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In this article, the laser-engineered net shaping (LENS) process is implemented to fabricate net-
shaped Fe-based Fe-B-Cr-C-Mn-Mo-W-Zr metallic glass (MG) components. The glass-forming
ability (GFA), glass transition, crystallization behavior, and mechanical properties of the glassy
alloy are analyzed to provide fundamental insights into the underlying physical mechanisms.
The microstructures of various LENS-processed component geometries are characterized via
scanning electron microscopy (SEM), X-ray diffraction (XRD), differential scanning calorim-
etry (DSC), and transmission electron microscopy (TEM). The results reveal that the as-pro-
cessed microstructure consists of nanocrystalline a-Fe particles embedded in an amorphous
matrix. An amorphous microstructure is observed in deposited layers that are located near the
substrate. From a microstructure standpoint, the fraction of crystalline phases increases with the
increasing number of deposited layers, effectively resulting in the formation of a functionally
graded microstructure with in-situ-precipitated particles in an MG matrix. The microhardness
of LENS-processed Fe-based MG components has a high value of 9.52 GPa.
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I. INTRODUCTION

IN the past decade, a series of new bulk metallic
glasses (MGs) with a multicomponent chemistry and
high glass-forming ability (GFA) have been developed,
including Zr-, Mg-, La-, Pd-, Ti-, and Fe-based alloy
systems,[1–4] using various solidification techniques; this
has engendered interest in the synthesis and application
of bulk MGs. In turn, the properties of these bulk MGs,
the strength and anticorrosion properties of which are
typically superior to those of their crystalline counter-
parts, have stimulated researchers to explore techniques
to fabricate net-shaped bulk MG components. While
some progress has been documented,[5–8] significant
breakthroughs have been hindered by the less-than-
optimum GFA and high viscosity that are typically
associated with MGs.

Compared with most other MGs, such as Zr- and
Pd-based MGs, the advantages of Fe-based MGs
include a much lower material cost and excellent
mechanical and physical properties.[8] The major obsta-
cle to forming Fe-based MGs has traditionally been
their limited GFA, although some progress has been
documented in the literature.[8–11] The high GFA value
of these Fe-based MGs has been rationalized on the
basis of three empirical rules proposed by Inoue
et al.:[12,13] (1) multicomponent alloy systems consisting

of more than three constituent elements, (2) significantly
different atomic size ratios, and (3) negative heats of
mixing among the constituent elements. It was also
reported that the addition of Mo increases the GFA of
Fe-based alloys.[11,14] The addition of Mo and W to
Fe-based alloys can also enhance their corrosion resis-
tance.[14–16] Moreover, adding Zr significantly increases
the glass transition temperature Tg, and adding Mn
decreases the liquidus temperature and Curie point. At the
same time, increasing the amount of B can also enhance
GFA.[1] In this study, gas-atomized Fe58Cr15Mn2B16

C4Mo2Si1W1Zr1 (at. pct) powder was used for the laser
processing of MG components. The other elements (e.g.,
Cr, B, and Si) enhance thermal stability and provide
increased additional solid solution strengthening.
Gas atomization (GA) is a practical and effective

approach for producing MG powder. However, the gas-
atomized MG powder cannot be used directly as a
structural component. Accordingly, gas-atomized pow-
der is generally processed through a series of conven-
tional powder metallurgy steps such as degassing, cold
isostatic pressing or hot isostatic pressing, and extrusion
to form dense bulk materials, which are then machined
into final components. In this article, we explore the
potential of using the LENS process to form fully dense,
three-dimensional (3-D) net-shaped Fe-based MG com-
ponents through laser deposition. Inspection of the
technical literature reveals that the results obtained for
the laser glazing[17,18] and laser cladding of MGs[19–22]

have been reported, although these are concerned with
surface treatments and coatings. To our knowledge, this
work represents the first time that the fabrication of
net-shaped bulk MG components has been investigated
by laser direct-deposition techniques.
Laser-engineered net shaping (LENS) provides a

novel pathway for producing net-shaped bulk MGs.
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The LENS process is a laser-assisted, direct metal
manufacturing process originally developed at Sandia
National Laboratories (Albuquerque, NM).[23] The
LENS process incorporates features from stereolithog-
raphy and laser cladding, using a computer-aided design
file to control the forming process; a 3-D part can be
generated point by point, line by line, and layer by layer
via additive processing. The LENS process can produce
relatively high, localized cooling rates at each deposition
point due to the very small size of the melt pool and the
conduction of thermal energy into the substrate.[24,25]

