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Abstract

Iron oxide scale generally forms on low-carbon steel surfaces during the hot rolling processes and
produces as solid waste more than 100 thousand tons per year. The utilization of the iron oxide scale
is one possible way to reduce the production cost for steel plants and promote environmental protection.
Acrylonitrile-Butadiene-Styrol-Copolymer (ABS) is widely used as engineering plastic for automotive
parts because of its high strength and wear resistance. The recycling of iron oxide waste as reinforcement
particles for enhancing the tensile strength of ABS composite was studied. The iron oxides were recycled
by carbon powder at a high temperature between 1150°C to 1350°C up to 120 min. After the reduction
process, the reduced iron from an optimal condition with the iron-rich fraction was ground to powder.
Afterward, the 0.3 vol% to 1.3 vol% powders were mixed with ABS polymer powder and formed as
composite filaments for additive manufacturing (FDM 3D printing). The tensile strength of pure ABS
filament increased to 37.16 + 2.37 MPa when added recycled iron powders. The regular distribution and
13.68 +9.78 um of recycled-iron particle sizes on the ABS matrix were investigated and correlated to

the mechanical properties.

1. Introduction

In hot rolling processes, low carbon steel slabs are heated over
1000°C for deformation and produced into steel strips [1]. The
oxidation of steel can take place and generate iron oxide scale on
the steel surfaces, which is mostly removed as manufacturing waste
after the process. Moreover, iron oxide waste is generally recycled
as raw materials in steelmaking processes, industrial pigments, and
additives for battery electrolyte solutions [2]. Hematite (Fe2O3) and
Magnetite (FesO4) are mainly chemical compounds in iron oxide scales.
In a reduction reaction, they can be recycled to Fe by reducing agents
such as solid carbon and carbon monoxide [3]. The reduction can start
at a temperature above 800°C for the indirect reaction and 1000°C
for the direct reaction, as shown in Equation (1-3).

3Fe203 + CO(g) = 2Fe304 + COxg) )
Fe304 +4Cs) = 3Fe + 4COyg) ?2)
FeO + Cs) = Fe + COyg 3)

The work of O. Benchiheub et al. reported the chemical
composition of raw iron oxide waste with a diameter of 10 mm to
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16 mm from a hot rolling mill composed of Fe;O3, Fe304, and FeO
[4]. They were reduced using mixed CO/N; gas between 40% to
60% CO at 750°C to 1050°C for 40 min to 180 min. The reduction rate
of oxide waste increased when the particle size decreased and the
reduction temperature, time, and fraction of CO increased. The Fe
and Fe;C were generated after the reduction at 750°C, but the Fe;C
disappeared after heating to 850°C. Besides, the pure iron was only
presented after the reduction at 1050°C. The reduction temperature
played an essential role in producing porous reduced iron at high
temperatures and whisker iron at low temperatures [5]. The reduced iron
from the reduction process can be further applied to powder metallurgy
(PM) processes [6] to produce many industrial applications, such as
brake pads in automobile parts [7].

3D-printing technology or additive manufacturing (AM) is a new
forming process and has become disruptive technology replacing
standard manufacturing processes such as stamping and forging. This
forming method can make near-net shapes and complex products through
rapid and low-cost production with a low workforce. Several materials, e.g.,
metal, polymer, ceramic, and composite materials, can be printed by 3D-
printing technology [8-11]. Polymer-matrix composites (PMCs) are
composite materials that mix between polymer matrix and reinforcement,
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such as metal particles or fibers. The PMCs are lightweight and have
a higher strength-to-weight ratio than other materials. It is mostly used
to make automotive, railway, and aerospace parts [12]. The additive
manufacturing of PMCs commonly uses the fused filament fabrication
(FFF) method, also known as fused deposition modeling (FDM), in the
trademark name. The 3D printing of PMCs filament of ABS reinforced
by CuFe;O4 (copper ferrite) and ZnFe>O4 (Zinc ferrite) was studied
[13,14]. The more weight percentage of reinforcement particles tended
to increase the tensile strength and thermal conductivity but decrease
elongation at break. Besides, the tensile strength of thermoplastic
composites (Carbon fiber reinforced plastic, CFRP) was improved
to 42 MPa when topped up with the carbon fiber with an average
length of 150 um at 5 wt% [15]. Furthermore, the high percentage of
reinforcing aluminum filler increased the wear resistance of Nylon
composite materials [16]. However, the friction coefficient of ABS
composites remarkably decreased with filling graphite powders [17].
The irregular morphology of 30 mm-stainless steel powder was used
to improve interfacial interactions between reinforcing stainless-steel
particles and the polymer matrix because of increasing surface roughness
and mechanical interlocking [18]. Moreover, the reinforcement of
copper particles can promote the thermal conductivity of ABS/Cu
composite filament, and the property increases when increasing the
copper content [19].

