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A B S T R A C T

Components manufactured by additive manufacturing often exhibit improper fusion among layers and hatches.
Currently, there is no practical way to select process parameters and alloy systems based on scientific principles
to mitigate these defects. Here, we develop, test and demonstrate a methodology to predict and prevent these
defects based on a numerical heat transfer and fluid flow model for the laser powder bed fusion (PBF) additive
manufacturing (AM). These defects are avoidable by adjusting laser power, scanning speed, layer thickness and
hatch spacing. An easy to use parameter is proposed for practical use in shop floors. Relative susceptibilities of
three widely used AM alloys are demonstrated using this parameter.

1. Introduction

In laser-assisted powder bed fusion (L-PBF) additive manufacturing
(AM), components are made of multiple thin layers and hatches. The
soundness of the component depends on the fusion bonding among
successive layers and hatches [1,2]. Lack of fusion is detrimental to the
mechanical properties of the component, and in extreme cases leads to
part rejection [1,3]. Improper selection of laser power, scanning speed,
laser spot radius, layer thickness, hatch spacing and alloy affect the
formation of this defect [4]. Because of the involvement of many pro-
cess parameters and alloys, currently there is no generally available
methodology to guide engineers to avoid this defect.

Several attempts have been made to understand the effects of dif-
ferent process parameters on the lack of fusion defect for different alloy
systems and significant volume of experimental data have been re-
ported in the literature. Experimentally, lack of fusion defect was found
to be reduced with increasing laser power for stainless steel [5], tita-
nium alloys [4,6,7], aluminum alloys [8–10] and CoCrMo alloy [11].
Slower scanning speed was also found to reduce lack of fusion defect for
titanium alloys [4,6,7,12,13] and aluminum alloys [8–10]. Thinner
layer and small hatch spacing were proved to reduce this defect for
stainless steel [5], titanium alloys [14] and aluminum alloys [8–10].
However, in these experiments, one process variable was varied while
other parameters were kept constant. The brute force approach to
evaluate a parameter space for avoiding such defects through empirical
testing needs to be repeated for every alloy. Because of the involvement
of many process parameters, experimental evaluation of the roles of

process parameters on the prevalence of defects by trial and error is
time consuming and expensive.

A recourse is to develop, test and validate a science based, easy to
use methodology of avoiding these defects using heat transfer con-
siderations. Heat conduction models [15,16] were used to calculate the
molten pool shape and size based on which the extent of lack of fusion
voids were estimated. However, these models neglect the effect of
molten metal convection that is often the main mechanism of heat
transfer inside the pool [1]. Neglecting molten metal convection results
in inaccurate molten pool shape and size [17] and thus introduces
uncertainty in the lack of fusion defects. In short, the existing powder
bed fusion literature does not provide any rigorous methodology for
selecting process parameters and alloy system to minimize lack of fu-
sion defect. A quantitative understanding of the effects of process
parameters and alloy properties on lack of fusion defect and a practical
means to mitigate this problem based on scientific principles are needed
but not currently available.

Here, we show, for the first time, how the lack of fusion defects
during PBF can be minimized by using heat transfer and fluid flow
calculations. To quantify the lack of fusion defect, we propose a di-
mensionless number that involves common process parameters such as
laser power, scanning speed, spot radius, layer thickness and hatch
spacing and different alloy properties such as density, thermal con-
ductivity, specific heat and latent heat of fusion. The dimensionless
number also includes molten pool dimensions calculated using a well-
tested, three dimensional, transient heat transfer and fluid flow model
of L-PBF process. This non-dimensional number provides a relative
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scale to compare different alloys based on their susceptibility to the lack
of fusion defect over a wide range of process parameters. The effects of
all thermophysical properties of the alloys are considered during heat
transfer and fluid flow calculations which is required for the lack of
fusion number. Since the volume of the fusion zone depends on the
processing parameters, thermophysical properties of the alloy and the
geometry of the component, all of these factors have to be taken into
account in the modeling to estimate the lack of fusion defect. In addi-
tion, the important non-dimensional numbers that are important in L-
PBF such as Marangoni number and non-dimensional temperature are
correlated with the occurrence of lack of fusion defect. Based on these
findings we provide recommendations to mitigate lack of fusion defects
in components. Although, the results presented here are for L-PBF
process, the proposed lack of fusion number is applicable to all AM
processes since it is formulated based on the underlying principles of
the lack of fusion void formation that are similar in all AM processes.

