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Abstract

This article deals with the effects of electrical discharge machining (EDM) on the chemical composition and microstructure of cast Alnico
alloys, i.e., iron-based alloys composed of aluminum, nickel and cobalt. The experiments focused on determining the chemical composition
of the surface layer before and after the EDM process. The microstructure of the material altered by the EDM was also examined. The study
included measurement of the thickness of the white layer characteristic of EDM. It is evident that low values of the surface roughness
parameters can be obtained by correctly selecting the EDM process parameters. The average surface roughness reported in the experiments
was 1 um. The surface roughness measurements were conducted with a Talysurf CCI lite non-contact profiler. The metrological results also
indicate that lower surface roughness can be obtained at small discharge energies.
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1. Introduction

Alnico is a group of iron-based alloys of aluminum (Al), nickel
(Ni), and cobalt (Co), which may also contain copper and titanium.
Being ferromagnetic materials characterized by high coercivity, i.e.
high resistance to demagnetization, Alnico alloys are suitable for
permanent magnets [1]. Alnico magnets are known to retain their
magnetism at high temperatures, even up to 525°C [2, 3].

Alnico magnets have been mass-produced for merely 50 years.
They vary depending on the manufacturing process. There are 29
varieties in total, with 17 produced by casting, 10 by sintering, and
2 by combing the two methods [4].

Some types of Alnico magnets are isotropic (with the same
properties in all directions), and these can be efficiently magnetized
in all directions. Other types, e.g., Alnico 5 and Alnico 8, are
anisotropic (with different properties in different directions) and
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these have a preferred direction of magnetization, which implies
that one direction is better than all the others. Anisotropic Alnico
alloys magnetized in one direction make stronger magnets than
isotropic Alnico alloys [4].

Alnico alloys used as strong permanent magnets have
numerous industrial and consumer applications. They are common,
for instance, in electric motors, magnetrons, sensors, microphones,
electric guitar pickups, or even cow stomach magnets [3, 5]. These
days, however, Alnico magnets are being systematically replaced
by stronger rare earth magnets [3, 6]. Since Alnico alloys are brittle
materials, they are prone to cracking and fracture. They are thus
very difficult to machine. Traditional machining operations may
cause Alnico alloys to chip, crack or break [3]. Figure 1 shows
examples of defects observed in the machining of Alnico alloys. As
proposed in this article, Alnico alloys should be shaped using
electrical discharge machining (EDM).
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Fig. 1. Typical defects observed in the machining of Alnico alloys

EDM is a metal fabrication method based on electrical
discharges. During the process, there is no contact between the tool
and the workpiece, acting as the cathode and the anode,
respectively [4]. However, the process requires immersing the two
electrodes in a dielectric fluid. Erosion of the material is a result of
rapidly recurring current discharges [7-9]. The role of the tool is to
replicate in negative the desired shape [4].

EDM differs from conventional machining in that there is no
physical contact between the tool and the work. The distance of the
tool electrode to the workpiece surface may range from 0.01 mm
to 0.8 mm, depending on the machining conditions. The EDM
process is characterized by the formation of a plasma channel,
followed by the formation and expansion of a gas bubble around it.
Another characteristic feature of EDM is the resolidification of
some of the melted material on the workpiece surface, the so-called
white layer.

The temperature of 14,000 K reached during the process is
responsible for the local melting and partial evaporation of the
workpiece material. The surface quality is highly dependent on
how much debris is generated and removed during a single
discharge [7-9]. The higher the discharge energies, the higher the
machining efficiency and, consequently, the higher the surface
roughness [10, 11]. In other words, larger craters are produced at
higher voltage and current values. The morphological features of
EDM machined surfaces are dependent on various factors,
especially the pulse-on and pulse-off times, the material of the tool
electrode, the type of dielectric fluid, and its flow direction [12, 13].

Research into EDM has included determining the effects of
discharge energy on the volume [14], area [15], diameter [16] or
depth of craters [17]. Studies of microwire electrical discharge
machining show that crater dimensions, e.g., the average diameter
or the maximum depth can be predicted on the basis of spark energy
[18]. The findings by Masuzawa et al. suggest that lower surface
roughness (Ra), i.e., smaller craters, can be produced by applying
low open-circuit voltage [19]. As reported by Guu in [20], higher
values of the parameter Ra are a result of higher discharge currents
and longer pulse-on times. Research into the relationships between
the discharge energy and the geometrical surface characteristics
shows that the crater dimensions are also dependent on the tool
material, the workpiece material, and the type of dielectric fluid [4,
21]. There seem to be no studies dealing with the influence of
EDM on the chemical composition of Alnico alloys.

