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Abstract:

Fe-based bulk metallic glass (BMG)(FeCrMoWMnSiBC) was produced by selective laser melting (SLM)
successfully in this study. The best parameters were determined through extensive experiments. The relative density
(95%) and amorphous rate (95.47%) samples were obtained by this parameter. The analysis of the microstructure
reveals that the crystalline phases in the heat affected zone (HAZ) are mainly a-Fe and M23(CB)s phases, and co-
exist with the amorphous phases. The Heat treatment is employed to study the crystallization behavior of amorphous
phases. The a-Fe phase, as the primary phase, grows into a submicron crystal phase under the action of multiple
thermal cycles. Nanoindentation test results show that the hardness of the amorphous phase is higher than that of the
nano-grain region, and the hardness of the nanocrystalline region is higher than that of the submicron-grain region.
The free volume content is different and the amorphous phase is not uniform due to the complex thermal cycle. The

maximum hardness occurs in the amorphous phase with 22.6 GPa.
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Introduction

Bulk metallic glass (BMG) has better mechanical, physical and chemical properties than conventional alloys
[1-3]. The excellent physical and chemical properties of amorphous alloys have attracted the attention of a large
number of researchers [4]. Nowadays, various systems of amorphous alloys are appearing in front of people, such as
Zr-based [5], Ni-based [6], Al-based [7], Ti-based [8,9] and Fe-based [10,11] amorphous alloys, etc. The researchers
have produced the amorphous alloys by casting and melt spinning, in the early studies [4]. However, the cooling rate
of the traditional production method is limited, which can only satisfy the production of a small number of amorphous
alloys with a great amorphous forming ability [2]. But with the development of industry, the structure of components
becomes more and more complex. In order to meet the industrial application of BMG alloys, the traditional
manufacturing method is difficult to meet the requirements of industry [12]. The development of Additive
Manufacturing (AM) technology can be a good solution to this problem. AM technology is a production method in
which the part model is sliced by CAD software and then printed layer by layer[13]. Thus, the AM production method
can accommodate complex parts. SLM technology as a type of AM technology has a higher cooling rate compared
to traditional copper casting (10>~10'3K/s), making SLM technology ideal for BMG production [11,14].

So far, there are many studies on BMG printing via SLM. In the study of Li et al.[15], it was found that the
phase distribution within the sample could be controlled by adjusting the process parameters, which improved the
mechanical properties of the specimen. The differences in the amorphous microstructure of Zr-based produced by
SLM were investigated by Ouyang et al.[16]. By studying the amorphous phases at different locations, it was found
that the differences in the amorphous phases were mainly influenced by the crystalline phase. In the simulation of
the amorphous SLM production process, it was found that there were gradients in the microstructure of the amorphous
specimen due to the presence of cyclic thermal cycling [10]. In a comparative study of Zr-based amorphous via
casting and SLM-produced specimens, Pacheco et al.[17] found that the SLM-produced specimens had a greater
tendency to crystallize. Nowadays, the Fe-based amorphous has become a hot research topic due to its excellent soft
magnetic properties, mechanical properties, low damping factor and low material cost[18]. However, the low glass
forming ability of Fe-based amorphous makes it inevitable to produce crystalline phases during SLM production[19].
Finite element analysis of SLM for the production of Fe-based amorphous found that sufficiently high cooling rate,
short exposure time at high temperature and good thermal stability are key factors for the production of BMG with a
low crystallization rate by wang et al. Luo et al.[20] produced Fe-based amorphous specimens by snake-shaped line

scanning combination with alternating transformations between adjacent layers. It was found that the microstructure
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transition from crystalline to almost completely amorphous when the laser power was reduced or the scanning speed
was increased to reduce the energy density. In a study by Wang et al. [11] it was pointed out that when the temperature
of the heat affected zone (HAZ) is higher than the crystallization temperature of the amorphous alloy, it theoretically
causes the generation of crystalline phases. It was found that when the temperature in the HAZ exceeds the
crystallization temperature it does not necessarily lead to the production of crystalline phases, they believe that a
latency period of almost 1.87ms is also required. A different view was presented by Mahbooba et al. [3] who argued
that stress-induced crystallization is the main cause of crystalline phase generation. In the study of Li et al. [21] the
presence of contaminants was proposed as the main cause of crystallization. As we know, the formation of the
crystalline phase will reduce the mechanical and physical properties of amorphous materials[22]. But there are few
studies on the effect of different crystalline phases on the properties of Fe-based amorphous alloys made by SLM.
Besides, the researchers have made great efforts to realize the industrial application of Fe-based amorphous. In 2013,
IFW was the first to report that the Fe-based bulk metallic glass was formed by SLM and successfully manufactured
a 3D stent structure[23]. Yang et al. [24] produced structural parts of ZrssCuzoNisAlio BMG by SLM. It was found
that after the dealloying treatment Cu* acted as a Fenton-like reagent, presenting an efficient catalytic effect on azo
compounds. As Fenton reagent, Fe?* ion has a high catalytic effect on azo compounds. And there are few studies on
catalytic azo compounds for Fe-based amorphous structural components. This experiment explored the direction of
Fe-based amorphous structural components as catalysts.

