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Abstract: Fe-based metallic glasses are amorphous alloys with high strength, high hardness, and
excellent corrosion resistance; however, the immaturity of processing methods has prevented
their wide application in industrial production. Fe-based metallic glass parts were manufactured
employing pneumatic injection additive manufacturing in this study. An evenly dispersed and stable
Fe-based metallic glass powder slurry with a solids content of 50% was prepared firstly. Then the
Fe-based metallic glass parts were printed. The printed parts were dried, debinded, and sintered
for strengthening. The deformations of the printed parts and sintered parts relative to the original
model were then analyzed by a 3D scanning reconstruction method. The slightly average bulging
and sunken deformation of the printed parts and sintered parts confirmed the good printing accuracy
of the pneumatic injection manufacture system. The effects of the sintering temperature and holding
time on the properties of the sintered parts were studied. For a sintering temperature of 580 °C and
holding time of 1 h, the surface quality of the sintered parts was better. The sintering of 3D-printed
Fe-based metallic glass parts was preliminarily realized in this study, and the feasibility of preparing
Fe-based metallic glass using pneumatic injection additive manufacture was verified.

Keywords: Fe-based metallic glass; amorphous alloy; pneumatic injection; additive manufacturing;
3D printing; sintering temperature

1. Introduction

Fe-based metallic glass was the earliest commercialized amorphous system because of its large
supercooled liquid region, excellent mechanical properties, abrasion resistance, corrosion resistance,
excellent soft magnetic properties, and highly efficient preparation [1-3]. However, because the process
of forming Fe-based metallic glass is not yet mature, even though it was used early in industrial
production, it has only been applied in limited fields such as thermal spraying, transformers, and
magnetic element production [4].

Traditional machining methods cannot be used to prepare Fe-based metallic glass because of its
metastable properties [5]. Recently, researchers have used additive manufacture to prepare Fe-based
metallic glass parts [6,7]. Jung et al. prepared Fe-based metallic glass using the laser selective melting
technique and investigated the effect of processing parameters, such as the scanning speed and laser
power, on the densification and soft magnetic properties [8]. Li et al. successfully fabricated Fe-based
metallic glass with high strength and high fracture toughness using laser sintering. These authors also
reported that doping Fe-based amorphous alloys with Cu and Cu-Ni alloys could effectively eliminate
the microcracking produced during the sintering process [9]. However, as it is difficult to control the
temperature during laser sintering, Fe-based metallic glass prepared using this technique tends to
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crystallize. Furthermore, this technology requires complex equipment, including a high-energy laser
and protective gas. These factors lead to high expenses for the use and maintenance of laser sintering
equipment, preventing its wide application in industrial production.

Pneumatic injection additive manufacture is also known as slurry direct writing technology.
It is a non-mold forming method based on the principle of pneumatic injection that uses a liquid
suspension, slurry, or colloid as the printing material [10-12]. Recently, the technology of pneumatic
injection additive manufacture has been widely used in the additive manufacture of metals [13-15],
ceramics [16,17], batteries [18], biomedical engineering scaffolds [19,20], and biological tissue [21].
Jakus et al. used poly(lactic-co-glycolic acid) (PLGA) as a binder and prepared iron oxide, nickel oxide,
and copper oxide powder slurries to print complex three-dimensional structures using pneumatic
injection manufacture and studied the tensile and compressive properties of the printed parts [22].
Pneumatic injection manufacture has the advantages of low equipment cost, high injection pressure,
and wide material selection, and provides a novel alternative for the 3D forming of Fe-based metallic
glass. In this study, based on the characteristics of Fe-based metallic glass, an Fe-based metallic glass
powder slurry was prepared. Three-dimensional parts made of Fe-based metallic glass were fabricated
using pneumatic injection manufacturing technology. The printed parts were dried, debinded, and
sintered in the supercooled liquid region. The effect of the sintering parameters on the properties of
the sintered parts was studied, and the sintering formation of 3D-printed Fe-based metallic glass was
preliminarily realized.

2. Experiment

2.1. Preparation of Fe-Based Metallic Glass Slurry

To prepare the Fe-based metallic glass slurry, deionized water was used as the solvent, ammonium
polyacrylate (PAA-NH4) was used as the dispersant, hydroxypropyl methylcellulose (HPMC) was
used as the binder, and Silok4013 (Guangzhou Silok Polymer Co., Ltd., Guangzhou, China) was used as
the defoamer. These components were mixed in proportion and then combined with spherical Fe-based
metallic glass powder with a diameter of 5-75 um using high-energy ball milling in a planetary ball
mill for 12 h. The powder we used in the study was provided by Beijing ZJLG Amorphous Technology
Co., Ltd., Beijing, China. The composition of the Fe-based amorphous alloy used is shown in ref [23].
A dispersed and stabilized metallic glass powder slurry with a solid content of 50% was obtained [23].