2. Heat transfer and fluid flow model of PBF

A well-tested, three-dimensional, transient heat transfer and fluid
flow model of L-PBF is used to calculate the temperature field and
molten pool dimensions. The model solves the following equations of
conservation of mass, momentum and energy [18–20]:
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where ρ and μ are the density and the viscosity of the alloy, respec-
tively, ui and uj are the velocity components along the i and j directions,
respectively, xi is the distance along the i direction and Sj is the source
term for jth momentum conservation equation. The energy conserva-
tion equation is written as [18–20]:
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where h denotes the sensible heat, t is the time, α and ΔH are the
thermal diffusivity and the latent heat of fusion of the alloy, respec-
tively, ui is the velocity components along the i direction and Sv is the
source term for the volumetric heat source and is represented as [1]:

= ⎡

⎣
⎢−

+ ⎤

⎦
⎥S

ξ η P
π r t

exp
ξ x y

r
( )

v
b b

2

2 2

2
(4)

where P is laser power, r is laser beam radius, ξ is power distribution
factor varies between 1 and 3 [1], xb and yb are the distances from the
laser beam axis along X and Y directions, respectively and t is the
powder layer thickness.

The solution domain consists of substrate, deposited layers and

hatches, powder bed, and shielding gas. The substrate material is same
as the alloy powder. Convective and radiative boundary conditions are
applied to all surfaces of the solution domain as [1]:
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where k is the thermal conductivity of alloy, σ is the Stefan-Boltzmann
constant (5.67× 10−8 Wm-2 K-4), ε is the emissivity, TA is the ambient
temperature and hc is the convective heat transfer coefficient.

The convective flow of the molten metal is primarily driven by the
surface tension variation on the top surface of the molten pool resulting
from the spatial gradient of temperature. The resulting stress on the top
surface of the molten pool, called Marangoni shear stress [20–22] along
X and Y directions can be written as,

= = −τ μ du
dz

dγ
dT

Gx x (6)

= = −τ μ dv
dz

dγ
dT

Gy y (7)

where μ is the viscosity of the liquid metal, Gx and Gy are the two
components of temperature gradient along X and Y directions and
dγ dT/ represents the surface tension gradient with respect to tem-
perature that has a negative value for most commonly used alloys that
do not contain any surface active element [1]. Temperature dependent
thermo-physical properties of the alloy powders [23] are provided in
Table 1.

More details about the implementation of this model for L-PBF are
described in our previous publication [24] and are not repeated here.
Only the salient features are indicated here. The conservation equations
of mass, momentum and energy are discretized in the 3D Cartesian
coordinate using the control volume method. All discretized equations
are solved simultaneously to obtain enthalpy, velocity and pressure
fields using the tri-diagonal matrix algorithm (TDMA) [25]. The tem-
perature field is obtained from the enthalpy field by using temperature
dependent specific heat of the alloy. The calculation procedure con-
tinues until all the hatches and layers are completed. These calculations
are performed using an in-house Fortran code compiled using an Intel
Fortran compiler. The process parameters used for the calculations are
given in Table 2. The calculation time is approximately 5 h for a 20mm
long, 5 layers, 5 hatches build in a personal computer with a 3.40 GHz
i7 processor and 8 GB RAM.

3. Results and discussions

Fig. 1(a) shows the three-dimensional temperature and velocity
fields calculated using the heat transfer and fluid flow model during the
building of first layer first hatch of a SS 316 build. The temperature and
velocity fields on top (XY), transverse (YZ) and longitudinal (XZ) planes
are shown in Fig. 1(b)–(d) respectively. The region bounded by the li-
quidus temperature isotherm (1733 K) of SS 316 represents the fusion

Table 1
Thermo-physical properties of SS 316, Ti-6Al-4 V and AlSi10Mg [23]. Here ‘T’ represents temperature in K ranging from ambient to the solidus temperature.