In our previous work, we have studied in detail the laser additive manufacturing Fe-based metallic glass. For
example, we studied the crystal phase competition behavior of Fe-based metallic glass [25,26], and the stability of
the molten pool [27]. Meanwhile, the effect of annealing on Fe-based metals [28], and the composition design
principle of Fe-based BMG were studied [29]. The influence of the magnetic field on the forming of iron-based
metallic glass has also been studied [30]. These researches have laid a foundation for further research on laser additive
manufacturing of Fe-based BMG.

In the research of this paper, energy density was used as the criterion to judge the sample forming, and the
microstructure in the HAZ was studied. The microstructure of Fe-based BMGs at different energy densities was
investigated. Annealing treatment was used to analyze the crystallization process. The best formed specimens were
subjected to nanoindentation tests to analyze the reasons for the different mechanical properties. We have also

explored the degradation of azo dyes in Fe-based BMG structural parts.
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Materials and methods

The samples were built with a commercial SLM facility (M2 Multilaser). The Fe-based amorphous powders
with a size distribution of 15 to 53 um were used. The nominal alloy composition was 16-19% Cr, 13-16% Mo, 5-
7% W, 1.5-3% Mn, 1-2% Si, 2.4-4.5% B, and 0.5-1% C (all in wt.%) and the balance was Fe. The samples were
printed on the steel substrate with the island scanning strategy (As shown in Fig.1), and the substrate was preheated
to 160 °C before printing. The printed sample with the dimension of 10*10*10mm?. The printing process was under
argon atmosphere protection. The process parameters of sample printing vary the laser power (60-420W) and
scanning speed (1200-3400mm/s) at the scanning spacing of 95um and layer thickness of 30um. The energy density

can be obtained according to Eq. (1)[31]:
p
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Fig.1 The scanning strategy of island

The microstructure of as-printed samples was characterized by microscope (Keyence, VHX-5000) and SEM
(TESCAN 3400). The powder and as-printed samples were analyzed by X-ray diffraction (XRD, X'Pert Pro). The
thermal stability was analyzed by differential scanning calorimeter (DSC, STA 2500) and the heating rate was 20
k/min. Transmission electron microscopy (TEM) was used to further analyze the crystalline phase. The heat treatment
was carried out in a vacuum heat treatment furnace, and different heat treatment temperatures were determined
according to the DSC crystallization curve. The heat-treated samples were kept in the furnace for two hours and then
cooled with the furnace. Nano-indentation test was used to express micro-mechanical properties by Nano Indenter

G200 (Keysight). The sample was dealloyed with H,SO4 (1mol/L), and the treatment time was 6h. The methyl orange
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(20mg/L) was prepared as the raw material for degradation, and the samples treated with and without dealloying were

placed in it and stood for 30 minutes at room temperature to observe the decolorization degree.

3. Result and Discussion

3.1 Macrostructure

Energy density (J/mm3 ) p—
95.40

86.46

77.52

68.58
59.64
50.70
41.76
32.82

Fig. 2 The as-printed samples(a) The printed energy density distribution of specimens (b) The formed specimens with the energy
density of 65.79 JJmm? (c) The formed specimens with the energy density of 35.13/mm? (d) The formed specimens with the energy
density of 17.54 J/mm? (b”) The magnification of the warped edge of sample b (c’) The magnification of the side of sample ¢ (d’) The

magnification of the exfoliation of sample d.

Fig. 2 (a) shows the energy density distribution of the specimens at different process parameters. The forming
of the specimens can be divided into three parts according to the energy density of 35.1 J/mm?3. The maximum energy
density of the sample is 95.24 J/mm? (P=380W, V=1400mm/s), and the minimum is 6.19J/mm3 (P=60W,
V=3400mm/s). In Fig. 2 (a), the orange square represents the sample with an energy density greater than 35.1 J/mm3,
the blue square represents the sample with an energy density lower than 35.1 J/mm?3, and the cyan square represents
the sample with an energy density of 35.1 J/mm3. The Fig. 3 shows the surface roughness of specimens with energy
densities of 35.1 J/mm3(Fig. 2(c)) and 17.54 J/Jmm3(Fig. 2(d)) respectively.

