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Abstract: The effects of the α-Fe phase on mechanical properties and cracking of laser 3D printing
Fe-based bulk metallic glass composites were investigated. The elastic recovery and plasticity index
were characterized by nanoindentation. As the volume fraction of the α-Fe phase increases from
23.66% to 52.38%, the elastic modulus of printed samples suddenly drops. The samples exhibit a
lower deformation resistance, and the plasticity index increases gradually. When the volume fraction
of the α-Fe phase is 67.84%, the interaction between the α-Fe phase and matrix phase is smaller
during expansion shrinkage. As a result, cracking is easy to initiate, which leads to the highest crack
rate of the printed sample. However, as the volume fraction of the α-Fe phase increases to 83.31%, the
hard brittle phase was sandwiched between the α-Fe phases similar to the finger structure plays key
role in the plastic deformation. The plastic deformation releases large amounts of stress concentrated
at the boundary and suppresses crack formation.
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1. Introduction

Fe-based bulk metallic glasses (BMGs) are generally known for their high mechanical strength,
excellent corrosion resistance, and wear resistance [1–4]. However, the ambient-temperature brittleness
and poor processability strictly limit the scope of their applications [5,6]. To circumvent these
limitations, the methods of in situ second ductile phase [7,8] and introducing second phase [9–12] are
usually used to improve the plasticity of bulk metallic glass composites.

The additive manufacturing technique, especially laser 3D printing, has been rapidly developed in
the past decade [13]. The high scanning speed creates very high cooling rates (103–108 K/s) [14], higher
than the critical cooling rate required for BMGs. However, there are still some problems that hinder its
application in the manufacture of BMGs. During the multi-pass scanning of the laser, the deposited
layer is subjected to reheating, and amorphous crystallization occurs easily. Thus, it is difficult to obtain
fully amorphous structures by laser 3D printing [15]. The rapid heating and cooling during laser 3D
printing inevitably induces a large temperature gradient, inducing high thermal stress which creates
defects in the 3D printed samples [13]. To alleviate the cracking problem, Lu et al. employed a triple
laser scanning strategy in the laser cladding Fe-based BMG process [16]. The results showed that the
crystallinity of triple laser scanned samples was higher than that of the single laser scanned samples;
however, crack-free samples were obtained. Compared to Fe-based BMGs, the crack-free Zr-based
BMGs with high plasticity can be obtained by laser 3D printing, such as Zr52.5Ti5Cu17.9Ni14.6Al10 [17]
and Zr55Cu30Al10Ni5 [18]. Since crystallization is unavoidable during laser 3D printing, various phases
and different volume fractions can be obtained by adjusting the process parameters. It has been shown
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that setting the volume fraction of the α-Fe phase to approximately 40% in Fe-based BMGs composites
can improve the plasticity [8].

In this work, α-Fe phases with different volume fractions and morphologies were obtained
by different printing parameters, and the effects of the α-Fe phase on mechanical properties and
crack initiation and propagation were studied in detail. The aim of this work is to obtain different
volume fractions and morphologies of the α-Fe phase by adjusting the printing parameters. Finally,
Fe-based BMG composites with high plasticity and fewer cracks can be obtained by laser 3D printing.
These would further provide the necessary fundamental basis for obtaining crack-free Fe-based BMG
composites with high plasticity using laser 3D printing.

2. Materials and Methods

The Fe41Co7Cr15Mo14C15B6Y2 (in at.%) amorphous powders were produced by gas atomization,
and the size of powders ranges from 30 µm to 75 µm. Fused deposition modeling (FDM) technology
was used in this experiment. The FDM chamber was filled with argon to keep the oxygen level lower
than 10 ppm. The focus diameter was 2 mm and each sample printed in two layers. To investigate the
influence of the α-Fe phase on the mechanical properties and cracking of laser 3D printed Fe-based
BMGs, different printing parameters were used. The details of the power, velocity, and energy density
of the samples are listed in Table 1.

Table 1. The process parameters of different samples.

Sample A B C D E

Power P (W) 300 300 900 600 900
Velocity v (mm/s) 10 5 10 5 5

Laser energy density LED (J/mm) 30 60 90 120 180

The laser beam energy density LED is critical to the microstructure, surface topography, and
properties of the component, and is defined by:

LED =
P
v

, (1)

where P is the laser power, and v is the laser scan speed. The usage of a higher laser beam energy
density melted more powder, and thicker printed samples were obtained. All of the sample dimensions
are summarized in Table 2.