2.2. 3D Printing and Deformation Analysis of Fe-Based Metallic Glass Parts

The ball-milled Fe-based metallic glass powder slurry was loaded into a 10 mL plastic needle
cylinder. The diameter of the nozzle was 0.41 mm, and an injection pressure of 3.0 bar, platform speed
of 9 mm/s, printing layer thickness of 0.4 mm, and pressure delay of 0.15 s were used. The slurry was
printed on a glass substrate using a pneumatic injection manufacture system. After the printed part was
dried, a noncontact 3D scanner (3D EaScan-T Scanner, Shining Three-Dimensional Limited Company,
Hangzhou, China) was used to scan the printed and sintered parts to obtain 3D point cloud data.
Geomagic software was then used to process the point cloud data to generate three-dimensional entities.
The three-dimensional entitles were compared with the original model to analyze the deformations of
the printed and sintered parts.

2.3. Sintering of 3D-Printed Fe-Based Metallic Glass Parts

3D-printed parts rely on organic molecular chains and bound water to maintain their shape and
therefore exhibit low strength. In this study, after being dried, debinded, and sintered, the organic
matter and water molecules among the powder particles were removed, and the powder particles
were fused with each other; therefore, parts with high density and high strength could be obtained.

The 3D-printed Fe-based metallic glass parts were placed in a drying box and dried at 60 °C for
3 h, 30 °C for 9 h, and ambient temperature for 24 h. The thermogravimetric analysis (TGA) is shown
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in Figure 1. The organic decomposition is divided in four steps and the mass losses at these steps are
0.17%, 1.12%, 0.81%, and 0.64%, respectively. Based on the TGA, the debinding schedule was increased
to 350 °C at a rate of 3 °C/min and held for 20 min, then increased to 390 °C at 3 °C/min and held for
20 min, and finally increased to 450 °C at 3 °C/min and held for 20 min; at this time, the debinding
amount was the closest to the proportion of organic matter.

The glass transition temperature and crystallization temperature of the original Fe-based metallic
glass powder were determined using differential scanning calorimetry (DSC). Thermal analysis of the
Fe-based metallic glass powders was performed using DSC (Mettler DSC823e) in an argon atmosphere,
and the temperature was increased at a rate of 10 °C/min. Different sintering temperatures were
selected between the glass transition temperature and crystallization temperature, and the effects of the
sintering temperature and holding time on the properties of the sintered parts were investigated using
a vacuum sintering furnace (5G-XQL1400, Institute of Optics and Fine Mechanics, CAS, Shanghai,
China) under a vacuum of 30 KPa. The crystallization degree of the sintered parts was analyzed
by X-ray diffraction (BRUKER Co., Karlsruhe, Germany, D8 ADVANCE). The microstructure of the
sintered parts was observed by scanning electron microscopy (XL-30 ESEM, FEI, Hillsboro, OR, USA).
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Figure 1. Thermogravimetric analysis.

3. Results and Discussion

3.1. Analysis of Deformation of 3D-Printed Fe-Based Metallic Glass Parts

The lock-shaped part printed in this study is shown in Figure 2a. Three-dimensional scanning of
the printed and sintered lock-shaped parts was performed, and the reconstructed three-dimensional
model is presented in Figure 2b,c. Deformation analysis of the printed and sintered parts was
performed by comparing the reconstructed 3D models with the original CAD model, and the results
are presented in Figure 3a,b, respectively. For the lower half of the printed part, the deformation
in the central part was larger than that of the two sides, and the deformation was mainly sunken;
in contrast, for the upper half, the deformation of the two sides was larger than that of the central
part, and the deformation was mainly bulging. The maximum bulging and sunken deformations
were 1.525 mm and 1.4691 mm, respectively, and the average bulging and sunken deformations were
0.256 mm and 0.2283 mm, respectively. The standard deviation of the deformation was 0.3387 mm.
These results confirm the good printing accuracy of the pneumatic injection additive manufacturing
system. The deformation of the sintered part was reduced compared with that of the printed part.
The maximum bulging and sunken deformations were 1.3524 mm and 1.1405 mm, respectively, and the
average bulging and sunken deformations were 0.1959 mm and 0.2405 mm, respectively. The standard
deviation of the deformation was 0.2791 mm.
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Figure 2. (a) 3D-printed Fe-based metallic glass part, reconstructed 3D models of (b) printed part and
(c) sintered part.

Figure 3. Deformation analysis of (a) printed part and (b) sintered part.