The Fig. 2 (b) was shown the sample with the energy density of 65.79 J/mm3, where the specimen clearly failed.
5
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The energy density of the printed specimen is too high resulting in a high melt pool temperature and a large volume
expansion of the liquid metal. When the liquid metal solidifies, the volume of the melt pool shrinks drastically[32].
Meanwhile, the high scanning speeds during SLM printing can cause instability in the melt pool and melt pool
breakage. This phenomenon is known as Plateau Rayleigh instability[33], and the broken melt pool tends to coalesce
under the influence of the Marangoni effect, resulting in edge spherulite [34]. There is a large amount of free-flowing
powder on the edge of the sample, which will exacerbate the phenomenon of spherulite. The spherical metal is not
strong in combination with the layer of the printing. Under the action of high energy density, more metals could be
melted by the laser, which will produce greater internal stress during the rapid cooling process[4,35]. As the number
of printing layers increases, the internal stress is constantly accumulating, which aggravates the curl phenomenon at
the sample edge, and the specimen fails to print. Fig. 2(b”) shows the back of the dotted circle in Fig. 2(b), which
proves the above inference that there is spherical metal and a large amount of unmelted powder at the corners. In
addition, when the energy density used for printing the sample is too high, the amorphous rate inside the sample will
be reduced[15]. The specific implications will be analyzed in the next section. It is found that when the energy density
is 35.1 J/mm?, the sample is on the boundary between formed and unformed. As shown in Fig. 2(c), a ribbed structure
exists on the side of the sample. The shaping is unstable due to the energy density of 35.1 J/mm3 as a boundary. Fig.
2(c’) is a locally enlarged image of the side of the sample in Fig. 2(c), it could be seen that the spherical metal exists
on the side. Due to the island scanning strategy adopted, there is a certain amount of heat accumulation on the edge
of each island[18]. However, due to the relatively high energy density of the specimen in Fig. 2(c), a more dense
upper surface is formed compared to the energy density of 17.5 J/mm? (Fig. 2(d)) [36]. The unstable melt pool when
producing specimens at low energy densities results in uneven widths of each weld path. The low energy density
makes the temperature of the molten pool too low, which is difficult to spread the molten pool. The narrow and high
weld pass was formed, which will affect the stability of the next layer of printing[37]. In the study of Zakrzewski et
al. [38], it was pointed out that the surface roughness of the sample can be improved by appropriately increasing the
energy density. As shown in Fig. 3, when the energy density is low, the surface roughness of the sample changes
significantly, while when the energy density is 35.1 J/Jmm?, the surface of the sample is significantly smoother. The
results in Fig. 3 also prove this point. It can be seen from Fig. 2 (d) that the structure of the sample is loose and there
is a phenomenon of falling off at the corners. When the energy density is too low, the powder layer can’t get enough
energy input, and the powder melting is not complete, forming the phenomenon of poor interparticle bonding[1,39].

As shown in Fig. 2(d’), when the energy density is 17.54 J/mm?, there is a large number of unmelted powder particles
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inside the detached part of the printing sample, which indicates that the lack of energy density causes the looseness

of the overall structure[40].

-450

Fig.3 The surface roughness of the specimen. (a) The surface of sample with the energy density of 35.1J/mm? (b) The surface of

sample with the energy density of 17.54J/mm3.

3.2 Microstructure

Fig. 4 shows the microstructure of the parts produced at energy densities of 17.54 J/mm?3, 35.1 J/mm? and 65.79
J/mm? respectively. As shown in Fig. 4(a)-(c), the HAZ in the sample is gradually obvious with the increase of energy
density. During the process of amorphous SLM additive manufacturing, the HAZ represents the region of
crystallization[17]. Therefore, it can be learned that the crystallization region was expanded as the energy density
increases. The cooling rate of the SLM additive manufacturing process is up to 102-10%2 K/s. Generally, the cooling
rate of SLM technology is greater than the critical cooling rate of most amorphous alloys[41]. Amorphous alloys are
often formed with large supercooling, where the Gibbs free energy in the liquid state (GL) is greater than the Gibbs
free energy in the solid state (Gs) when the temperature is less than the theoretical crystallization temperature.
According to the formula AG=G_-Gs, it can be concluded that AG < 0 for amorphous therefore the amorphous alloy
itself tends to spontaneously nucleate[16]. The laser is applied to the specimen and the large cooling rate of the melt
pool inhibits the formation of crystal nuclear, but the radiation and conduction of heat from the laser causes the
temperature of the HAZ to exceed the crystallization temperature (Tg) of the amorphous alloys [10,17]. The line scan
by energy spectrum in Fig. 4(d) shows that there is an uneven distribution of elements in the HAZ, with the element
of Fe showing a clear decrease and the elements of Cr and Mo showing a slight increase. According to the principle
of equilibrium solidification, AG < 0 provides the driving force for crystallization, and under the influence of the
thermal cycle, elemental segregation and energy fluctuations are produced, and finally generate crystallization in the