Therefore, it should be possible to manufacture net-
shaped MG components using LENS, because the
material is deposited as sequential and cumulative layers.
In addition, it should be possible to optimize the cooling
conditions for MG processing by controlling the pro-
cessing parameters such as the laser power and travel
speed.

The LENS process provides several advantages from
an engineering standpoint. The LENS process can be
used to generate materials that contain multiple length
scales, thereby facilitating the optimization of physical
properties. In the case of MGs, it should be possible to
fabricate net-shaped components with a high material
yield and attractive physical properties. In this article,
Fe-based Fe-Cr-Mo-W-C-Mn-Si-Zr-B MG components
were deposited via LENS processing. Their microstruc-
ture was characterized via scanning electron microscopy
(SEM), X-ray diffraction (XRD), differential scanning
calorimetry (DSC), and transmission electron micro-
scopy (TEM). The mechanisms thought to be respon-
sible for the observed microstructure, GFA, and
mechanical properties are discussed.

II. EXPERIMENTAL PROCEDURES

Gas-atomized Fe-based Fe58Cr15Mn2B16C4Mo2Si1W1Zr1
(at. pct) powder with a size range of 10 to 110 lm was
selected as the starting material. A hotrolled 304
stainless steel plate with a thickness of 6.35 mm was
used as the substrate. The LENS 750* system used in this

study was manufactured by Optomec, Inc. (Albuquerque,
NM) and consists of a continuous-wave mode Nd:YAG
laser operating up to 650 W, a four-nozzle coaxial
powder feed system, a controlled-environment glove
box, and a motion control system. The nominal laser
beam diameter is 6.3 mm and has a <0.5-mm diameter
circular beam waist at the focal zone. The energy density
used in the present article was in the range 2 9 104 to
1 9 105 W/cm2.

Three types of sample geometries were fabricated for
our study: shells (A, B, and C), solid cubes (D, E, F, and
G), and coatings (H, I, J, and K), as shown in Figure 1,
with different process parameters shown in Table I. In
the case of the coating and cubic samples, the area of
each layer corresponded to 10 9 10 mm. The hatch

space is 0.38 mm and the layer thickness, DZ, is
0.25 mm. The coating samples were fabricated with
different numbers of deposited layers (1 for H, 2 for I, 4
for J, and 8 for K), to investigate the microstructure
evolution during laser deposition. Successive layers were
deposited with the hatch lines of two adjacent layers at
an angle of 90 deg. The entire process was carried out in
an Ar environment, to avoid oxidation during deposi-
tion. The oxygen level in the glove box was maintained
below 10 ppm during deposition.
The as-deposited Fe-based components were sec-

tioned along the center axis and perpendicular to the
laser travel trace on the top layer; they were then
mounted, ground, and, finally, finely polished using the
conventional techniques for metallographic character-
ization studies. Scanning electron microscopy coupled
with energy-dispersive X-ray (EDX) spectrum analysis,
XRD with Cu Ka radiation, DSC, and TEM were used
for the microstructure characterization and phase anal-
ysis of the deposited samples. The XRD scans were
performed on the free surfaces of the laser-deposited
coatings. microhardness measurements were conducted
using a Vickers indenter with Buehler MicroMet 2004
apparatus (Buehler Ltd., Lake Bluff, IL) under a 100-g
load on metallographically mounted cross sections of
the laser-deposited samples.

III. RESULTS AND ANALYSIS

A. Gas-Atomized Powder

The gas-atomized Fe-based Fe-Cr-Mo-W-C-Mn-Si-
Zr-B alloy powder exhibited a lognormal size distribu-
tion. Observations of the powder with SEM secondary
electrons revealed that most of the powder is spherical in
shape, which is typical for a gas-atomized powder,[26]

with variations in the surface morphology, as shown in
Figure 2(a). The surface of the smaller powder was
generally smoother than that of the larger powder, the
associated roughness being attributed to solidification
shrinkage.[26,27] Moreover, the surface features were
noted to be indicative of the microstructure: smooth in

Fig. 1—Laser-deposited Fe-based MG samples using LENS.

