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Abstract During the production of stainless steel, dust of
size less than 50 pum is produced. It has been estimated that
the production of one ton stainless steel can produce
18-33 kg dust, which contains a large amount of Fe, Cr, Ni
and other valuable metals. In this study, according to the
composition requirements of iron-based powder metallurgy
friction materials on raw materials, the physicochemical
properties of 400 series stainless steel dust were analyzed.
The dust was magnetically selected, and the low-medium
reduction magnetic separation was adopted, which was
explored as a new process for the preparation of powder
metallurgy friction material. Considering the magnetic
material yield, TFe grade and decalcification effect, the
suitable magnetic field strength ranges from 60 to 90 mT
and the reduction temperature is from 800 to 900 °C. The
main phases of the primary magnetic material after
reduction include Fe, FeCr,0,4, chromium carbides (Cr3C,
and Cr,C3), MgO and graphite (C), indicating that Fe;Oy is
reduced to elemental Fe and FeCr,O4, and MgO are still
present in material. Only a small part of the material
reduces to chromium carbide at medium and low temper-
ature (800-900 °C).
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1 Introduction

Since the beginning of the twenty-first century, the world
stainless steel production has been increasing by 6%.
According to the latest statistics released by BBS (ISSF),
the global output of raw stainless steel in 2019 reaches 52.1
million tons, an increase in 3.3% per year [1, 2]. It is
estimated that the production of one ton stainless steel can
produce 18-33 kg of dust [3, 4]. The amount of dust in the
electric furnace is about 1-2% of the furnace charge [5, 6]
and among which is about 0.7-1% produced in AOD fur-
nace charge [7, 8]. The particle size distribution of 400
series stainless steel dust ranges from 0.69 to 36.08 pum,
with a diameter of 4.42 um [9, 10]. The dust contains a lot
of valuable metals such as Fe, Cr, Ni and some trace ele-
ments, such as Pb, C, Si, Mg, Mn, Ca and Zn. [11-13].
These metals are mostly in the form of oxides, with Fe in
the form of Fe,O3, Cr in the form of CrO and Ni in the
form of NiO [14-16]. The chemical composition and
physical properties of the steel making dust are different
due to the difference in smelting raw materials, smelting
temperature, blowing amount. In general, these dusts with
small particle size (more than 60% of < 0.05 mm) has a
high iron content (50%), the content of Cr and Ni is high
(Cr content is usually between 8 and 15%; Ni content is
between 3 and 9%) and a little amount of impurities (such
as C, SiO,, MnO, MgO, Al,0;, Zn and Pb.) [17-20].

In iron-based powder metallurgy friction materials, the
matrix composition is mainly iron, and added Ni, Co, Cr,
Mn, W, Mo elements, to achieve alloying so as to further
improve the thermal stability and mechanical strength of
iron-based friction materials [21]. Silicon dioxide, corun-
dum, zirconia, other metal oxides as well as other metal
carbides and metal nitrides are added as friction compo-
nents to improve the friction coefficient [22]. Graphite,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12666-020-02121-5&amp;domain=pdf
https://doi.org/10.1007/s12666-020-02121-5

120

Trans Indian Inst Met (2021) 74(1):119-127

metal sulfide, fluoride and low melting point metal are
added as solid lubricant to protect the dual stable friction
coefficient [23]. Powder metallurgy friction material is
developed on the basis of porous bearing of powder met-
allurgy, whose composition is similar to that of stainless
steel dust [24]. By comprehensive use of modern analysis
and test technology, pattern recognition and other data
processing software, the preparation of powder metallurgy
friction material stainless steel dust separation process
conditions are optimized, seeking the best process
parameters.