3.2. Differential Thermal Analysis of Fe-Based Metallic Glass Powder

The results of the DSC test are presented in Figure 4. The Fe-based metallic glass powders
underwent an obvious endothermic reaction during the heating process as well as glass transition and
crystallization processes. Clear steps are observed in the DSC curve at 501 °C, and a clear endothermic
peak appeared before the exothermic peak. The glass transition temperature was 501 °C. After the glass
transition, three consecutive exothermic peaks appeared at 602 °C, 647 °C, and 702 °C. These peaks
indicate that during the heating process, the crystallization of the Fe-based metallic glass occurred in
three stages. After that, the material transformed from a supercooled state to a stable crystalline phase.
The glass transition temperature of the Fe-based metallic glass was Tg = 501 °C, the first crystallization
temperature was Ty = 602 °C, the second crystallization temperature was Ty = 647 °C, and the third
crystallization temperature was T3 = 702 °C.

3.3. Effect of Sintering Temperature on Properties of 3D-Printed Fe-Based Metallic Glass Parts

To determine the effect of the sintering temperature on the properties of the 3D-printed Fe-based
metallic glass parts, sintering of 3 cm X 3 cm square sheets was performed at 500 °C, 540 °C, 580 °C, and
620 °C with a holding time of 1 h. The changes of the printed parts after sintering are shown in Figure 5.
For the sintering temperature of 500 °C, the central part of the sintered parts was undersintered because
of the low sintering temperature. For the sintering temperature of 620 °C, more pores were formed on
the surface of the sintered parts and bad warpage occurred. For sintering temperatures of 540 °C and
580 °C, the surface quality of the sintered parts was improved.
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Figure 4. DSC curve of Fe-based metallic glass.
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Figure 5. Comparison of printed parts before and after sintering at different sintering temperatures.

X-ray diffraction was used to analyze the crystallization degree of the sintered parts at different
sintering temperatures using a scanning step size of 0.1° in the 26 range of 15-100°. The XRD (X-ray
diffraction) patterns are presented in Figure 6. For sintering temperatures of 500 °C, 540 °C, and 580 °C,
the XRD patterns of the sintered parts consisted of broad and diffuse diffraction peaks, and a broader
halo around 43° is observed, indicating that the sintered parts almost were not crystallized [24].
The sintering temperature of 620 °C has long-range periodicity and sharp diffraction peaks between
25° and 70°, indicating that the sintered parts were crystallized. The phase analysis is shown in
Figure 7, and illustrates that the crystalline phase was mainly Fe;,O3. This is mainly because the
crystalline Fe was precipitated with the increased sintering temperature and then reacted with O,.
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Figure 6. XRD patterns of sintered parts prepared at different sintering temperatures.
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Figure 7. Phase analysis of sintered parts prepared at 620 °C.

The microstructures of the sintered parts were examined using scanning electron microscopy.
Figure 8 shows the micromorphology of the printed parts sintered at different temperatures at
a magnification of 1000 times. With increasing sintering temperature, the sintered parts became
denser. For a sintering temperature of 500 °C, more irregular-shaped interspace appeared around
the powder particles, and the density was poor. A small part of the powder particles started to
contact each other. At a sintering temperature of 540 °C, the small particles began to fuse, forming
a sintering neck, and the sintered parts were further densified. However, the contact surface between
the particles was smaller, and many small irregular-shaped interspaces were still present around the
particles. Upon further increasing the sintering temperature to 580 °C, the small particles fused and
grew, forming large particles with irregular shape. A contact interface was formed between the powder
particles, and the interspace was reduced while the density increased. At a sintering temperature of 620
°C, small particles fused to form large particles and further sphericized. Small interspaces accumulated
to form macropores, with the quantity of interspaces clearly decreasing, and large particles fused
and formed blocks. The maximum density of the sintered parts was achieved under this condition;
however, the Fe-based metallic glass in the sintered parts was partially crystallized.
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Figure 8. SEM images of parts sintered at different temperatures (magnified 1000 times).

For sintering temperatures of 540 °C, 580 °C, and 620 °C, many crumb structures were observed
on the surfaces of the Fe-based metallic glass particles. The microscopic morphology of the particle
surfaces at higher magnification is shown in Figure 9. Fine grains were formed on the surfaces of the
powder particles, and the grain size increased with increasing sintering temperature. The distance
between powder particles increased because of this grain growth, and, accordingly, the size of the
sintered parts increased from a macroscopic viewpoint. Therefore, the sintered parts expanded,
with the level of expansion increasing with increasing sintering temperature.

AccV  Spol Maan - Det WD Exp
20.0kv 50 10000x SE2 10.2 0

Figure 9. SEM images of parts sintered at different temperatures (magnified 10,000 times).