HAZ[42]. While the reduction of the element Fe is abnormal. The curve from the line scan by energy spectrum was
7
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shown that there was no tendency for a significant decrease of Fe in the amorphous region. The decrease of Fe is due

to the formation of a crystalline phase which is susceptible to corrosion.
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Fig. 4 Microstructure of samples: a) Microstructure of sample with the energy density of 17.54 J/mm?; b) Microstructure of sample
with the energy density of 35.1 J/mm?; ¢) Microstructure of sample with the energy density of 65.79 J/mm3; d) Microstructure of HAZ

and molten pool.

In addition, with the increase of energy density, the hole in the sample decreases obviously, but the crack
increases. The increased energy density reduces the surface tension of the liquid melt pool, resulting in a better spread
of the melt pool and a more continuous and regular weld path, as explained above. The high energy density also
results in a higher temperature of the melt pool, which increases the time for porosity to escape during the printing
process[5,43]. As shown in Fig. 4 (a-c), most of the cracks start at the junction between the HAZ and the amorphous
region, where the cracks tend to sprout and expand due to the thermal stresses gather at the junction after a complex
thermal cycle[9,39]. According to the free volume theory, even after the thermal cycle annealing treatment, there is
still internal stress in the HAZ, which will increase the concentration of stress after crystallization, because the volume
will change after crystallization of the sample, which increases the concentration effect of internal stress at the
junction of the HAZ and the amorphous zone[2,44]. This is the reason why the cracks gradually become thick and

occur at the junction of the HAZ and the amorphous zone with the increase of energy density.
8
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Fig. 5 XRD patterns: (a,b,f,h) XRD patterns at different energy densities. (c-g) XRD patterns of specimens with energy densities of

35.1J/mm?3 were obtained by different process parameters.

As shown in Fig. 5, the XRD results show that the crystallinity of the specimen is mainly influenced by the
energy density. When the energy density was less than 35.1 J/mm?, there was no obvious bragger peak in the XRD
pattern. The bragger peak occurs at positions 42° and 44° when the energy density is 35.1 J/mm?2. Due to the small
grain size, there are no obvious bragger peaks at other locations. The bragger peak of 42° becomes more obvious at
the energy density of 65.79 J/mm?2. However, at an energy density of 35.1 J/mm?3, there is no significant effect of
different scan rates and laser powers on the bragger peaks. This phenomenon can be explained by Eq. (2). The Eq.

(2) shows the relationship between the process parameters and the cooling rate [45] :
ar _ —2nk (K) AT? (2)
dt P
where k is the thermal conductivity, V is the scanning speed, P is laser power, and AT is the temperature
difference during cooling. (The layer thickness is constant in the experiment, so the layer thickness is not considered).
According to Eqg. (2), the cooling rate is inversely proportional to the energy density. When the energy density is
constant, the scanning speed varies in parallel with the laser power, so that different process parameters have less
influence on the crystallization of the specimen. The main crystalline phases are a-Fe, Mzs (CB)s and Fe-C through

the analysis of XRD bragger peaks. These phases have proven to be common competing growth phases in the additive

manufacturing of Fe-based amorphous alloys[46,47]. The a-Fe phase was often found in some amorphous
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components with poor GFA. The a-Fe phase has a simple body-hearted cube, which can be formed in the range of 1-
2 nm. The formation of a-Fe nanocrystalline phases can be considered as the result of the aggregation of medium-
range ordered(MRO) structures[48]. The M23(CB)es phase has a complex icosahedral cluster structure that requires a
long-range ordered structure in the melt pool to form. The formation of icosahedral clusters is usually preceded by
the formation of metastable phases such as quasi-icosahedral structures or M3B (Fe3B) phases[49]. However, the
molten pool cools extremely fast in the selective laser melting process. This is the reason why this crystalline phase

is difficult to detect at low energy densities.

Molten pool
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Fig. 6 The local enlargement of the HAZ of a specimen with an energy density of 35.1 J/mm?. (a) The SEM image of the molten pool

and HAZ of a specimen with the energy density of 35.1 J/mm?. (b) The magnified view of HAZ. (c) The schematic diagram of

microstructure arrangement

The magnification figure of the HAZ revealed a phenomenon that demonstrated the XRD results. There are
obvious differences in the structure of the crystalline zone, as shown in Fig. 6. This has a significant difference from
the HAZ structure shown in Fig. 4 (d). The Fig. 6 shows that the amorphous matrix is doped in both the crystalline

zone A and B. The EDS scan results of region B indicate the crystallization phase is M23(BC)s [50]. The EDS results
of area A is shown the gathering of Fe elements and the content of C decreases. As shown in the XRD detection

results in Fig. 5(f), the crystalline phases in the samples are mainly a-Fe phases. Therefore, it can be inferred that the
crystalline phase in region A is a-Fe combined with the EDS results. There is a clear boundary between region A and
region B, which has a similar shape to the fusion line. This indicates that the generation of submicron grains is related