Reasonable recovery and utilization of stainless steel
dust can alleviate the contradiction between raw material
supply and demand to a certain extent. More importantly,
with the improvement of waste recovery rate, the pollution
to the environment will be further reduced. A large number
of stainless steel components produce stainless steel dust
particles containing Fe, Cr and Ni. In this paper, the
stainless steel dust was reduced by magnetic separation for
the preparation of raw materials for powder metallurgical
process. The particle size, morphology, initial characteris-
tics of substance equality of stainless steel dust and the
distribution law of Fe, Cr, Ni, Ca, Mg and other elements in
the dust were characterized by various test methods. The
parameters of reduction and magnetic separation were
obtained. The stainless steel powder metallurgical raw
materials were prepared directly by removing the Ca, Mg,
O and other impurities in the dust. It was a novel method
for utilization of stainless steel dust.

2 Stainless Steel Dust Characterization

The raw materials used in this study are 400 series stainless
steel arc furnace smelting dust of the iron and steel
industry. The dust is reddish-brown and contains small
white granule material, and there are also large particles
gathered by small particles. The qualitative and semi-
quantitative analysis of stainless steel dust was carried out
by PW2404 X-ray fluorescence spectrometer. The analysis
results are shown in Table 1. The content of Fe, Cr, Ca and
Mg in the 400 series stainless steel dust is high. Among
them, the TFe in stainless steel dust is about 20% or more,
the content of Cr reaches 13.19%, which has great recy-
cling value, while the content of O and Ca is up to 30.94%

Table 1 Chemical composition of 400 series stainless steel dust

and 28.70%, respectively, and the Mg content is about
3.71%.

The particle size of stainless steel dust was characterized
with laser particle size analyzer. The particle distribution is
shown in Fig. 1. It can be seen that the particle size dis-
tribution of the 400 series stainless steel dust is between
0.69 and 36.08 pm.

The phase composition of stainless steel powder was
determined using D/max2550 X-ray diffraction (10°-90°)
for stainless steel powder XRD scanning. The XRD pattern
of 400 series stainless steel dust is shown in Fig. 2. The
XRD pattern shows that stainless steel dust is the oxide of
metal iron and chromium, in which iron exists in the form
of Fe;04 and FeO-Cr,O; and chromium in the form of
FeO-Cr,05, MgCr,04 and CaCrO,. It indicates that the
small white particles in the dust that can be observed by the
naked eye are CaO powder. The content of Mg, Si, Ti, Al,
Ni and other elements in the dust is very low according to
chemical composition analysis, and there is no obvious
corresponding characteristic peak in the XRD pattern.
According to the formation mechanism analysis of stain-
less steel dust, these elements all exists in the dust in the
form of oxide. The microscopic morphology of stainless
steel dust under scanning electron microscopy shows that
the stainless steel dust particles are small, mostly spherical
and with rough and uneven surface.

3 Experimental Methods and Procedures

Through literature review and preliminary experiments, it
could be found that the direct magnetic separation of 400
series stainless steel dust raw materials effectively reduce
impurities such as calcium (Ca) and magnesium (Mg) in
the dust, and the oxygen (O) in the dust could be partly
removed by the reduction process. Secondary magnetic
separation was performed on the reduced dust and the
impurities in the dust could be further removed. Powder
metallurgy friction material samples were prepared with
the selected dust and other suitable pure chemical sub-
stances to test the comprehensive properties of the samples.

The experimental procedure is shown in Fig. 3. A cer-
tain amount of experimental samples was laid up in a
corundum crucible, placed in a box-type atmosphere fur-
nace, the air tightness of the device was checked, and

Fe O Cr Ca Mg

Si Ti Al Ni Else

22.18 30.94 13.19 28.70 3.71

0.70 0.24 0.12 0.03 0.20
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Fig. 2 XRD pattern of 400 series stainless steel dust

vacuum pump was used for vacuuming. When the tem-
perature was raised to the required experiment temperature,
the reducing gas was introduced. After a certain time of
heat preservation, the sample was cooled to room tem-
perature. When using solid reducing agent, initially the
dust and the reducing agent were mixed evenly according
to the established proportion. During the experiment, argon
gas was continuously injected until the end of the experi-
ment, and the reduced samples were sealed and tested in
time to prevent the samples from being oxidized.