EDM is a manufacturing process providing one of the highest
accuracies; this technology can be used to produce components
delicate and intricate in shape at high cutting speeds. The major
drawback of this method, related to the process physics, is that it
works well with electrically conductive materials. EDM is suitable
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for machining very hard materials, e.g., hardened steels and
sintered carbides [21-24]. EDM is known to be more effective than
conventional processes [25-28].

The aim of this study was to find out whether the material from
the tool electrode would be transferred to the workpiece during
machining. It was also essential to determine whether the EDM
process would increase the content of copper at the surface of the
Alnico alloy. Changes in the chemical composition of the surface
layer may be responsible for changes in the properties of the
material. The information is particularly important when the
modified surface needs to be coated. Changes in the chemical
composition imply changes in the magnetic capacity and/or
coercivity (resistance to demagnetization), both being of
significance in the case of permanent magnets. The study also
included measurements of the surface quality in the craters.

2. Materials and methods

The experiments aimed to determine how EDM affected the
composition and structure of Alnico alloys at the surface. The
machining process was performed using a BP93L EDM machine.
A power of 3 kW and a maximum spark current of 35 A were used
to shape the material. The dielectric fluid — kerosene — was filtered
and recirculated with a feed pump to ensure the efficiency of the
machining process. Additional rotary movements of the tool and
the workpiece were achieved using a special system illustrated in
Figure 2. The solution provided good control of the electrodes
(changes in the direction and speed of cutting), effective removal
of the eroded material, and uniform surface finish.

e - = — - e VN i ol
Fig. 2. A system providing additional rotary movements of
the tool and the workpiece

The surface analysis was carried out using a JEOL 7100F field
emission scanning electron microscope equipped with an Oxford
Instruments X-max EDS (energy dispersive spectrometer) detector
and a BSE (back-scattered electron) detector, operating at a
magnification of 10-1,000,000 x and an accelerating voltage of
100 V=30 kV. The examinations were conducted at a resolution of
1.2 nm or 3 nm with the voltage being 30 kV and 1 kV,
respectively. The other parameters were: current intensity — 1 nA
and tool to work distance — 10 mm. The data were analyzed using
the AZtec software.

The 3D surface roughness parameters were determined using a
Taylor-Hobson Talysurf CCI Lite non-contact 3D profiler [29, 30].
Finally, a Nikon Eclipse MA200 optical microscope fitted with NIS
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4.20-Elements Viewer imaging software was used for the
microstructural examinations.

3. Results and Discussion

The material under analysis was a cast Alnico alloy — Figure 3.
The investigations involved determining its composition by means
of aJEOL JSM-7100F field emission scanning electron
microscope.

25um

Fig. 4. Image of the material in area 5

Figure 5 shows an EDS spectrum of the material for point 5
indicated in Figure 3.

Fig. 3. Points and regions of SEM analysis

Figure 4 shows the structure of the material in area 5 with : i _
points where the chemical composition was measured. Fig. 5. X-ray spectrum of the material at point 5

Table 1 provides the average chemical composition of the
material determined at the points marked in Figure 2.

For points 2 and 3, the sulfur (Si) content was also determined.
The element was reported to reach 4.6 and 0.6%, respectively. This
confirmed that sulfides occurred locally.

Then, an element map was produced for area of interest number
1 to determine the spatial distribution (concentrations) of elements
in the Alnico alloy. The properties of the material may be adversely
affected if the elements are not distributed evenly. Figure 6 shows
an elemental map obtained for the area marked as ‘map’ in Figure

3.
Table 1.
Average chemical composition (atomic weight %) of the material studied (analysis at different points)
No Al S Ti Fe Co Ni Cu )
2 12.9 4.6 5.6 42.0 20.2 11.5 3.2 0.0
3 14.3 0.6 1.1 45.8 22.1 12.5 3.6 0.0
5 14.6 0.0 0.6 46.0 225 12.8 35 0.0
6 14.7 0.0 2.1 45.0 219 125 3.8 0.0
7 17.0 0.0 0.6 314 11.7 6.9 1.6 30.8
8 16.4 0.0 0.5 30.9 14.5 7.1 2.2 284
9 13.3 0.0 0.4 34.3 14.4 7.0 2.3 28.3
17
Al Kal Fe Kal Co Kal Ni Kal Ti Kal Culal 2

sl o e

250um 250um 250pm 2505m 250um

250um

Fig. 6. Distribution of elements in the area of interest (Fig.3)
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From the results provided in Figure 6, it is evident that the
elements found, i.e., iron, aluminum, cobalt, nickel, titanium and
copper, are distributed uniformly in this area.