Properties SS 316 Ti-6Al-4V AlSi10Mg

Liquidus temperature (K) 1733 1928 867
Solidus temperature (K) 1693 1878 831
Thermal conductivity (W/m K) 11.82+ 1.06× 10−2 T 1.57+ 1.6× 10−2 T − 1× 10−6 T2 113+1.06× 10−5 T
Specific heat (J/ kg K) 330.9+ 0.563 T − 4.015× 10−4 T2 + 9.465×10−8 T3 492.4+ 0.025 T − 4.18× 10−6 T2 536.2+ 0.035 T
Density (kg/m3) 7800 4000 2670
Latent heat of fusion (J/kg) 272×103 284×103 423×103

Viscosity (kg/m s) 7× 10−3 4× 10−3 1.3×10−3

dγ/dT (N/m K) − 0.40× 10−3 − 0.26× 10−3 − 0.35× 10−3

Absorption coefficient in liquid (ηl) 0.3 0.3 0.3
Absorption coefficient in powder (ηP) 0.7 0.7 0.7
Volumetric expansion coefficient (/K) 5.85× 10−5 2.5×10−5 2.4×10−5

Young’s modulus (GPa) 206 110 68
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zone of the molten pool. The light blue region within the liquidus and
the solidus temperature (1693 K) isotherms represents the mushy zone.
Therefore, the 1693 K isotherm represents the molten pool boundary.
The velocity vectors are represented by the black arrows whose mag-
nitude can be found by comparing their length with the reference

vector provided. The velocity vectors are radially outwards because
molten metal flows from the high temperature to the low temperature.
The laser beam travels in the direction of positive X-axis. Therefore, the
molten pool is elongated in the opposite direction (negative X-axis). The
molten pool exhibits a teardrop shape that is attributed to rapid scan-
ning speed of the PBF process [1]. The track width is determined from
the solidus isotherms on the transverse sections as shown in Fig. 1(d).

Fig. 2(a) and (b) compare the calculated molten pool width and
depth, respectively, and their variations with linear heat input (laser
power/scanning speed) with independent experimental observations
[5,12,15,26,27] for single layer single hatch builds of SS 316, Ti-6Al-
4 V and AlSi10Mg. For all three alloys, track width and depth increase
with heat input as expected. Fair agreements between calculated and
experimental results for all three alloys considered here provide us the
confidence to use the model to predict the molten pool dimensions to

Table 2
Process parameters used for calculations. Packing efficiency is a measure of
extent of voids in the powder bed and is adapted from the literature [24].

Laser power, W 60

Scanning speed, mm/s 250-1000
Laser spot radius, mm 0.050
Layer thickness, mm 0.030
Hatch spacing, mm 0.035
Build length, mm 20
Substrate dimensions, mm×mm×mm 22×5 × 2
Packing efficiency 0.5

Fig. 1. Temperature and velocity distributions for 1 st hatch and 1 st layer of a
20mm long SS 316 build on a 24mm long SS 316 substrate using 60W laser
power and 500mm/s scanning speed on (a) 3D isometric section (b) top (c)
longitudinal and (c) transverse planes. The length of the build is from
x=2.0mm to 22.0mm. Other process conditions are mentioned in Table 2.
Scanning direction of the laser beam is along the positive x-axis.

Fig. 2. Comparison between the calculated and experimentally observed (a)
width and (b) depth of the molten pool of a single layer single hatch builds of SS
316, Ti-6Al-4 V and AlSi10Mg at different linear heat inputs. The experimen-
tally measured width and depth for SS 316 are adapted from Di et al. [5] and Li
et al. [27], respectively. The experimental results for Ti-6Al-4 V and AlSi10Mg
are taken from Gong et al. [12] and Kempen et al. [26], respectively. Gong et al.
[12] and Kempen et al. [26] provided the macrograph from which Tang et al.
[15] measured the dimensions.
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evaluate lack of fusion defect.
Figs. 3(a–c) show the computed shapes and sizes of the molten pool