*LENS 750 is a registered trademark of Sandia National Labora-
tories, Albuquerque, NM.
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the case of the amorphous powder and rough in the case
of the crystalline powder.

The cross-sectional microstructures of the different
powder sizes were studied using SEM backscattered
electrons (BSEs) and revealed the typical microstructure
shown in Figure 2(b). The powder <20 lm revealed a
featureless microstructure, indicating that no crystalli-
zation had occurred during GA. The featureless powder
was considered to be amorphous. The extent of crystal-
lization was noted to increase with the powder size,
consistent with published results.[28–30] It is important to

note that, although a starting powder with a wide
particle size range (from 10 to 110 lm) and different
initial microstructures (from amorphous to crystalline)
was used in this work, all the particles will be completely
melted and resolidified during LENS deposition. There-
fore, the influence of the initial microstructure of the
starting powder on the microstructure and properties of
the laser-deposited layers was deemed to fall outside of
the scope of the present study. The primary consider-
ations used to select the starting powder were morphol-
ogy (i.e., spherical), size (<150 lm), GFA, and laser
energy absorption. For the irradiation with Nd:YAG
laser (wavelength 1.06 lm), the absorptivity of Al (0.06 to
0.2) and Cu (0.04 to 0.3) alloys is much lower than that
of Fe alloys (0.25 to 0.35).[31]

B. Microstructure of LENS-Deposited Samples

The material initially deposited on the cold substrate
during LENS experiences a high quenching effect; it is in
this region that an amorphous microstructure is likely to
be observed. Themagnitude of the cooling rate during the
first-layer deposition can be estimated to be 103 to 104 K/s
on the basis of numerical simulations.[32,33] Figure 3
shows a micrograph, imaged with SEM BSEs, of an
initially deposited layer obtained with a laser output
power of 280 W and a travel speed of 12.7 mm/s. The
features of the melt pool shape and the overlap between
subsequent deposited lines are clearly visible. The micro-
structure is featureless, which suggests that the first layer
is amorphous. This indicates that the cooling rate
experienced by the deposited materials was high enough
to form an amorphous microstructure, consistent with
that reported for these Fe-based MGs.[19,34] The top
surface contained some partly unmelted particles that
retained the original partially amorphous structure of the
powder, as shown in Figure 3(a). These particles will be
completely melted and resolidified during the subsequent
layer deposition, because the surface of the previously
deposited layer is always partially remelted by the laser
beam during deposition. Only the surface of the final
deposited layer contains partly unmelted particles. The
presence of light-colored phases in the second layer
suggests that melting and resolidification occurred in this
region presumably under a low cooling rate, e.g., approx-
imately 102 to 103 K/s.[33,35]

In order to investigate any possible reactions of the
deposited layer with the substrate, an identical powder

Table I. Process Parameters Used for Laser Deposition via LENS

Sample Number
Laser Power,

P (W)
Travel Speed,

v (mm/s)
Power Exposure,

P/v (J/mm)
Powder Feed
Rate (g/min)

Shell A 180 12.7 14.17 10
B 280 8.47 33.06 6
C 280 12.7 22.05 10

Cubic bulk D 180 12.7 14.17 10
E 180 8.47 21.25 10
F 296 8.47 34.83 10
G 180 4.23 42.55 10

Coating S,T,U, and V 180 12.7 14.17 10

Fig. 2—SEM micrographs of gas-atomized Fe-based alloy powder:
(a) powder morphology and (b) powder cross section.
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was deposited on an amorphous substrate using the
same parameters as were used for deposition on the 304
SS substrate. Similar to the case of a crystalline
substrate, laser deposition on the amorphous substrate
made of Fe-based Fe-Cr-Mo-W-C-Mn-Si-Zr-B thick
amorphous coatings (400 lm) on a 304 SS plate via
high-velocity oxygen fuel thermal spraying[36] also
resulted in overlapping, amorphous melt zones. The
absence of microstructural features in these zones
indicates that the region is initially melted by the laser
beam and then resolidified as glass, regardless of the
nature of the underlying substrate. The absence of
significant dilution or reaction products at the interface
of the deposited Fe glass and the 304 SS substrate is
attributed to the high solidification rates associated with
LENS processing, which suppresses the diffusion-
controlled phase transformations of crystallization such
that solute trapping will occur and large segregation no
longer operates.