10
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to the thermal cycle. As shown in the green dashed box in Fig. 6 (c), the portion was heat treated by the temperate
above Tgtwice.[16]. When the heat treatment temperature is higher than Ty, AG<0 in the amorphous phase, combined
with the internal stress generated after partial crystallization and the internal stress stored during the rapid
solidification of the sample will become the driving force of crystallization[17]. In order to further analyze the

composition of the HAZ, the TEM test results give more powerful proof.

(110)*" [011)

o1n”

Fig. 7 (a)The TEM bright-field micrograph of HAZ. (b) the diffraction pattern of region A of Fig. 6a. (c) the diffraction pattern of
region B of Fig. 6a. (d) the high magnifications bright-field image of a-Fe phase and amorphous. (e) the FFT image of region C of Fig.
6d. (f) the FFT image of region D of Fig. 6d. (g) the high magnifications bright-field image of FesB phase and amorphous. (h) the FFT

image of region E of Fig. 6g. (i) the FFT image of region F of Fig. 6g.

The different crystallization regions of TEM images were shown in Fig. 7. The nano-grain area (region A) and

11
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the submicron-grain area (region B) could be seen in Fig. 7(a). The white phase is marked as amorphous in region B,
and there are some nanocrystals as shown in Fig. 7(c). In region A, the a-Fe phase could be confirmed and the
nanocrystal ring could be observed too. It can be further confirmed that a-Fe is the main competing crystalline phase.
Fig. 7(d) shows the interface between the crystalline phase (a-Fe) and the amorphous phase in the nanocrystalline
region. It could be seen that there is an obvious interface between the amorphous and the crystalline regions, and a
small amount of medium-range order (MRO) structure could be seen in the amorphous region, which proves that the
formation of a-Fe is a spontaneous behavior. The MRO structure was found at the boundary, which also verifies that
the process of precipitation a-Fe phase was the combination of medium-range order structures. In the other interface
between the crystalline phase (FesB) and the amorphous phase, no obvious boundary and MRO structure were
observed. The FesB is a metastable phase, which is the transition structure of the final M23(BC)s phase. The
amorphous phase still could be found in the crystallization zone. During the manufacturing process of the SLM
additive, the large cooling rate is difficult to form a stable remotely ordered structure[50]. In the XRD patterns, the
FesB phase was not detected. The M23(CB)s phase is formed when the FesB phase reaches a certain concentration[49].
The formation of carbides and borides may be due to the formation of the primary a-Fe phase leading to the
segregation and aggregation of C and B elements. M23(CB)6 has a lower enthalpy of formation than other carbides
and therefore precipitates preferentially[51]. Previous studies have shown that in amorphous components with high
GFA, small atomic sizes C and B have higher crystallization resistance, less prone to diffusion and nucleation[52].
This also explains the appearance of M23(CB)s as a secondary phase. The different regions of amorphous have
different growth mechanisms during the crystallization process[16]. The amorphous phase in the HAZ has
prefabricated nucleation points under annealing, so it has lower activation energy for crystallization. The high-

resolution images of different crystalline regions show different degrees of confusion, which also confirms this.

3.3 Thermal analysis

12
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Fig. 8 a) The DSC curves of samples with different energy densities. b) The amorphous rate of samples with different energy densities.

¢) The crystallization-temperature curves of different samples. d) The AH in different crystallization stages.

The DSC curves of the powder and samples with different energy densities are shown in Fig. 8(a). The glass
transition temperature T4 of the amorphous is 579°C, and the initial crystallization temperature Ty is 603°C. In order
to obtain the amorphous content of the samples, it can be calculated according to the crystallization relaxation

enthalpy[10].

A = 25t o 100% ?)

AHpowder

Where A is the fraction of the amorphous phase, and AHsample and AHpowder are the relaxation enthalpies of the
as-printed samples and original amorphous powders. According to Eg. (3), the amorphous rate of samples with
different energy densities can be calculated (As shown in Fig. 8(b)). The amorphous rate decreased with the increase
of energy density, and the highest amorphous content reached 95.47%. When the energy density is lower than 35.1
J/Imm3, the samples have a high amorphous content. While the energy density is higher than this value, the amorphous
rate will be greatly reduced. It can be observed that there are three crystallization processes I, I, and 111 in the DSC
curves. The initial crystallization temperature of I, I, and I11 is 603°C, 669°C, and 741°C. The crystallization rate and

relaxation enthalpies of the specimens differ at different energy densities, but the trend of the DSC curves is consistent.