4 Results

4.1 Magnetic Separation Experiment Results

As the strength of the magnetic field increases, the main
chemical composition changes in the magnetic material

obtained by magnetic separation of stainless steel dust are
shown in Fig. 4. It can be seen that in the range of magnetic

field strength of 40-250 mT, the content of Cr, Mg, Si and
Al in the magnetic material does not change significantly
with the increase in the magnetic field strength. In addition
to Cr, the content of Mg, Si and Al is all below 2.5%, and
the content of Fe is decreased, and the content of Ca and O
is increased. This is because the magnetic field is enhanced
and even the weak magnetic substance is also selected.
Although changing the magnetic field strength cannot
further reduce impurities such as Mg and Al in the dust,
selecting a suitable magnetic field strength is advantageous
for increasing the Fe grade and reducing the content of the
main impurity Ca.

After magnetic separation of stainless steel dust, the
relationship between magnetic material yield and TFe
grade and magnetic field intensity is shown in Fig. 5. As
seen from Fig. 5a, the productivity of magnetic substance
increases gradually with the increase in magnetic field
intensity in the range of 40-250 mT. At 40 mT, it is almost
impossible to select magnetic substances. The productivity
of magnetic substances is the highest, reaching 65% at 250
mT. However, with the increase in the magnetic field
intensity, the grade of TFe in the magnetic material first
rises and then gradually decreases. When it is near 60 mT,
the TFe grade is the highest, which is 58.56%, and the yield
is 8.7%.

The stainless steel dust of magnetic separation is shown
in Fig. 5b, which shows the relationship between magnetic
material yield and calcium content and magnetic field
intensity. As seen from Fig. 5b, it can be deduced that with
the increase in magnetic field intensity in the range of
40-250 mT, the yield of magnetic substances gradually
increases, while the percentage of Ca first decreases
slightly and then gradually increases. At 60 mT, the content
of Ca is about 3%. When the magnetic field intensity
increases to 120 mT, the content of Ca increases rapidly.
Based on the above analysis, the appropriate magnetic field
strength range should be 60-90 mT, taking into account the
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Fig. 4 Main chemical composition change of magnetic material

yield of magnetic substance, TFe grade and decalcalization
effect.

4.2 Mineral Phase Characterization After Primary
Magnetic Separation

The main purpose of dust magnetic separation is to remove
nonmagnetic substances such as CaO and MgO. When the
magnetic field intensity is 150 mT, the magnetic separation
effect is the best, and all the iron oxide reduces to iron. The
stainless steel dust contains magnetite (Fe3O,4) phase, so
the material is directly magnetically selected under the
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magnetic field strength of 150 mT. The analysis results are
shown in Table 2 and Fig. 6.

The major phases of magnetic substances are Fe;O,,
FeO-Cr,05 and Fe,05 according to the XRD pattern. The
composite of nonmagnetic substances is CaCOj;, Fe,03,
CaCrO,4 and MgCr,0,4. The yield of magnetic substances
after magnetic separation reaches 48.27%, and the contents
of Fe, Cr, Ca, Mg and O in magnetic and nonmagnetic
substances change significantly as shown in Table 2. Most
of Fe and Cr are concentrated in magnetic materials, while
Ca, Mg and O are enriched mainly in nonmagnetic mate-
rials. The result indicates that it is feasible to use magnetic
separation technology to reduce the content of Ca, Mg, O
and other impurities in stainless steel dust. A small part of
silicon contained in magnetic materials is a beneficial
component, and its oxide can be used as a wear-resistant
component in powder metallurgy friction materials.