As the thickness of the deposited material increases,
the microstructure coarsens and precipitation becomes
increasingly evident, particularly at the boundary of the
melt pool region, which, for purposes of this discussion,
may be described as a heat-affected zone (HAZ). The
thickness and morphology of the HAZ strongly depends
on the LENS processing parameters. This trend is

consistent with the decrease in the cooling rate that
accompanies an increase in the number of deposited
layers.
In the case of the LENS-deposited samples with cubic

and shell geometries, the macroscale variables that
influence deposition are a buildup of height and melt
depth into the previous layer. To ascertain the results of
these samples, metallographic cross sections of the
deposited materials were made. The height buildup
was measured from the substrate surface to the upper
surface of the deposited material. Similarly, the melt
depth was taken to be the depth of the region in which
dissolution is evident. The measured melt depth tends to
increase from a minimum value of 0.05 mm to a
maximum value of 0.25 mm with increasing laser power
and decreasing laser travel speed. When the laser travel
speed is low, there is time for powder accumulation, and
slightly more penetration occurs. In terms of geometri-
cal considerations, the laser power and travel speed also
played a significant role in the accumulation and
remelting processes. The experimental results suggest
that there was a strong correlation between the height
buildup of the materials and a ratio defined hereafter as
the laser power exposure (laser powder/laser travel
speed). Figure 4 shows the variation in the height
buildup with the laser power exposure. The overall
thickness of the bulk cubic and shell samples increases
with increasing laser power exposure. The relationship
between the height buildup H and the processing
parameter P/v was derived using curve-fitting tech-
niques; it is given as

H ¼ 2:33þ 0:35 P=vð Þ � 0:004 P=vð Þ2 for bulk geometries

½1�

H ¼ 3:48þ 0:14 P=vð Þ � 0:001 P=vð Þ2 for shell geometries

½2�

where P is the laser output power and v is the laser travel
speed. The thickness of the bulk geometry is larger than

Fig. 3—SEM (BSE) micrographs of first layer of laser-deposited
Fe-based MG coating via LENS.

Fig. 4—Variation on build-up height of materials with laser power
exposure.
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that of the shells and can be attributed to the fact that
there is overlap between the deposition lines during the
fabrication of the former, whereas there is none during
the deposition of the latter.

The typical microstructure of laser-deposited bulk
cubic geometry is shown in Figure 5. This sample was
produced with a laser power of 280 W and a travel speed
of 12.7 mm/s. It is evident that the microstructure from
the top layers is much coarser than that present in the
bottom layers. The results from this sample confirm that
the temperature of the deposited materials increases
with thickness during laser deposition, and that the
cooling rate decreases with increasing distance from
the substrate. In addition, the heat generated by the
subsequently deposited layers can promote crystalliza-
tion of the preceding layers. Approximately two layers
revealed a featureless microstructure, which was con-
sidered to be amorphous.

Figure 6 shows the microstructure evolution in the
laser-deposited Fe-based MG shell component pro-
cessed with a laser output power of 280 W and a
travel speed of 12.7 mm/s. As one moves from the
bottom to the top layers, the microstructure varies
from amorphous to an MG matrix composite, effec-
tively forming a functionally graded microstructure. It
is interesting to note that, if one compares the

microstructure of the shell sample to that of the
corresponding location in the cubic sample, it is shown
that the former is coarser than the latter (Figure 5).
This difference is attributed to the higher thermal
conductivity of the bulk metal (cubic sample) as
compared to the heat dissipated via convection into
the environment (shell sample). In the case of a given
set of process parameters, the microstructural evolu-
tion during LENS is primarily influenced by the
conduction of thermal energy through the deposited
material into the substrate, which effectively behaves
as a heat sink. Convective and radiative losses into the
environment appear to have only a limited effect on
the microstructural evolution. An additional factor
that contributes to the observed difference in micro-
structure between the shell and cubic samples is the
fact that the time interval between two sequential
layers is shorter for the shell sample than for the cubic
sample. According to the experimental and numerical
simulation results,[24,25,33] the temperature at the end
of each deposition cycle increases with a decreasing
interval time, which corresponds to a decrease in the
cooling rate during deposition. In addition, the accu-
mulation of thermal energy that is likely to develop
during the deposition of multiple layers is also likely
to promote crystallization of the microstructure.