13
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Samples with different amorphous content have the same starting and ending crystallization temperatures at different
stages. As shown in Fig. 8(c), to further analyze the crystallization behavior of the samples with different energy
densities at different stages, the crystallization fraction with temperature changes was calculated by the definite
integral function arithmetic. The crystallization-temperature curves of the samples with energy densities of
17.5J/mm3, 24.6J/mm?3, and 35.1J/mm?3 almost overlap, which have high amorphous content. The crystallinity curves
of the powder and sample with the energy density of 42.9J/mm3 and 65.8 J/mm?3 are quite different from them. With
the energy density increasing (amorphous content decreases), the crystallization process in stage Il gradually
becomes the main crystallization method. In the sample with low amorphous content (65.8J/mm?3), the crystallization
of stage |11 occupies 69.1% during the entire crystallization process. The relaxation enthalpies of the specimens with
different energy densities at the three stages are shown in Fig. 8(d). This proves that the crystalline phase of stage IlI
is not the main product of the SLM-BMG process[53]. To explore the crystallization behavior at different
temperatures. The samples with the energy density of 24.6 J/Jmm? were annealed at temperatures of 579°C, 603°C,

669°C and 741°C, and kept at the temperatures for 2h respectively.
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Fig. 9 XRD patterns of samples with 35.1J/mm? under different heat treatments

The XRD patterns of the samples after heat treatment at different temperatures was shown in Fig. 9. With the
increase of heat treatment temperature, the bragger peaks of XRD can be clearly distinguished. The XRD pattern of

the specimen did not change when the heat treatment temperature was 579°C(Tg). The isothermal thermodynamics
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indicates that nucleation has a higher priority than grain growth. Meanwhile, the driving force contained in the critical
thermodynamic condition cannot make the atoms diffuse over long distances to overcome the energy barrier[54]. The
XRD pattern of the heat treatment specimen under 601°C(Tx) shows a weak bragger peak at 44°. This phenomenon
indicates that the amorphous phase is not stable at this temperature, and there is a tendency to crystallize, but due to
the lack of driving force, the crystallization speed is slow[35]. Combined with the XRD pattern and the TEM analysis
above, it can be concluded that the primary phase at this temperature is a-Fe. The XRD pattern of the sample after
669°C annealings also proved this view. The XRD pattern shows two obvious crystallization peaks, and the main
crystalline phase is the a-Fe phase. The bragger peaks of the M23(CB)e phase were found on the XRD pattern too. It
means that the thermodynamic conditions for the formation of M.3(CB)s phase have been satisfied[55]. This
phenomenon indicates that the critical temperature of a-Fe phase is lower than that the M23(CB)s phase. Therefore,
under the action of multiple thermal cycles, the grains of a-Fe phase grow and form a sub-micron grain region, which
is consistent with the results in Fig. 6(b). After the annealing treatment of 741°C, it can be seen from the XRD pattern
that all the amorphous phases in the sample disappear and form the crystalline phase. The crystalline product is
mainly a-Fe, M23(CB)s and Fe-C phase. The formation of the M23(CB)s phase requires the formation of a long-range
ordered structure and the migration and aggregation of the transition phase (FesB) under the action of high
temperatures, resulting in the release of lattice stresses[51]. The released stress promotes the formation of nuclei and
inhibits grain growth. Meanwhile, under the action of high temperature, some metastable carbides form a stable Fe-

C phase.

3.4 Mechanical Properties

The Vickers hardness values for specimens produced by different energy densities were shown in Fig. 10(a). As
the energy density increases, the hardness value tends to rise and then fall. The lowest hardness value of 1301 HV
was detected on a specimen with an energy density of 17.5 J/mm3. The hardness value of the sample with an energy
density of 35.1 J/mm?3 reaches the maximum value of 1530HV. When the energy density exceeds 35.1 J/mm?3, the
hardness of the sample has decreased. As shown in Fig. 4, specimens with an energy density of lower than 35.1
Jimm? have a low level of density, which ensures a large amorphous rate, but the presence of a large number of
defects reduces the hardness value of the specimen [43]. The area of HAZ in the sample expands with the increase
of energy density. The existence of crystallization phase in the HAZ reduces the hardness value of the sample[39].

When the energy density of the specimen is increased from 35.1 J/mm?2 to 42.1 J/mm?, the amorphous rate drops from
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85% to 55%.

(a) (HV) (b) ()
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Fig.10 (a) The microhardness of samples with different energy densities. (b) The load-displacement curve of different places. (c)

The distribution area of plastic work and elastic work. (d) The local amplification of the load-displacement curve.