3.4. Effect of Holding Time on Properties of 3D-Printed Fe-Based Metallic Glass Parts

To investigate the effect of the holding time on the properties of the 3D-printed Fe-based metallic
glass parts, sintering of 3 cm X 3 cm square sheets was performed at 580 °C for holding times of



Metals 2018, 8, 1857 8of 12

1, 1.5, 2, and 2.5 h. The effect of the holding time is shown in Figure 10. For the holding time of
2 h, more pores were observed on the surfaces of the printed parts in addition to slight warpage.
For holding times of 1, 1.5, and 2.5 h, the surface quality of the sintered parts was better.

Printed part 1R Sintered part | Printed part 15h Sintered part |

MR

Frintéd part 2h Sintered part Printed part 25h Sintered part

Figure 10. Comparison of printed parts before and after sintering for different holding times.

X-ray diffraction was used to analyze the crystallization degree of the sintered parts at different
holding times using a scanning step size of 0.1° in the 20 range of 15-90°. The results are presented
in Figure 11. For a holding time of 1 h, the XRD patterns of the sintered parts consisted of broad and
diffuse diffraction peaks around 43°, indicating that the Fe-based metallic glass did not crystallize.
However, upon increasing the holding time to 1.5, 2, and 2.5 h, some long-range periodicity and sharp
diffraction peaks appeared between 15° and 65° in the X-ray diffraction patterns of the sintered parts,
indicating that the sintered parts were crystallized. The crystalline phases were mainly Fe,O3 and
Cr. Therefore, for a sintering temperature of 580 °C, the holding time should be less than 1.5 h to
avoid crystallization.

Fe,O, ——25h
+—Cr —2h

Intensity

20 30 40 50 60 70 80 90
26

Figure 11. XRD patterns of sintered parts for different holding times.

The microstructures of the sintered parts for different holding times were examined using scanning
electron microscopy. The microstructures of the sintered parts at a magnification of 2000 times for
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different holding times are shown in Figure 12. With increasing holding time, the distance between
powder particles decreased, and small particles fused to form irregular large particles. Interface contact
between the particles began to form; however, large particles did not fuse with each other to form
blocks. Many small interspaces appeared around the particles. The density was less than that of the
sintered parts prepared at a sintering temperature of 620 °C with a holding time of 1 h. The holding
time had less of an effect on the densification of the sintered parts than did the sintering temperature.
To obtain sintered parts with high density, both the sintering temperature and holding time should be
increased while avoiding crystallization of the Fe-based metallic glass.

Maan t 3 n Acc. VA Spot Maan o
200005 | - > L . 20.0 kV'5.0 — 200058SF

AccV Spot Magn Dot WD Exp . |
200KV 50 10000x SE2 1071 0 - ~ )
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Figure 13. SEM images of parts sintered at holding times (magnified 10,000 times).
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After sintering at the four holding times, the surfaces of the Fe-based metallic glass particles
consisted of many crumb structures. The microscopic appearance of the particles” surfaces under
further magnification is shown in Figure 13. Fine grains were formed on the surfaces of the powder
particles, and with increasing holding time, the grains became thin sheets and the number of grains
increased. In addition, because of the grain growth, the distance between the powder particles
increased, and the size of the sintered parts increased from a macroscopic viewpoint. Therefore,
the sizes of the sintered parts increased. Figure 14 shows the energy dispersive spectrometry of the
grains on the particle surface, which illustrated that Fe, Cr, and O elements were the key components.
Since Figure 11 presented that the crystalline phases of the sintered parts were mainly Fe;O3 and Cr,
the grains should be Fe;O3 and Cr crystals.

Position

Element | Weight (%)
(o} 40.92
Na 4.85
Al 0.17
Si 1.05
Cl 1.46
Cr 755
Fe 29.19
E‘ Co 3.61

Figure 14. Energy dispersive spectrometry of the grains on the particle surface.

4. Conclusions

In this study, the pneumatic injection manufacturing system shows better printing accuracy.
The sintering temperature was observed to have a larger effect on the properties of the sintered parts
than the holding time. Optimal surface quality was achieved for a sintering temperature of 580 °C
and holding time of 1 h. The Fe-based metallic glass powder prepared under these conditions did not
crystallize, and density was improved. However, the strength of the sintered parts was low, and the
sintering temperature and holding time during sintering require additional tuning to further improve
the density and strength of the sintered parts. The results of this study demonstrate the feasibility
of forming and sintering Fe-based metallic glass printed parts using pneumatic injection additive
manufacture, which will promote the further application of Fe-based metallic glass in various fields.
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