Fig. 5—SEM (BSE) micrographs of laser-deposited Fe-based MG cube.
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The energy-dispersive analysis line-scanning results
(Figure 7) show that the precipitated white phase
contained a higher concentration of Cr, W, and Mo
relative to the matrix. During the initial stages of phase
precipitation, the boundary between the precipitated
phases and the matrix is not well defined as the
component atoms begin to segregate and cluster. The
phase morphology of the precipitated phases becomes as
well defined as in the upper regions of the samples,
because extensive precipitation has been facilitated by a
low cooling rate.

Figure 8 shows the XRD patterns obtained from the
top surface of laser-deposited Fe-based MG coatings
with different numbers of deposited layers. The XRD
curve of the deposited first layer presents a diffuse broad
halo peak at around 2h = 44.4 deg, illustrating the
amorphous nature of the specimen. The broad diffrac-
tion peak becomes less obvious with increasing numbers
of deposited layers. The crystalline peaks appeared
superimposed on a broad diffraction peak for all the
coating samples, which is similar to the pattern obtained
from the gas-atomized powder. Even though the SEM
BSE images of the first-layer sample revealed a feature-
less microstructure within a molten pool region, some
crystalline peaks still appeared on the corresponding
XRD curve. In fact, these peaks were attributed to the

precipitated crystalline in the HAZ and partially melted
powder, which retained the original partially amorphous
structure. Three broad peaks at around 44.4, 64.5, and
81.7 deg, corresponding to the reflections of the nano-
crystalline a-Fe phase, can be observed together with a
halo peak, which confirms the presence of precipitated
nanocrystalline a-Fe embedded in an amorphous matrix.
The other phases presented are likely to be c-Fe,
tetragonal Fe2B, cubic Cr23C6, and other, unidentified
phases.
The microstructure of laser-deposited MG samples

was also observed using TEM. Although the initial
deposited layers appear featureless during observation
with SEM, as shown in Figures 3, 5, and 6, some
nanocrystallites of a-Fe with a size of 5 to 20 nm,
embedded in an amorphous matrix, were observed via
TEM. This is illustrated in Figure 9(a), in which the
bright-field image and its corresponding diffraction
pattern reveal the presence of a-Fe diffraction rings.
The increased deposition thickness resulted in additional
precipitation, as illustrated in Figure 9(b).
The TEM results also confirmed the observation of

an increased degree of crystallinity with the increased
deposition thickness. This phenomenon is illustrated in
Figure 9(b), which shows a bright-field image and its
corresponding diffraction pattern from an upper layer.

Fig. 6—SEM (BSE) micrographs of laser-deposited MG shell component.
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The size of the precipitated crystals that are evident in
this figure is approximately 100 nm. In all of these
cases, a primary crystallization reaction occurs and

starts with the formation of nanocrystalline a-Fe
grains. Further growth of these particles and the
appearance of new grains ensued as additional layers
were deposited.
Figure 10 shows the DSC trace curve of the first layer

of the laser-deposited Fe-based MG coating, as deter-
mined with a heating rate of 20 �C/min. With increasing
temperature, the curve shows an amorphous transition,
followed by the appearance of a supercooled liquid
region and crystallization. The glass transition temper-
ature Tg corresponds to the temperature at which the
curvature of the endothermic reaction on the DSC curve
is maximum, while the crystallization onset temperature
Tx is defined as the temperature at which the tangential
lines between the supercooled liquid and the exothermic
peak intersect each other. The temperature interval of
the supercooled liquid region DTx, defined by the
difference between the glass transition temperature and
the onset temperature of crystallization, DTx = Tx�Tg,
is as large as 110 �C. In addition, the Tg/Tm value is
0.37. The large supercooled liquid region implies a high
thermal stability of the supercooled liquid against
crystallization. Generally, the GFA increases with
increasing DTx and Tg/Tm.