In this work, the recycling of iron oxide scale using carbothermic
reduction with graphite powders was observed and utilized as reinforcing
fillers in ABS composite materials for 3D printing technology. The
reduction of iron oxide was analyzed by mass change measurements
before and after the reduction test and phase analysis using an X-ray
diffractometer (XRD). Finally, the physical characterization and
mechanical properties of the composites, e.g., melt flow rate and
tensile strength, were investigated.

2. Experimental
2.1 Carbothermic reduction test

The iron oxide waste was prepared in a diameter of 4 cmto 5 cm
and dried in an oven at a temperature below 200°C for an hour.
Afterward, the iron oxide scale was split to a small size with a one-cm
diameter. The weight and size of the iron oxide scale were measured
by an electronic analytical balance 0of 0.0001 g and a vernier caliper,

respectively. Then the prepared oxide samples were covered with
graphite powders in a crucible and heated in a horizontal tube furnace
at 1150°C to 1350°C for 15 min to 120 min. During the carbothermic
reduction, the closed graphite packing system was shielded by argon
gas with a one-litter-per-hour flow rate.

After the test, the samples were weighed, and analyzed the chemical
compound by XRD (SmartLab). The XRD analysis was conducted
with the incident Cu-Ka line, A = 1.5406 A, at 40 kV and 40 mA, and
the range angle 20 = 20 to 80 degrees (sampling width of 0.02 degree).
The reduced iron containing a high percentage of iron was selected to
grind by mechanical ball milling and sieved to a size of less than 40 um.

2.2 Polymer composite extrusion

The optimum reduced iron powder from the previous section
was mixed with commercial ABS powder (Melt flow index; 7 g /10 min)
from IRPC Public Company Limited, Thailand, and the mean size of
ABS powder is 1 mm, as shown in Figure 2(a) and Figure 2(b). The
reduced iron powder was mixed in the ABS matrix powder of 25 g
at 0.564, 0.942, 1.894, and 2.469 g following the mixing equation
in Equation (4) and showed the corresponding volume percentages
0f0.3,0.5, 1.0, and 1.3 vol% in Table 1. Subsequently, the two mixed
powders were extruded into polymer composite filament by a single
screw extruder at a strand-die temperature of 220°C to 230°C to
produce a 1.75 mm filament, as shown in Figure 2(c).

The extruded polymer composite filaments of ABS and reduced
iron particles were characterized using an optical microscope and
a scanning electron microscope (SEM) (FEI QUANTA 450, Austria)
equipped with energy dispersive spectroscopy (EDS) with an EDAX
(Singapore) EDS detector at 15 keV. The melt flow rate (MFR) of the
composite was tested by Melt Index Tester (KARGE Industrietechnik)
according to ASTM D 1238-20. Furthermore, the mechanical tests were
applied, i.e., tensile test (Cometech; QC-506M) following ASTM-D2256
(Yarns tensile testing; overall length: 150 mm, speed: 10 mm-min™")
and hardness test (Shore D hardness tester with an indenter tip radius of
0.100£0.012 mm, Rex durometer Model OS-1) following ASTM D2240.

V= M:/p, (4)

T (Mi/p) + (Min/pyy)

where V = volume, M = mass (g), r = reinforcement, m = matrix,
p = density (g-cm), density of ABS (p,as) = 1.01 g-cm™, and density

of reduced iron (p,re) = 55.85 g-cm™.

Figure 1. Prepared iron oxide samples in a crucible (a) before and (b) after the carbothermic reduction test.