The morphology analysis of magnetic materials is
shown in Fig. 7. The magnetic materials are mainly rough
spherical particles, bright irregular blocks and sharp blocks
with obvious edges and corners. Bright color particles are
iron with content of 42.32%, and the iron content of
spherical particles is about 40%, while the iron content in
sharp block particles was about 20%. The content of Fe in
these particles significantly increases compared with the
raw material of stainless steel dust, and the content of Ca
and Mg is greatly reduced, which is consistent with the
results of X-ray fluorescence spectrum analysis.
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Table 2 XRF results of stainless steel dust after magnetic separation at 150 mT

Element Fe (0] Cr Ca Mg Si Ti Ni Else Productivity (%)
Magnetic 41.22 25.22 20.68 6.85 3.26 1.81 0.41 0.06 0.49 48.27
Nonmagnetic 11.21 38.96 9.61 33.82 5.17 0.58 0.23 0.02 0.41 45.88

6 1:Fe0, sepgration-redu@ion—weak rpagnetic separation. has been

2 2:Fe,0, carried out during the experimental procedure in order to

non-magnetic 4 2 3. FeO.Cro further reduce the content of Ca, Mg, O and other impu-

material 6 4 4 - rities in dust.
5 A magnetic field strength of 150 mT is used for mag-
6: netic separation of the stainless steel dust. A suction filter is
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Fig. 6 XRD diffraction pattern of stainless steel dust after magnetic
separation

4.3 Secondary Magnetic Separation Experiment
Results

The matrix component of the iron-based powder metal-
lurgy friction material is iron, with its mass percentage
generally 50% to 80% [25]. It is required to reduce the
content of harmful impurities such as Ca, Mg, O as much
as possible. The full process experiment of strong magnetic

used for collection of the magnetic material, which is then
dried and placed in a box-type furnace for reduction with
H, for 2 h under 800 °C. After cooling to room tempera-
ture, the reduced sample is ground to below 100 um and is
then subjected to secondary magnetic separation under a
magnetic field strength of 50 mT. The phase change before
and after the reduction of the magnetic substance is shown
in Fig. 8. For magnetic materials after the reduction, Fe;0,
peak disappear, but the strong Fe peak appear, peak
FeCr,04 has no obvious change. For H, as reducing agent
under the condition of 800 °C, iron chromium spinel can-
not be restored and the magnetite phase can be completely
reduced to elemental iron.

The sample morphology of stainless steel dust after
magnetic separation and reduction is shown in Figs. 9 and
10. The morphology of magnetic and nonmagnetic sub-
stances after grinding and magnetic separation is shown in
Fig. 9b, c, respectively. The reduced stainless steel dust
particles are considered as two categories according to the
morphological characteristics: spherical particles with
smooth surface and irregularly shaped particle with a

@ Springer



124

Trans Indian Inst Met (2021) 74(1):119-127

Fig. 7 SEM and energy
spectrum analysis of magnetic
material
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rough, uneven surface. It is found that the spherical parti-
cles with smooth surface are highly magnetic materials.
Nonmagnetic materials are mainly rough surfaces with
uneven irregular shaped particles. After the magnetic sep-
aration reduction EDS spectrum analysis (see Fig. 11), the
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contents of Fe and Cr in magnetic materials are very high,
the Fe content in some regions reaches 73.82 wt%, and the
Cr content reaches 17.33 wt%. The content of Fe in non-
magnetic materials is significantly reduced, and the main
components are Ca or Cr. The content of Ca in some areas
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Fig. 8 XRD diffraction pattern of magnetic material after reduction
at 800 °C for 2 h
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reaches 71.79 wt%, and the content of Cr reaches 47.3
wt%.

The scanning and energy spectrum analysis for magnetic
materials obtained are shown in Fig. 11. The surface of the
magnetic particles are smooth, in the shape of a strip or
dark round ball and are scattered with small bright ball
particles. The energy spectrum analysis shows that in the
strips and dark large spherical particles, the Fe content
reaches about 98 wt%. It is considered as the Fe element
formed by reduction, which is required for the powder
metallurgy friction material. In the highlighted spherical
particles, the content of Fe is relatively low, while the
content of Cr and O are relatively high, which is because of
the unreduced Cr,0j; in ferrochrome spinel.