[3,37]

Fig. 7—Element distribution around white phase with EDX line
scanning.

Fig. 9—TEM micrograph and its diffraction pattern of (a) first layer
of laser-deposited Fe-based MG and (b) coarse microstructure of
laser-deposited Fe-based MG.

Fig. 8—XRD patterns of laser-deposited Fe-based MG coatings with
different numbers of layers.
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C. Mechanical Properties

The microhardness of the LENS-deposited Fe-based
Fe-Cr-Mo-W-C-Mn-Si-Zr-B MG component was mea-
sured using a 100-g load with a Vickers microhardness
tester; the results are summarized in Figure 11. The
results show the variation in microhardness at the center
of the cubic sample as a function of distance from the
substrate surface in the height buildup direction. The
variations in microhardness of the cubic MG sample in
the transverse direction, as well as in the center of a shell
sample, as a function of the distance from the substrate
surface were also measured. No significant variations in
microhardness were observed in the cases of the
transverse measurements for the cubic sample and the
center measurements for the shell sample, despite
obvious differences in the degree of devitrification. The
variation in microhardness values obtained from the
bottom region is significantly smaller than that of
the upper region, as a result of the predominantly
amorphous structure present near the bottom region.

The variations in microhardness summarized in Figure 11
can be attributed to the extent of precipitation through-
out the deposited material. It is also interesting to note
that the microhardness of the deposited materials was
slightly higher for the higher laser travel speed, which
corresponds to a decrease in the interaction time of the
laser materials and the associated high cooling rate
during deposition. The microhardness of laser-deposited
Fe-based MG materials is approximately 900 HV
(9.5 GPa), with a corresponding tensile strength (~1/3
hardness) of approximately 3.1 GPa, which is signifi-
cantly higher than the values for conventional steels,
e.g., 276 to 1882 MPa for carbon steels, 758 to
1882 MPa for alloy steels, 515 to 827 MPa for stainless
steels, and 640 to 2000 MPa for tool steels.[38] The
variation in the average microhardness of the LENS-
deposited bulk MG samples with laser exposure is also
shown in the inset of Figure 11. It was found that the
average microhardness decreases almost linearly with
increasing laser exposure (laser power/laser travel
speed), which corresponds to a decreasing cooling rate
during deposition. The relationship between the average
microhardness MH and the laser exposure P/v was
derived by curve fitting, and is given as

MH ¼ 846:7� 0:23 P=vð Þ ½3�

where P is the laser output power and v is the laser travel
speed.

IV. DISCUSSION

The microstructure evolution of laser-deposited
Fe-based Fe-Cr-Mo-W-C-Mn-Si-Zr-B MG materials
during LENS processing is complex, because it not only
depends on the thermal history but it is also a function
of the alloy system. Due to the layer-additive nature of
the LENS process, the thermal behavior associated with
the LENS process involves numerous reheating cycles.
Thus, the assessment of the microstructure evolution
necessitates an understanding of the response of the
alloy to these cycles. As shown in previous numerical
and experimental studies,[25,32,33] the thermal behavior
associated with the LENS process involves a series of
wave-shaped thermal cycles. Each peak represents a
laser heating event as the laser beam passes over a layer
and effectively reheats layers that were deposited previ-
ously. The thermal excursions dampen out when the
laser energy source moves away during the deposition of
subsequent layers. After reaching an initial peak tem-
perature, the heat is quickly conducted away for the first
layer, which experiences rapid heating and cooling,
nonequilibrium conditions. Because of rapid heat loss
through the substrate during initial deposition, this
initial thermal transient results in a high cooling rate
(103 to 104 K/s[33,35]) during solidification and can
produce a glassy microstructure in the case of glass-
forming alloys, as shown in Figures 3 and 9(a).
However, each subsequent pass reheats the previously
deposited layers such that after several layers are
deposited, the initial deposited layers continue to

Fig. 10—DSC curve of the first layer of laser-deposited Fe-based
MG.