Table 2. The dimensions of different samples.

Sample A B C D E

Sample thickness (mm) 0.5 0.8 1 1.2 1.5
Sample width (mm) 10 10 10 10 10
Sample length (mm) 30 30 30 30 30

The phase analyses of the samples were performed using an X-ray diffractometer (XRD) of Bruker
D8 type with Cu Kα radiation, and transmission electron microscopy (TEM, FEI TalosF200X, FEI
Company, Hillsboro, OR, USA) coupled with energy dispersive spectrometer (EDS). The cross-section
of the samples was observed through a Nova NanoSEM 450 field emission scanning electron
microscope (FE-SEM, FEI Company, Hillsboro, OR, USA). The crack rate of different samples’
cross-sections was calculated using the following equation [19]:

R = ∑n
i=1

LiWi
LW

, (2)
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where R is the crack rate, n is the number of the cracks, Li is the crack length, Wi is the maximum width
of a crack, and L and W are the length and width of the sample cross-section.

The mechanical properties of the samples were evaluated by nanoindentation. The tests were
performed by an iMicro device from Nanomechanics Inc (Oak Ridge, TN, USA) with a diamond
Berkovich, which allowed extracting hardness and elastic modulus directly by using the methodology
proposed by Oliver and Pharr [20,21]. The maximum load applied was 50 mN. The reduced elastic
modulus Er is an important parameter for materials of mechanical properties, defined as [22]:

1
Er

=
1− v2

E
+

1− v2
i

Ei
, (3)

where v and E are the Poisson’s ratio and elastic modulus of the sample, and the diamond indenter
with elastic Ei = 1400 GPa and vi = 0.07. In addition, we also calculated the elastic/plastic indentation
energies. The enclosed area between the loading curve and the displacement axis determines the total
mechanical work done Ut by the indenter during loading [23]. This energy is defined as the sum of the
elastic Ue and plastic Up energies [22]:

Ut = Ue + Up, (4)

The values of Ue were calculated from the area enclosed between the unloading segments
and the displacement axis [23]. The elastic recovery Ue/Ut and plasticity index Up/Ut were
obtained as the ratio of the elastic to total energies and the plastic to total energies, respectively,
during nanoindentation.

3. Results

3.1. Phase Constitution and Microstructure Characteristics

Figure 1a shows the XRD pattern of the laser 3D printed Fe-based BMG original powder which
exhibits only broad diffraction (i.e., fully amorphous structure). The XRD spectra of the laser 3D
printed samples (Figure 1b) exhibit sharp crystalline peaks, suggesting that the fabricated samples
are crystallized. The crystalline peaks correspond well to α-Fe phase, Cr23C6 phase, and Y2O3 phase,
respectively. Due to a strong affinity of yttrium towards oxygen, Y2O3 forms on the surface of printed
samples, corresponding to the intense crystalline peak of Y2O3. The right-ward shift of the peaks could
possibly be due to the residual stress or defects of the microstructure [24].
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Figure 1. (a) X-ray diffraction (XRD) pattern of the Fe-based bulk metallic glass (BMG) powders;
(b) XRD pattern of samples with different process parameters.

The characteristic cross-section crystalline structures of laser 3D printed samples fabricated using
different parameters are shown in Figure 2. It is evident that the cross-sections of printed samples



Metals 2019, 9, 78 4 of 13

consist of a raised part and an unraised part. The raised parts are typically cellular, columnar dendrites
with extremely fine-grained inter-dendrite spaces. Moreover, the volume fraction of the raised part
increases gradually by increasing the laser energy density. This is due to the increase in the laser energy
density causing the thickness of printed samples to increase, and the cooling rate inside the sample
slowing down, leading to increases in the crystalline phase. From the XRD pattern in Figure 1b, we can
also see that the intensity of the crystallization peak increases with increased thickness of the samples.
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Figure 2. Scanning electron microscope (SEM) images of the microstructures of different printed
samples, (a) Sample A, (b) Sample B, (c) Sample C, (d) Sample D, and (e) Sample E.