Table 1. The volume fraction of reduced iron and ABS at different volume percentages.

Composite materials Weight content

0.3 vol% 0.5 vol% 1.0 vol% 1.3 vol%
Reduce iron 0.564 g 0942 ¢ 1.894 g 2469 g
ABS 25¢g 25¢g 25¢g 25¢g
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(a)

Figure 2. (a) ABS powder, (b) reduced iron powder, and (c) polymer.
3. Results and Discussion

3.1 Weight loss after carbothermic reduction

The weight loss of iron oxide samples after the carbothermic
reduction test is presented in Figure 3. The weight loss seemingly
increased when increased the reduction temperature and prolonged
time, which means the iron oxide can be changed to iron and oxygen
is removed according to Equation (1-3). This result is related to the
previous work that the iron oxide was extracted into pure iron by
areduction process with 40% to 60% CO-balance N2at 750°C to 1050°C
for 40 min to 180 min [4]. The oxide sample at 1350°C presented
a high weight loss at every reduction time. Thus, the reduction at 1350°C
was selected as an optimum condition for reducing iron in this work.
After the test and grinding into powders, the reduced iron particles
presented an irregular shape (Figure 4), and the average diameter was
13.68 £9.78 mm. The XRD analysis was carried out to reveal the
chemical composition of reduced iron after the test at 1350°C for
15 min to 120 min, as illustrated in Figures 5 and Figure 6. The
as-received oxide before the test showed only the peak of hematite
(Fe203), and the peak of iron was primarily found after the reduction
for 15 min. At 120 min, there was only the peak of iron which can be
concluded that the iron oxide was totally reduced to iron at this

period.
3.0
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Figure 3. The weight loss of iron oxide scale by carbothermic reduction with
solid graphite powder.
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Figure 4. An optical microstructure image of reduced iron particles after the
carbothermic reduction test.

1000 = Al v areacnn os-096)
b 120 min ¥
A @ FepO3 (ICDD 79-1741)
400 g7 ) g %  Graphite (ICDD 75-1621)
]l 2 =) =
b 2 = Fe304 (ICDD 19-0629
'{ . v oomin|| 4 FE304¢ )
= ®  FeO (ICDD 03-0968)
Tw] |[8Ef 2=
< s Ay 30 min
B = =
] g = P g
5 400 4 S 3 E =
E I | - I 15 min
& B3
w04 2 Soy. €
S
04 As-Received|
T T T T T
20 30 40 50 60 70 80
20(degree)

Figure 5. XRD patterns of reduced iron at temperature 1350°C compared to
holding times 15, 30, 90, and 120 min.
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Figure 6. XRD patterns of reduced iron at the center and surface and 1350°C
for 90 min and 120 min.
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Moreover, the chemical composition of the reduced iron at the
center and surface was compared to observe the reduction at different
positions. In Figure 6, the peaks of Fe and Fe2O3 were detected in the
reduced iron sample at the surface for 90 min, but the Fe203 did not
appear at the center. Only the peak of Fe can be found for 120 min
at both positions. For this reason, the iron oxide can be completely
reduced to iron at the reduction temperature of 1350°C for 120 min.

3.2 Physical properties and characterization of polymer
matrix composite

After the carbothermic reduction, the reduced iron samples from
the optimum condition were taken to grind and sieve to a small size
ofless than 40 mm. The reduced iron powders were mixed with ABS
powder to form PMC filaments at 0.3, 0.5, 1.0, and 1.3 vol%, and
the average diameter of the composite filament is 1.74 + 0.26 mm,
as shown in Figure 7(a). The melt flow rate of ABS composite, when
applied with a standard load of 5 kg, was slightly lower than that of
the pure ABS at the temperature between 240°C to 250°C (Figure 7(b)).
Nevertheless, the melt flow of both materials was significantly different
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when increased the temperature more than 250°C This behavior can
indicate that the forming and printability of the ABS composite are
a bit lower than the pure ABS. However, it is the typical behavior of
polymer composite compared to pure polymer grades. Concerning
the cross-sectional microstructure in the longitudinal direction of
the ABS composite filament presented in Figure 8, the reduced iron
particles distributed and existed as a white phase on the ABS matrix
(gray phase). Besides, the fraction of reduced iron particles in the
pictures was estimated by ImageJ software and around 0.34, 0.51,
1.01, and 1.28 %area at 0.3, 0.5, 1.0, and 1.3 vol% reduced iron,
respectively. Consequently, the area fraction of reduced iron in ABS
composite is close to the volume fraction in the experimental setup.