Fig. 11—Variation in microhardness at the center of the bulk sample
with distance from substrate (Z direction) and laser power exposure.
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experience thermal excursions. When the reheating
temperature is higher than the crystallization onset
temperature Tx, new phases will precipitate, implying
MG devitrification. However, the time it takes a
deposited upper layer to reheat a lower layer to a
temperature above Tx is very short (<0.05 seconds) for
each deposition sequence, and the thermal energy is
rapidly dissipated into the lower layers. Our microstruc-
tural analysis shows that a heating time as short as this
was not sufficient to fully crystallize the lower layers.

The accumulation of thermal energy during compo-
nent fabrication is likely to promote devitrification. The
accumulation of thermal energy at the end of each cycle
causes the temperature to be somewhat higher than that
at the end of the previous cycle. Accordingly, the
temperature increases monotonically with the increasing
deposited material thickness, as confirmed via numerical
and experimental results.[24,33] It then follows that the
cooling rate decreases with the deposition thickness,
consistent with the observation that the microstructure
coarsens from the bottom to the top layers, as illustrated
in Figures 5, 6, and 9(b). Only when the deposited
sample attains a sufficient thickness will the temperature
of a lower layer exceed Tx and complete crystallization
occur. From our modeling results,[33] the stable temper-
ature for a 25.4-mm distance from the substrate can
reach 400 �C, when the overall deposited material is
approximately 50.8 mm. This complex thermal cycling
will influence not only the microstructure but also
residual stresses as the material is tempered or aged.

There are two key parameters of the LENS process,
laser output power and travel speed, that directly
determine the local thermal conditions (temperature
and cooling rate) and therefore control the resulting
microstructure of deposited MGs. These two parameters
can be combined into the energy intensity of a laser
beam, which can be determined by dividing the power of
the beam by the spot area:

I ¼ P

vd
½4�

where P is laser output power, v is laser travel speed, and
d is the laser beam spot size in diameter on the substrate.
For a given laser power, increasing the laser spot size
and scanning speed will decrease the intensity, while a
high laser power will increase the intensity. This thermal
energy input melts the injected powder and the surface
layer of the substrate; it also heats the underlying
material. Both the depth of the melt zone and the
thickness of the HAZ increase with increasing heat
input. A fast laser-scanning speed leads to a short
interaction time between the laser beam and the
material, which can also promote high quenching and
lead to the higher strength of the deposited Fe-based
MGs, as shown in Figure 11. The process parameters of
laser output power, travel speed, and initial temperature
of the substrate have significant influences on the
thermal history of the deposited materials; the cooling
process can be controlled by changing these variables.
The present results suggest that a combination of a laser
power of 150 W and a travel speed of 12.7 mm/s with a

powder feed rate of 10 g/min appears to be close to ideal
for forming a melt pool necessary for powder incorpo-
ration without causing much crystallization in the initial
deposition.
The behavior of MGs synthesized via LENS laser

deposition depends on both the process parameters and
the alloy composition. The Fe-based Fe-Cr-Mo-W-C-
Mn-Si-Zr-B alloy used in the present article has a
limited GFA, as is evidenced by the microstructure of
both the gas-atomized and LENS-deposited samples
(Figures 2 and 3 and 4 through 8). The basis of the
present alloy is the Fe-Mn-Cr-B system,[2,9–11] which
satisfies the three empirical rules.[12,13] The addition of
Mo, W, Zr, C, and Si can cause an increase in the atomic
size difference and the generation of new atomic pairs
with various negative heats of mixing. For a multicom-
ponent MG consisting of n constituent elements, the
criterion of the ratio of the atomic size difference kn has
been used to evaluate the optimum solute concentration
for high a GFA;[39] kn is defined as