A detailed investigation was undertaken by TEM and EDS mapping to gain a better understanding
of the phase constitution of the laser 3D printed samples. Three different microstructures and
morphologies of printed samples were selected for TEM analysis. Figure 3a shows the high-resolution
TEM (HRTEM) micrograph and selected area electron diffraction (SAED) pattern of Sample A. The
HRTEM reveals the characteristic amorphous microstructure and lattice fringes. The SAED pattern
shows the lattice fringes are α-Fe phase. Figure 3b is the bright field TEM image of Sample D, the
microstructure consisting of dendrites and a solid phase in the inter-dendrite spaces. The SAED
patterns chosen from the dendrites and solid phase of the inter-dendrite space circled in Figure 3b,
indicates that the dendrite (labeled by SA1) is α-Fe phase, and the solid phase of the inter-dendrite
space (labeled by SA2) is Cr23C6 phase. It corresponds well with the crystalline phase obtained from
XRD patterns. The bright field TEM image and EDS mapping of Sample E are shown in Figure 3c. The
SAED indicates that the cellular crystal (labeled by SA3) is α-Fe phase, and the solid phase between
cellular crystals is Cr23C6 phase. EDS mapping analysis indicates that the Fe-rich phase is cellular
crystals, and the solid phase between cellular crystals is Cr-rich and C-rich, which is consistent with
the SAED results.
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Figure 3. (a) High-resolution transmission electron microscopy (HRTEM) micrograph and selected
area electron diffraction (SAED) of Sample A; (b) TEM image and SAED patterns of Sample D, the
SAED patterns of the circled region SA1 and SA2; (c) TEM image, SAED patterns and energy dispersive
spectrometer (EDS) mapping of Sample E, the SAED patterns of the circled region SA3 and SA4.

3.2. Mechanical Properties

The volume fraction of the α-Fe phase and residual phase (amorphous, Cr23C6, and Y2O3 phases)
in laser 3D printed samples are calculated by the software Image-Pro Plus. The results are shown in
Table 3. Figure 4 shows representative nanoindentation curves of different samples. With the volume
fraction of the α-Fe phase increasing, the maximum penetration depth and the final residual indentation
depth increase gradually, indicating that the hardness of the samples decreases. The variation in
hardness as a function of indentation depth is shown in Figure 5a. The hardness values tended to
be stable as the depth reached 350 nm, meaning the hardness was determined from corresponding
hardness values with depths greater than 350 nm. Moreover, the curves of elastic modulus-depth
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are shown in Figure 5b; when the depth reached 350 nm, the elastic modulus values also tended to
be stable.

Table 3. Volume fraction of α-Fe phase in different samples.

Sample A B C D E

Volume fraction of α-Fe phase (%) 23.66 52.38 67.84 77.44 83.31
Volume fraction of residual phase (%) 76.34 47.62 32.16 22.56 16.69
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For each sample, the hardness and elastic modulus have been calculated from an average of 15
indentation depths. As shown in Figure 6, the hardness of Samples A and B change little, staying
around 12.5 GPa as the volume fraction of the α-Fe phase increases from 23.66% to 52.38%. Due to the
smaller thickness of Samples A and B, the higher hardness can be explained on the basis of substrate
confinement effect on the development of the shear bands [25]. However, with an increase in the
thickness of the samples, the volume fraction of the crystalline phase increases gradually, and the
effect of crystallization on the mechanical properties of the sample becomes more and more prominent.
Therefore, the hardness of the samples decreased rapidly, which is mainly related to the crystalline
phase of the α-Fe phase [8]. From the Figure 6, the elastic modulus is relatively more sensitive to
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the volume fraction of the α-Fe phase and decreases from 301 to 272 GPa. It can be inferred that the
sudden drop of elastic modulus may be correlated with the preferred orientation changes from (110) to
(200) of the α-Fe phase [26].
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In addition to hardness and elastic modulus, nanoindentation is also a helpful method to
characterize the mechanical properties of the materials [27]. Wear resistance is an important mechanical
property of materials, and it is related to the ratio of H/Er [22]. The higher the ratio of H/Er, the
better the wear resistance of the material [28]. Another parameter related to wear characteristics is
H3/E2