In order to further study the influence of crystallization on the hardness of the sample, the part with HAZ was
selected from the sample with an energy density of 35.1 J/mm? to conduct a nanoindentation test. The Fig. 10(b)
shows the typical load-displacement curves of different places. The depth of indentation is different under the action
of the same load, which proves that the amorphous phase has the highest hardness[56]. As shown in Fig. 10(c), the
area of the W1y region (green area) represents the plastic work and the area of the W region represents the elastic
work (white area). The Eq. 4 is used to judge the ductility of the material[57].

R =W /(W) + W) 4)

The value of R is used to characterize the ductility of materials, and the big value of R indicates the ductility of
the material is better. As shown in Fig. 10 (b), it is obvious that the submicron-grain phase has the best ductility, the
ductility of the amorphous phase is the worst. The amorphous phase has no crystal structure and releases stress
through the shear bands, while the crystalline phase can release stress through dislocations, thus achieving good
ductility[58]. The partial enlargement of Fig. 10(b) is shown in Fig. 10(d). The hypotenuse of the blue triangle is the
tangent to the unloading curve at the maximum press-in depth. The hardness of the part can be calculated according

to its slope. The calculation method is as follows[59,60]:

s = dpP
dhlpmax

®)

Where, S is the contact stiffness, P is the load, and h is the maximum displacement. The value of S is the slope

of the hypotenuse of the blue triangle. The contact stiffness of the amorphous phase is minimal (As shown in
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Fig.10(d)). The contact stiffness characterizes the ability of a specimen to resist deformation and explains why the
amorphous phase is less ductile than the other two phases. Due to the difference in contact stiffness, the contact depth
(hc) of the indentation is not equal to the maximum displacement (h). The relationship between contact depth and
maximum displacement is shown in Eq. (6) [61].
h. = h—0.75P/S (6)
From Eq. (6), a large contact stiffness leads to a small contact depth. For the Berkovich indenter, the contact
area between the indenter and the specimen can be calculated by Eq. (7).
A = 24.56h2 + Ch, )
where A is the contact area and C is an empirical constant, generally taken as 150nm for a new indenter. The
hardness of a specimen can be calculated according to Eq. (8)[53].
H=P/A 8)
The hardness of the amorphous, nanocrystalline and submicron phases was calculated to be 18 GPa, 11.05 GPa
and 6.99 GPa respectively. To investigate the effect of the crystalline phase on the mechanical properties of SLM-
processed samples, nanoindentation tests were conducted in the typical regions. Hardness and Young's modulus maps

of the sample with the energy density of 35.1 J/mm? were shown in Fig. 11.

GPa
346.0

319.6
2933
266.9
240.5
214.1
187.8
161.4

135.0

Fig. 11 (a)The 10x10 lattice nanoindentation test result (b) The magnified view of the indentation b. (c) The magnified view of

the indentation c. (d) The hardness mapping of 10x10 lattice. (¢) The Young's modulus mapping of 10x10 lattice.
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The position of the nanoindentation of the 10x10 matrix is shown in Fig. 11(a). The distance between each
adjacent point is 12 um. It can be found that the hardness of the HAZ is lower than 12 GPa and the hardness of the
molten pool is higher than 17 GPa. The highest hardness in the molten pool reached 22.6 GPa and the average is 15.7
GPa. In section 3.2, we explained that the HAZ has been remelted twice, and in the mapping of the nanoindentation
hardness distribution, it could be found that the hardness of the region is different from the amorphous region. When
the indentation is at the boundary between the crystalline zone and the amorphous zone, the indentation boundary in
the crystalline zone shows a camber. This is due to the uneven hardness of the two phases. As can be seen from the
mapping in Fig. 11(d), the hardness of specimen shows a sudden drop in the crystalline region. According to the load-
displacement curves in Fig. 10(b), the plastic work of the crystalline phase is greater, while the elastic work of the
amorphous phase is greater, which means that the amorphous phase will rebound while the crystalline phase will not
when unloading the pressure[46]. The comparison between Fig. 11(b) and Fig. 11(c) further illustrates that the
hardness of the amorphous phase is much greater than that crystalline phase[56]. The properties of the amorphous
phase are not perfectly homogeneous (As shown in Fig. 11(d-e)). The hardness and Young's modulus of material are
influenced by the bonding strength and bonding energy of the atoms[55]. The cooling rate during the formation of
the amorphous phase is different, which causes a difference in the free volume within the amorphous phase[35]. The
amorphous phase is also subjected to multiple thermal cycles during SLM progress. The atoms will migration under
the influence of the heat flow[62]. The migration is increased the atomic packing density and reduces the presence
of free volume, which significantly increases the hardness of the specimen[55]. Meanwhile, the close packing of
atoms also increases the bond strength between the atoms, which increases the Young's modulus of the specimen[63].
As shown in Fig. 11 (d-e), there is also a significant difference in hardness and Young's modulus in HAZ. The value
of Young's modulus is influenced by the phase composition[64]. According to the above analysis, the nano-grain
region was present in the M23(CB)s phase. The M23(CB)s phase has a high hardness and high resistance to resist
deformation[65]. In the nanocrystalline region, the grains are small and there are a large number of grain boundaries,
which will improve the hardness of the sample according to the Hall-Petch formula[66]. In the submicron-grain
region, the growth of the grains was severe and the main phase was the a-Fe phase, which has a lower hardness