transverse sections (YZ plane) for different hatches and layers of five
hatches, three layers, builds of SS 316, Ti-6Al-4 V and AlSi10Mg, re-
spectively. For the SS 316 and Ti-6Al-4 V builds, unmelted regions be-
tween the molten pools indicating improper fusional bonding among
layers and hatches represent the lack of fusion voids. For the same
processing conditions, molten pools in AlSi10Mg build are the largest
due to its lowest density. Therefore, AlSi10Mg does not exhibit any lack
of fusion voids at the processing condition considered. Figs. 4 (a–c)
show the computed shapes and sizes of the molten pool transverse
sections (YZ plane) for different hatches and layers of five hatches,
three layers, builds of SS 316 at different heat inputs. Lack of fusion
voids observed in Fig. 4 (a) are eliminated by increasing laser power
and decreasing scanning speed, as shown in Fig. 4 (b) and (c), respec-
tively.

From Fig. 4 it is clear that the lack of fusion defect depends on both
laser power and scanning speed. Figs. 5 (a) and (b) show the relation of
experimentally measured [5,11] lack of fusion void fraction with laser
power and scanning speed, respectively. In these plots the experimental
data are taken from the independent literature [5,11]. It has been found
that the amount of lack of fusion voids is inversely proportional to the
laser power and directly proportional to the scanning speed. Apart from
these two process conditions, layer thickness and hatch spacing also
play important role in determining lack of fusion defect. Figs. 6 (a) and
(b) show the relation of experimentally measured [14,28] lack of fusion

void fraction with layer thickness and hatch spacing, respectively. In
these plots the experimental data are taken from the independent lit-
erature [14,28]. It has been found that amount of the lack of fusion
voids is directly proportional to both the layer thickness and hatch
spacing.

From Figures (3–6) it is clear that the lack of fusion defect depends
on alloy properties and process parameters such as laser power, scan-
ning speed, layer thickness and hatch spacing. However, other process
parameters such as laser spot radius, absorptivity of the laser beam at
the powder bed, molten pool width and depth and rate of heat transfer
also govern lack of fusion defect in PBF [4,15]. Therefore, to quantify
and provide better understanding of the effects of these governing
factors on the lack of fusion defect in PBF, a non-dimensional lack of
fusion number (LF) is proposed and used here. This number, LF consists
of all important process parameters and alloy properties and is re-
presented as:
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All the symbols used in this equation are described along with their
units and dimensions in Table 3. Eq. (8) clearly indicates that the lack of
fusion defect is proportional directly to scanning speed, layer thickness
and hatch spacing and inversely to laser power as shown in Fig. 5 and 6.
Molten pool width and depth and Fourier number used in this equation
are calculated using the heat transfer and fluid flow model. Recently,

Fig. 3. Transverse sectional view of the molten pools for 3 layers 5 hatches builds of (a) SS 316 (b) Ti-6Al-4 V and (c) AlSi10Mg using 60W laser power, 1000mm/s
scanning speed and 90 μm hatch spacing. Other process conditions are mentioned in Table 2.
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we have shown how the molten pool dimensions vary with layers and
hatches [24,29]. The dimensions do not change significantly after the
2nd hatch and the layer where the temperature field reaches steady state
[24,29,30]. Therefore, molten pool dimensions used in Eq. (8) are taken
at 2nd hatch after they reach the steady state. Since wider and deeper
molten pool ensures proper fusional bonding among successive layers
and hatches, both pool width and depth are in the denominator of Eq.
(8). Other important material properties that affect pool dimensions
and thus the lack of fusion defect such as viscosity and coefficient of
surface tension are considered by including their effects during pool
depth and width predictions. Fourier number indicates faster diffusive
heat transfer relative to heat accumulation [31]. A high rate of heat
transfer reduces the pool size and thus increases the lack of fusion de-
fect. The term +ρ C ΔT L( )P denotes the amount of heat needed to melt
per unit volume of material. For a given heat input, an alloy with high
energy required for melting exhibits smaller molten pool that increases
the susceptibility of lack of fusion defect.