kn ¼
Xn�1

B¼1

rB
rA

� �3

�1
�����

������CB ½5�

where rA and rB are the solvent and solute atom radius,
respectively, and CB is the solute concentration
(at. pct) of element B. It is found that the values
of kn of bulk MG formers with a great GFA in Zr-,
Pd-, Mg-, Nd- and Fe-based systems are approximately
constant of 0.18. The kn is 0.21 for the composition
corresponding to the Fe58Cr15Mn2B16C4Mo2Si1W1Zr1
(at. pct) alloy. The large atomic size difference in the
multicomponent system can result in the highly dense
and randomly packed structure of MG alloys. The
nucleation and growth of the crystalline phase may be
suppressed in the supercooled liquid by inhibiting the
long-distance diffusion and increasing the melt viscos-
ity. It is also very difficult for the multiple elements in
the alloy to simultaneously satisfy the composition and
structural requirements of the crystalline compounds.
Minor alloying additions are frequently added to MGs,
to improve GFA and effectively ‘‘tune’’ the mechanical
and physical properties of bulk MGs.[40] The addition
of metalloid elements such as B, C, and Si has a
significant effect on the GFA, thermal stability, and
properties of Fe-based MG-forming alloys. Proper
additions of small atomic-sized elements such as B,
C, and Si can tighten the alloy structure and stabilize
the alloy against crystallization. Minor additions of Zr
enable this alloy to behave as a liquidlike structure at
low temperatures and to remain amorphous as it
solidifies, due to the strong affinity Zr has for O.
However, the as-received alloy used in the present
investigation shows a limited GFA. Recently, Fe-based
alloys with a high GFA have been developed (e.g.,
Fe-Cr-Mo-Y-C-B) and should be of interest for LENS
studies, because results show that a fully amorphous
structure in the gas-atomized power size range 40 to
150 lm were obtained.[41]

The observed Fe-based Fe-Cr-Mo-W-C-Mn-Si-Zr-B
amorphous phase in the laser-deposited samples can
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be attributed to the rapid solidification that occurs
during rapid cooling as the thermal energy is trans-
ferred into the substrate. In this case, the nucleation
and growth of crystallites are hindered by the local
rapid drop in temperature. Beyond the initial layers,
however, the temperature of the deposited material
constantly increases as additional layers are added,
which results in a decrease in the cooling rate and,
hence devitrification, as shown in Figures 5 and 6.
According to the experimental and modeling
results,[25,33] the temperature could increase to a value
of approximately 150 �C at the end of the second-
layer deposition, and the cooling rate would decrease
to approximately 10�2 K/s for the third-layer deposi-
tion. This indicates that a constant cooling rate of at
least >10�2 K/s is required for depositing this type of
Fe-based MGs via the LENS process, based on the
absence of crystallization.

The inherent variation in the cooling rate during
LENS processing can lead to the formation of graded
materials with an in-situ-formed MG matrix composite,
as shown in Figures 5 and 6. It is interesting to note that
this type of microstructure has been reported to be
beneficial for strength and fracture toughness.[7,42] In
these microstructures, fracture may be suppressed by
limiting strain localization by the precipitated reinforc-
ing phase. The precipitated phases can also help
distribute both shear bands and microcracks, limit shear
band extension, suppress shear band opening, and avoid
crack development.

These preliminary research results on LENS-depos-
ited MG components indicate their flexibility in pro-
cessing novel materials, even those in which the thermal
and solidification conditions must meet certain condi-
tions. The cracks that were evident in the deposited
MGs, as shown in shell sample C in Figure 1, are
attributable to the lack of ductility of MGs and to
residual stress development, which is an intrinsic out-
come of incremental deposition processes such as
LENS.[43]

V. SUMMARY

The microstructure of the gas-atomized Fe-based
alloy Fe-Cr-Mo-W-C-Mn-Si-Zr-B powder used in the
present work was not fully amorphous. During the
initial stages of deposition with LENS processing,
significant rapid quenching occurs and two Fe-based
predominantly amorphous layers are created. With an
increasing deposit thickness, new crystal phases precip-
itated and the microstructure coarsens due to the
imposition of reheating cycles in combination with a
decreasing cooling rate. The number of a-Fe particles
and other precipitated phases increases with the increas-
ing number of deposited layers, forming graded com-
posites with in-situ-precipitated particles in an MG
matrix. The microhardness of the deposited Fe-based
Fe-Cr-Mo-W-C-Mn-Si-Zr-B MGs is approximately
900 HV (9.52 GPa), a value that is attractive for
engineering applications.
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