r , this being indicative of the resistance of the material to plastic deformation when subjected to
an applied load contact [29,30]. The higher the value of H3/E2

r , the better the material’s resistance to
plastic deformation [29]. Figure 7a shows the H/Er and H3/E2

r values of different volume fractions of
α-Fe phase. It is clearly seen from the graph that the two aforementioned parameters decrease with
increasing α-Fe phase. However, when the volume fraction of the α-Fe phase increases from 23.66%
to 52.38%, the values of H/Er and H3/E2

r fluctuate less, indicating that the α-Fe phase increase from
23.66% to 52.38% has little effect on the wear resistance of the printed samples. This is related to the
high hardness of Samples A and B. As the volume fraction of the α-Fe phase reaches 67.84%, the values
of H/Er and H3/E2

r are significantly reduced, which suggests that the plastic deformation resistance
of the printed samples decreases.
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The elastic recovery Ue/Ut and plasticity index Up/Ut are also important parameters that
characterize the mechanical properties of the materials. The elastic recovery Ue/Ut is the energy
that is released from the material after being loaded, and it shows the resistance of the material to
impact loading [22]. The plasticity index Up/Ut is related to the intrinsic plasticity of the material [22].
It can be seen from Figure 7b that the plasticity index Up/Ut increases gradually with increasing
α-Fe phase. The values of Up/Ut with different α-Fe phases are above 0.8, which is close to the
Ti40Zr10Cu38Pd12 [27] and Cu46.25Zr45.25Al7.5Er1 [31] BMGs, indicating that the printed Fe-based
BMGs have intrinsic plasticity thanks to the existence of α-Fe phase.

3.3. Crack Initiation and Propagation

During the laser 3D printing, the melting and solidification of the powders is a complex physical
and chemical process, which relates to the formation and transformation of phases and growth
morphology of crystal grains [32,33]. The cracks form easily at the hard brittle phase or within
inter-dendritic spaces. Figure 8 is a representative SEM image of different volume fraction of the
α-Fe phase crack initiation patterns. Figure 8a shows many micro-pores and a straight crack on the
sample cross-section. Liu et al. [34] suggests that cracks initiate from the pore and propagate to both
sides. Crack propagation along a straight line is shown in Figure 8a. The formation of fine α-Fe phase
in Sample A does not affect the propagation of cracks. Figure 8b,d show the crack initiation at two
cellular grain boundaries and propagation along the matrix phase. During the laser 3D printing, the
dislocations accumulate at the boundary of two α-Fe grains. The stress produced by the dislocation
accumulates at the grain boundaries and exceeds the threshold, thereby initiating cracks at the grain
boundaries. From Figure 8c we can see crack initiation between dendrites and parallel to the dendrite
propagation. The crack stops propagating when it encounters the α-Fe phase marked with red dashed
lines shown in Figure 8c,d. This indicates that the α-Fe phase in the crack tip resists the propagation of
the crack.
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4. Discussion

The volume fraction and morphology of the α-Fe phase have great influence on crack initiation.
Different crack initiation patterns were studied, including crack initiation at the grain boundary of
α-Fe grains, and crack initiation between columnar dendrites.

During the laser 3D printing process, dislocations originate from thermal stress, lattice defects,
and precipitate in the interior of a crystal [35]. Figure 9a shows dislocations originate from the interior



Metals 2019, 9, 78 9 of 13

precipitate of α-Fe crystals. The dislocations in the α-Fe crystals glide and aggregate at the grain
boundary under the stress. As shown in Figure 9b, the dislocations accumulate at the boundary of
two α-Fe grains (marked with red dashed lines). The stress of the dislocation on a grain boundary is
proportional to the number of dislocations. Therefore, the more dislocations accumulating at the grain
boundary, the greater the stress. It is shown that the stress concentration of an accumulation group is
produced at the grain boundaries of two α-Fe crystals. From the qualitative analysis, it is assumed
that the dislocations accumulate sufficiently at the grain boundary. The stress concentration in the
accumulation group is very large, and it is possible to initiate a crack at the α-Fe grain boundary. The
schematic diagram of crack initiation at a grain boundary is shown in Figure 10. Figure 10a shows
that there were a large number of dislocations in the α-Fe phase. Dislocations in the α-Fe crystal
glide and aggregate at the grain boundary under the stress. The stress produced by the dislocation
accumulation at the two grain boundaries exceeded the threshold, causing the crack to initiate at the
grain boundaries, as shown in Figure 10b. The crack propagates along the matrix phase and eventually
forms a continuous crack, as presented in Figure 10c.