Fig. 7 shows that the experimentally measured [5,15,28,13] lack of
fusion void fraction (VE) for three commonly used alloys follows a linear
relationship with corresponding LF , which is estimated using Eq. (8). A
sample calculation for the estimation of the LF for SS 316 is shown in
the Supplementary document. Based on the trend of the data points
presented in Fig. 7, the lack of fusion void fraction (VE) can be expressed
as:

=V L15.3E F (9)

All statistical data to qualify this linear fit are summarized in
Table 4. Eq. (9) is valid for the heat input range of 0.05–1.00 J/mm,
which is widely used for major L-PBF applications [1]. In this equation,
when LF is zero there are no lack of fusion voids observed. To include a
new alloy, the correlation in Eq. (9) needs to be updated by including
new experimental data for that alloy in Fig. 7. However, the lack of
fusion number is applicable for any alloy for a wide range of processing
conditions.

The lack of fusion number, L ,F provides a usable scale to estimate
and compare the amount of lack of fusion void in L-PBF of different
alloys. Fig. 8 compares three commonly used alloys based on their
vulnerability to the lack of fusion defect at three different scanning
speeds. SS 316 is the most susceptible to lack of fusion defect because of
its smallest molten pool attributed to its relatively high density. Since
rapid scanning reduces the pool size, amount of lack of fusion voids
enhances with increasing scanning speed as shown in Fig. 8.

Lack of fusion defect depends largely on the molten pool shape and
size governed by the flow of liquid metal driven primarily by the spatial
gradient of interfacial tension, also known as the Marangoni stress
[20–22]. Effects of Marangoni stress is quantified by the Marangoni
number [31,32]:

= −Ma
dγ
dT

δ ΔT
μ α (10)

where μ is the dynamic viscosity, α is the thermal diffusivity of the

Fig. 4. Transverse sectional view of the molten pools for 3 layers 5 hatches SS 316 builds using (a) 60W power and 1000mm/s speed (b) 100W power and
1000mm/s speed and (c) 60W power and 250mm/s speed. All three results are using 90 μm hatch spacing. Other process conditions are mentioned in Table 2.
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alloy, δ is the characteristic length of the molten pool, which is taken as
the width of the molten pool, ΔT is the difference between the peak
temperature inside the pool and the solidus temperature of an alloy,
and dγ

dT
is the surface tension gradient with respect to temperature. For

most alloys that do not contain any surface active elements, this
quantity is negative [1]. The peak temperature and pool width required
for the calculations are estimated using the heat transfer and fluid flow
model. Higher Marangoni number indicates vigorous flow of liquid
metal inside the pool that increases the molten pool width and ensures
proper fusional bonding among successive layers and hatches. There-
fore, lack of fusion defect decreases when hatch spacing and layer
thickness are constant for processes with higher Marangoni number as
shown in Fig. 9.

Assuming a constant cross section, hatch spacing, and layer thick-
ness, higher molten pool peak temperature may indicate heat accu-
mulation and consequentially a larger molten pool which facilitates
better bonding of the depositing metal with the previously deposited
metal. Therefore, monitoring of peak temperature during AM can be
used as an indicator of the extent of lack of fusion defect. A non-di-
mensional temperature T* can reveal the change in the amount of lack
of fusion voids due to rise in peak temperature [32]:

=T T
T

P

L

*
(11)

where TP and TL are the peak temperature and liquidus temperature of

Fig. 5. Relation of experimentally measured void fraction with (a) laser power
and (b) scanning speed. The data to plot the figures (a) and (b) are taken from
Darvish et al. [11] and Di et al. [5], respectively. The results at the figures (a)
and (b) are for CoCrMo alloy and SS 316, respectively. The linearity of the plots
is indicated by the correlation coefficients of 0.95 and 0.99 for figures (a) and
(b), respectively.

Fig. 6. Relation of experimentally measured void fraction with (a) layer
thickness and (b) hatch spacing. The data to plot the figures (a) and (b) are
taken from Qiu et al. [14] and Aboulkhair et al. [28], respectively. The results
at the figures (a) and (b) are for Ti-6Al-4 V and AlSi10Mg, respectively. The
linearity of the plots is indicated by the correlation coefficients of 1.00 and 0.94
for figures (a) and (b), respectively.

