three phases with the relative fractional mass of each phase for Fe:Cr:FeCr recorded as
0.736:0.081:0.183 and Sample A also contains three phases with the relative fractional mass of
each phase for Fe:Cr:FeCr recorded as 0,836:0.029:0.135. The results of the lattice parameters
obtained from refinement analysis of the structures are listed in Table 3.
Table 3 also contains Rietveld refinements results of the mass fraction of the phases in each
sample. Sample B has a higher indication of the Fe-Cr alloy. Ultrasonically irradiating in a
toluene solution for Sample B resulted in an indication of a Fe-Cr microalloy occuring in
greater frequency than in Sample A.
The Rietveld Refinements confirmed that the Fe-Cr microalloy could be obtained by applying
an ultrasonic irradiation method to the solution Fe, Cr in a toluene liquid for 50 hours or of
mixture of Fe (irradiated for 40 hours) and Cr (irradiated for 63 hours) in a toluene liquid for 20
hours. The SAED pattern as presented in Figure 7b is analyzed and the results are plotted in
Table 4.
Table 4 SAED pattern analysis parameters including lattice (dJCPDS) and plane (hkl) parameters from
JCPDS database

i

ri
(mm)

1
2
3
4
5
6

4.93
7.00
8.56
9.88
11.05
12.08

di
(SAEDTEM)
(Å )
2.038
1.436
1.174
1.018
0.909
0.832

dJCPDS
Fe (a=2.866,
PDF#060696)

Cr (a=2.883,
PDF#060694 )

FeCr (a=2.876,
(PDF#060694)

hkl

2.027
1.433
1.170
1.013
0.906
0.827

2.039
1.442
1.177
1.020
0.912
0.835

2.035
1.438
1.174
1.017
0.910
0.830

110
200
211
220
310
222

Table 4 contains the lattice parameters (di) of powder particle of the FeCr microalloy obtained
by using an application software (Simple Measure 2) analysis of SAED pattern and also lattice
(dJCPDS ) parameters of JCPDS database which correspond to the crystal planes (hkl) of Fe, Cr
and FeCr cubic (bcc) structure. It was shown that the parameter di (obtained from SAED pattern
software analysis) did not really correspond to parameter d (obtained from JCPDS database);
there is little difference of the two d data. But, the values of di are all lying between the d values
of Fe and Cr (obtained from JCPDS database). This finding confirms that the experimental or
observed di values belong to the new phase, i.e. Fe-Cr, as is already stated by Vegard’s Law as
in (Cullity, 1998). This result is also in accordance with the Rietveld analysis result. The TEM
image (Figure 7(a)) shows that the formed FeCr microalloy has a particle size of 600 nm.
This confirms that the Fe-Cr microalloy was originaly formed from the precursor particles Fe
and Cr with a < 2 µm size as indicated in the SEM image in Figures 3(b) and 4(b).
5. CONCLUSION
Ultrasonic irradiation at 20 kHz resulted in the generation of microjet and shock waves which
caused small particles of Fe and Cr to collide into one another with a great force, thereby
producing cohesive and adhesive interparticles melting. During this process, ultrasound may
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have increased the reactivity of the Fe and Cr particles. It then caused dramatic changes in the
particles’ morphology and size, fragmentation and agglomeration. The ultrasonic irradiation
resulted in the formation of both a partial- (incomplete) and a complete Fe-Cr microalloy.
However, the microalloying of Fe-Cr starts with the precursor particles having less than a 2 µm
size. Finally, it could be concluded that ultrasonic treatment could be further endorsed and
disseminated as a novel method for microalloying of Fe-Cr powders.
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