(a) Reduction

2nd magnetic separation

(b) Magnetic material after

(c) Non-magnetic material after

2nd magnetic separation

Fig. 9 Scanning electron microscope images a reduction b magnetic material after second magnetic separation ¢ nonmagnetic material after

second magnetic separation

Element Pointl Point2 Point3 Point4 Point5
(o} 2.23 18.46 8.34 7.2 31.04
Ca 4.79 17.45 71.79 6.35 67.24
Cr 11.47 17.33 0.22 47.3 0.2
Fe 73.82 46.77 18.9 35.59 0.96
Else 7.69 0 0.75 3.57 0.57
Total 100 100 100 100 100

ek

100um
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Fig. 10 Energy diffraction spectrum of stainless steel dust after treatment
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Fig. 11 The scanning and EDS
of magnetic material from
second magnetic separation
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5 Discussion

The main chemical composition changes of the stainless
steel dust materials after the magnetic separation, reduction
and magnetic separation process are shown in Fig 12. With
the progress of the experiment, the contents of Mg, Si and
Al in the magnetic material does not change significantly,
the content of Cr increases slightly, the content of Fe
increases significantly, and the contents of Ca and O
decrease significantly. The changes in the content of these
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Fig. 12 Main chemical composition change of stainless steel dust
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elements are exactly consistent with the requirements of
powder metallurgy friction materials.

After the stainless steel, dust is subjected to a series of
processes such as magnetic separation — reduc-
tion — grinding — magnetic separation. The chemical
composition of the magnetic substance and the nonmag-
netic substance is shown in Table 3. The TFe grade in the
magnetic material is 53.66%, and the Cr content is 19.79%,
Ca content and Mg content are lower than 4%. After
conversion to oxide, (CaO + MgO) the content is lower
than 11.61%. The yield of magnetic material reaches
37.39%, and the recovery rates of Fe, Cr and Ni are
71.42%, 41.58% and 80.47%, respectively. Combined with
the commonly used formulation of iron-based powder
metallurgy friction materials [26], with the addition of Fe
powder, Cu powder and graphite, the magnetic material
can be used as the raw material for the preparation of
powder metallurgy friction materials to reduce the cost.

The yield of magnetic materials and the recovery rate of
important metals are shown in Table 3. The total yield rate
of magnetic materials obtained is 37.39%, among which
the recovery rates of Fe and Ni are higher (71.42% and
80.47%, respectively), while the recovery rate of Cr is low
(only 41.58%), indicating that there is still a lot of Cr in
nonmagnetic materials, which needs further treatment.
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Table 3 XRF analysis results of stainless steel dust after treatment (wt%)

Element Fe (0] Cr Ca Mg Si Al Else
Magnetic 53.66 15.81 19.79 3.96 3.58 2.17 0.32 0.64
Nonmagnetic 26.94 26.21 15.57 14.27 11.03 4.18 0.94 0.85

6 Conclusion

This work conducted the study on the direct magnetic
separation, reduction and magnetic separation process of
400 series stainless steel dust for the preparation of powder
metallurgy friction materials in detail. The conclusions
were as follows:

(1) Tt is feasible to reduce the content of Ca, Mg, O and
other elements in 400 series stainless steel dust by
magnetic separation and reduction process and to
improve the TFe grade.

(2) The stainless steel dust was treated as follows: magnetic
separation — reduction — grinding — magnetic sep-
aration. The TFe grade of final material could reach
56.66%, Cr content was 19.79%, Ca content and Mg
content were lower than 4%. The content of main
impurities CaO and MgO was lower than 11.61%, which
could be used as raw material for preparing powder
metallurgy friction materials.

(3) The magnetic material was reduced by H, at 800 °C
for 2 h, then underwent magnetic separation at 150
mT. The yield of magnetic material obtained by
secondary magnetic separation was 37.39%. After
adding a certain amount of Fe powder, Cu powder
and graphite, it could be used as a raw material for
preparing powder metallurgy friction materials, and
the cost of the powder metallurgy friction material
could be reduced.
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