The next stage of the experiments aimed to determine whether
the use of a copper electrode in the electrical discharge machining
process had any effect on the chemical composition of the
workpiece. Observations of the workpiece microstructure were
conducted in the area of interest at points 2 and 3, as indicated in
Figure 3. The chemical composition of the material was also
measured along line 6 shown in Figure 3.

According to the design of experiment, the chemical
composition of the material studied was determined by means of
line scan analysis. The measurements were conducted before and
after the EDM process at points indicated in Figure 7.

f 50um '

Fig. 7. Measurement points to analyze the chemical composition
of the Alnico alloy

Table 2 shows the data obtained through the line scan analysis
to determine the chemical composition in area 6.

Table 2.
Chemical composition (atomic weight %) of the alloy measured
in area 6

Point Al Ti Fe Co Ni Cu
61 15.3 0.7 45.2 22.2 12.6 4.0
62 14.8 0.7 45.2 22.2 13.1 4.0
63 14.8 0.5 46.1 22.0 12.8 3.8
64 14.8 0.7 45.9 22.2 12.8 3.6
65 13.7 9.4 41.4 20.1 11.6 3.8
66 14.6 0.6 46.1 22.6 12.5 3.6

average 14.7 2.1 45.0 21.9 125 3.8

Measurements of the surface texture were carried out for two
different conditions of EDM, i.e., at low and high energy densities.
The low energy density condition was when the current intensity |
was 5 A, the pulse-on time ton was 50 ps, and the pulse-off time tofr
was 90 us. The high energy density condition, on the other hand,
was at | = 15 A, ton = 350 ps, and torf= 10 ps. The morphology of
the EDM machined surfaces was determined by means of an optical
profiler. The results are illustrated in Figs. 8 and 9.

From Figure 8, it is evident that low discharge energies, i.e.,
low current and short pulse-on time, produce surfaces with
numerous but shallow craters. The surface roughness parameter Ra
reached 1.5 um. However, machining at high current intensity and
long pulse-on time resulted in surfaces characterized by large, deep
craters, which were very few in number. The area of a single crater
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was large. In this case, the surface roughness Ra was much higher,
reaching 13.3 um.

pum

Fig. 8. Isometric view of the surface after EDM at low energy
density resulting in low surface roughness

pm 160

213 14 15 15
mm 0

Fig. 9. Isometric view of the surface after EDM at high energy
density resulting in large craters

The surfaces obtained for two different EDM conditions were
observed using a scanning electron microscope. Figure 10 shows a
surface machined at low energy density (I =5 A, ton = 50 ps, toff
= 90 ps). Figure 11 displays a photomicrograph of a surface
produced at high energy density (I = 15 A, ton= 350 ps, toff= 10

us)

Fig. 10. SEM micrograph of the area adjacent to the cutting zone;
EDM at low energy density
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Fig. 11. SEM micrograph of the area adjacent to the cutting zone;
EDM at high energy density.

From Figures 10 and 11, it can be concluded that high energies
used during EDM were responsible for cracks. Figure 11 also
shows drops of material that melted but did not have time to
evaporate from the cutting zone. The surface in the
photomicrograph in Figure 11 is definitely more enhanced than that
depicted in Figure 10. This confirms that if the EDM process is
performed at lower power consumption, lower surface roughness
is obtained.

The metallographic specimens were etched using Nital; as a result,
the white layer was revealed. Figure 12 displays a metallographic
specimen used to analyze the effects of the EDM process.

&4 SRR h
Fig. 12. Structure of the EDM machined Alnico alloy revealed
through metallographic examination

The examination results indicate that after EDM, the thickness
of the white layer ranged between 10 and 30 um.
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4. Conclusions

The findings concerning the effects of EDM on the chemical
composition and microstructure of Alnico alloys can be
summarized as follows.

. The chemical composition of the alloy was measured at
different points in the area of interest. The distribution of
elements was uniform. The average values of the elements
present were: Al 13.9% at, Ti 2.9% at, Fe 44.1% at. 21.4%
at, Ni 12.2% at, and Cu 3.5% at.

. The line scans and elemental maps confirm that the
distribution of elements in the material was uniform; patchy
concentrations of elements were not observed.

. Reflections (bright areas) were reported along the edges of
areas 7, 8, and 9; the chemical composition data indicated
strong oxidation when the content of oxygen was higher than
50% at.

. Slight precipitation of sulfides occurred due to the presence
of oxygen (when higher than 50% at).

. High energies during the EDM process caused fracturing of
the Alnico alloy at the surface.

. EDM performed at low energies resulted in low surface
roughness (even lower than 1 um).

. The white layer being a result of the EDM process had
a thickness of about 10 to 30 pm.
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