Figure 8c shows crack initiation between columnar dendrites. The Rappaz-Drezet-Gremaud
model [36] suggests that the reduction in pressure between dendrites forms a hole when it reaches
the critical pressure point, and leads to initiation of solidification cracks. The inter-dendritic pressure
reduction is related to the volume fraction of the solid phase. With more solid phases in the solidified
samples, the reflux of inter-dendritic liquid is resisted by the solid phase, so it is easy to initiate cracks
between dendrites during solidification shrinkage [37]. In the process of dendrite growth, the root of a
dendrite is larger, causing the crack to more easy initiate at the root of the dendrite and propagates
along the dendritic growth direction.
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Figure 11 is a fitting function of the volume fraction of the α-Fe phase and the crack rate. It can
be known that the relationship between the crack rate and the volume fraction of the α-Fe phase in

the samples accord with gauss function, and the fitting equation is: y = y0 +
0.18
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is clearly seen from Figure 11 that when the volume fraction of the α-Fe phase is lower than 50%,
the crack rate is lower and stable at 0.001. The volume fraction of the α-Fe phase decreases while
the hard brittle matrix phase increases. During rapid solidification, the hard brittle phase is easily
forms micro-cracks, as shown in Figure 8a. However, when the volume fraction of the α-Fe phase is
between 50% and 80%, the crack rate is relatively higher. Due to grain boundary stress concentration
and the formation of inter-dendritic holes, cracking is easy to initiate at grain boundaries or between
dendrites. As the volume fraction of the α-Fe phase increases to 83.31%, crack-free printed samples
were obtained.

The brittle-ductile transition during laser 3D printing depends strongly on the structure of α-Fe
phase. Both the α-Fe phase and Cr23C6 phase have positive thermal expansion, and the coefficient
of thermal expansion of the α-Fe phase is greater than that of the Cr23C6 phase [38,39]. Therefore,
the volume change of the α-Fe phase is larger during solidification. When the volume fraction of the
α-Fe phase is 67.84%, the crack rate of the printed sample is the highest. It can be inferred that the
volume rate of the α-Fe phase to the matrix phase is about 2.2:1; the effect of solidification shrinkage
on each is small. Further increasing of the α-Fe phase causes the α-Fe phase and the matrix phase
to become wrapped in each other. The shrinkage of the α-Fe phase can be cushioned by the matrix
phase. As the volume fraction of the α-Fe phase reaches 83.31%, the hard brittle matrix phase was
sandwiched between the α-Fe phases is nearly finger structure, as shown in Figure 3c (the bright field
TEM image of Sample E), and causes the deformation of the α-Fe phase during solidification shrinkage.
The plastic deformation of the α-Fe phase releases a lot of stress concentrated at the boundary. Stress
concentration occurs at the tip of matrix phase, resulting in the formation of dislocations within the
grains of α-Fe phase. The dislocation reduces thermal stress by releasing strain energy and thus
suppresses crack formation.
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5. Conclusions

In summary, the different volume fractions of the α-Fe phase were obtained by adjusting the
laser 3D printing process parameters. As the volume fraction of the α-Fe phase increases from 23.66%
to 52.38%, the hardness of the samples change little. At this point, the hardness is affected by the
thickness of the sample. However, when the volume fraction of the α-Fe phase increases to 67.84%, the
hardness and wear resistance of the samples decrease rapidly while the plasticity index increases. This
is mainly related to the crystalline phase of the α-Fe phase.

The relationship between the crack rate and the volume fraction of the α-Fe phase accords with
the distribution of gauss function. When the volume fraction of the α-Fe phase is between 52.38% and
77.44%, it mainly exists in the form of dendrites. Due to the irregular growth of dendrites, a crack is
easy to initiate and the crack rate is relatively higher. While the hard brittle matrix phase is wrapped
by the α-Fe phase, it causes the deformation of the α-Fe phase. The plastic deformation releases large
amounts of stress concentrated at grain boundaries and suppresses crack formation.
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