The morphology and distribution of reduced iron particles on
the cryogenic liquid nitrogen fracture surface of ABS composite were
further observed by SEM, as shown in Figure 9(a). The irregular
spherical shape of reduced iron was revealed, and the EDS points
analysis showed Fe peak in the reduced iron particle (point 1),
as presented in Figure 9(b). It is noted that the peaks of carbon and
oxygen in the EDS spectrum possibly were from contaminants during
carbothermic reduction.
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240

270
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Figure 7. Physical properties of ABS composite with reduced iron particles (a) diameter (b) melt flow rate.
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Figure 8. Optical microstructure images and image analysis of ABS composite filament with different percentages of reduced-iron reinforcement particles

(a) 0.3 %area, (b) 0.5 %area, (c) 1.0 %area, and (d) 1.3 %area.
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Figure 9. An SEM image of a cryogenic liquid nitrogen fracture surface of (a) the ABS+1.0 vol% Reduced iron, (b) and (c) EDS elemental spectra of the

point 1 and 2.

(a) 30 [ ABS (b) 12 (c) 100 1 4BS
ABS-0.3v0l% Reduced Tron 1% Reduced Iron FZZ) ABS-0.3v0l% Reduced Lon
ABS-0.Svol% Reduced lron 10 {== » Reduced Iron ABS~0
40 ABS-1.0v0l% Reduced Iron ABS+1.0v01% Reduced Tron 80 ABS.
=Y ABS-1.3vol% Reduced lron % % S5 ABS!1.3v0l% Reduced Iron 9 X1 ABS+ Reduced Tron
- 1. ~
£y § g4 £ 60
2 N\ g -
7 20 § g 2 40
z N\ 2 4] 2
\ E
10 2 \ 2 50 |
\ 21
0 . EAN 0 0

ABS ABS + Reduced lron ABS

ABS + Reduced Tron ABS ABS + Reduced lron

Figure 10. Mechanical properties of ABS composite filament at different volume percentages of reduced iron particles (a) max stress, (b) elongation at break,

and (c) hardness.
3.2 Mechanical properties

The tensile property of the ABS composite filament at different
reduced-iron ratios was determined according to the ASTM-D2256
and presented as max stress in Figure 10. The max stress was improved
with increasing the fraction of reduced iron, and the highest max
stress was around 37.16 MPa at 1.3 vol%. The stress-strain curve of
an ABS composite filament with the highest max stress at 1.3 vol%
compared with a pure ABS one is presented in Figure 11. On the
contrary, the elongation at break tended to decrease when the reduced
iron ratio increased. These results agree with the mechanical properties
of common polymer composite materials with a higher strength but
lower elongation percentage than polymers [20,21]. The hardness of
ABS composite was not insignificantly changed at different percentages
of reduced iron, and the average hardness was 75.09 £+ 0.41 Hp.
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Figure 11. Stress-strain curves of ABS composite at 1.3 vol% reduced iron
and compared with the pure ABS filament.
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4. Conclusion

Iron oxide waste from steel industries can be recycled by carbothermic
reduction and used as reinforcements in ABS composites. The iron oxide
scale started to reduce at a temperature above 1150°C for 15 min.
Furthermore, the optimum carbothermic reduction with graphite
powders for converting iron oxide waste to iron was at 1350°C for
120 min. Fine irregular reduced iron particles appeared after the powder
preparation, and they presented irregular spherical shapes on the
cross-sectional microstructure of ABS composite filament after
polymer extrusion. Moreover, the melt flow rate associated with the
3 D printability of the ABS composite was slightly lower than that of
pure ABS. The tensile strength of the ABS composite increased as
the percentage of reduced iron increased, and the highest max stress
showed around 37.16 MPa at 1.3 vol% reduced iron. However, the
percent elongation at break insignificantly decreased.
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