compared with the M23(CB)s phase[46].
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4. Further work

The structure specimen shown in Fig. 12(a) was printed by the energy density of 35.1 J/mm?3, and the minimum
machining unit of the structure was shown in Fig. 12(b). As we could see from the picture, the structural specimen
was well formed, which lays the foundation for subsequent dealloying and degradation experiments. The Fig.12(c)
and Fig.12(d) were shown the SEM image of the sample. The specimens were placed in H>SO4 solution for 6h
dealloying. The Fig.12(e) and Fig.12(f) were shown the different morphologies after dealloying. According to the
previous analysis of the morphology and structure, the formation of this difference is mainly caused by different
crystalline phases. Fig. 12(e) shows the morphology of the nano-grain region after dealloying, and Fig. 12(f) shows
the morphology of the submicron-grain region after dealloying. In the H,SO4 solution, the a-Fe phase, amorphous
phase, and other phases form a tiny galvanic cell. Due to the higher activity of the a-Fe phase, it will be preferentially

corroded as a sacrificial anode[67].

Fig.12 (a) The macro picture of amorphous structural parts; (b) The minimum machining unit for structural parts; (c) The macro
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SEM image of sample; (d) The local enlarged SEM image of amorphous structure surface; (e) The morphology of the nano-grain
region after dealloying; (f) the morphology of the submicron-grain region after dealloying

As shown in Fig. 13(a), the degradation results of the structural sample after standing in methyl orange for 30
minutes. It is found that the degradation effect of the sample after the dealloying treatment is much better than that
of the untreated sample during the same time. There is a small amount of solid phase in the untreated sample
(Fig.13(b)), while there is a more solid phase on the surface of the dealloyed sample (Fig.13(c-d)). The nanopores
produced on the surface of the dealloyed specimen increase the specific surface area [68]. On the one hand, the pores
were conducive to the adsorption of azo dye macromolecules, on the other hand, the corrosion of the a-Fe phase
exposes more amorphous components to the solution [69]. The degradation mechanism of amorphous is mainly due
to the oxidation-reduction reaction between the Fe® in the amorphous and the dye [70]. The azo bond(N=N) breaks
and reduces to small molecules, while the solution fades. Fe® will be oxidized to Fe?* and Fe®* to form precipitates.
Therefore, the more attached area has a better degradation effect. Different surface nanostructures have different
effects on the degradation of azo dyes [71]. Uniform nanostructures (Fig.13(c)) have more surface attachments than

submicron structures (Fig.13(d)).

a
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Fig.13 (a) The results of degradation; (b) The SEM image of the non-dealloying sample after degradation; (c)(d) The SEM of

dealloying sample after degradation.
20



©CO~NOOOTA~AWNPE

5. Conclusion

The FeCrMoWMnNSIBC BMG parts were fabricated by SLM technique. The effects of process parameters on

the forming, crystallization behavior and mechanical properties of BMG samples were studied. The conclusions were

drawn as follow:

The energy density is the key factor to determine the surface forming condition of the sample. The sample
with an energy density greater than 35.1 J/mm?3 is difficult to form, and the RD of the sample with an energy
density less than 35.1 J/mm? decreases significantly.

The energy density of 35.1 J/mm3 is the key parameter for good formation, and the Fe-based BMG parts
produced by SLM could achieve a RD of over 95% while maintaining a high amorphous rate( > 95.47%).

The amorphous rate in the specimen decreases significantly when the energy density is greater than 35.1
J/Imm3. The a-Fe and M23(CB)s are the main crystalline phases in the production of Fe-based metallic glass
by SLM, and the crystallization mainly occurs in the heat-affected zone.

The HAZ shows obvious structural differences under the effect of complex thermal cycles, and the
differences are mainly reflected in the size of the crystalline phase

The weak area mainly appeared in the HAZ, and the highest nanoindentation strength in the molten pool
reached 22.6 GPa. The concentration of free volume of the amorphous phase is not uniform, and a high
concentration of free volume will significantly reduce the hardness of the sample.

The sample after dealloying has a great degradation effect.
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