Table 3
Variables used in the lack of fusion number (LF ) in the MLTθ system.

Variable S.I. unit Dimension

Density of alloy, ρ kg/m3 ML−3

Specific heat of alloy, CP J/kg K L2T−2θ−1

Temperature gradient, ΔT = TL − TS, where TL and TS
refer respectively to liquidus and solidus temperature

K θ

Latent heat of fusion of alloy, L J/kg L2T−2

Absorptivity of laser beam, η – M°L°T0θ0
Laser beam power, P W ML2T−3

Laser scanning speed, v m/s LT−1

Laser beam radius, r m L
Fourier number, F denoted by =F α v l/ where α is the

thermal diffusivity of alloy and l is the molten pool
length

– M°L°T0θ0

Layer thickness, t m L
Hatch spacing, h m L
Molten pool depth, d m L
Molten pool half-width, w m L
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the alloy, respectively. The peak temperature required for the calcula-
tions may be either estimated from the heat transfer and fluid flow
model or determined with a thermo-camera. Fig. 10 shows that the lack
of fusion defect decreases with an increase in peak temperature. The
peak temperatures for the parameter range considered here are below
the boiling point of the alloys and keyholes do not form during the
process. However, instabilities in the keyholes formed at very high
power density may result in porosity that are different from the lack of
fusion voids described here [1,33]. Fig. 9 and 10 show that the lack of
fusion voids can be effectively minimized by enhancing Marangoni
number and non-dimensional temperature during the process by

adjusting different processing conditions.

4. Summary and conclusions

A well-tested, three-dimensional, transient heat transfer and fluid
flow model is used to calculate the temperature and pool dimensions
used for the dimensionless calculations. The results presented here
provide, for the first time, a quantitative basis for minimizing lack of
fusion defect in components made by L-PBF based on scientific princi-
ples. Below are the specific findings.

1) A non-dimensional number that considers AM process parameters
and alloy properties is developed and tested for preventing lack of
fusion defects for a wide range of process conditions and three
commonly used alloys.

2) Among the three commonly used AM alloys considered, the biggest
molten pool of AlSi10Mg for a given set of AM process parameters
minimizes lack of fusion defect. Under the same processing condi-
tions, AlSi10Mg and SS 316 are the least and most vulnerable to the

Fig. 7. Values of experimental void fraction (VE) as a function of the lack of
fusion number (LF ) for AlSi10Mg [28], Ti-6Al-4 V [15,13] and SS 316 [15,5]
showing a linear relationship. Experimentally measured void fraction values are
directly taken from the literature. LF values are calculated using corresponding
process parameters and alloy properties.

Table 4
Statistical data about the linear fit presented in Fig. 7.

Coefficient of determination 0.82

Standard deviation 0.025
p-value Negligible (in the order of 10−8)

Fig. 8. Values of the calculated lack of fusion number (LF ) calculated for SS
316, Ti6Al4V and AlSi10Mg builds. The symbol (a), (b) and (c) denote the
scanning speed of 500mm/s, 750mm/s and 1000mm/s scanning speed, re-
spectively. All calculations are done at 60W laser power and other processing
conditions are provided in Table 2.

Fig. 9. Variation of the calculated lack of fusion number (LF ) as a function of
Marangoni number for different heat inputs per unit length. The processing
conditions for these results are provided in Table 2. The coefficient of de-
termination of this quadratic fit is 0.82.

Fig. 10. Variation of the calculated lack of fusion number (LF ) as a function of
non-dimensional temperature for different heat inputs per unit length. The
processing conditions for these results are provided in Table 2.
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lack of fusion defect.
3) A larger heat input per unit length obtained by reduction of scan-

ning speed or an increase in laser power or both results is larger
liquid pool and lower occurrence of lack of fusion defect.

4) A high value of Marangoni number that indicates vigorous circula-
tion of the liquid metal inside the molten pool correlated well with
the reduction of the lack of fusion defects.

5) High values of peak temperature also correlated well with the re-
duction of the occurrence of lack of fusion defects. Since the tem-
perature can be monitored during deposition, this correlation can be
used to reduce lack of fusion defects.
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