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ABSTRACT

Lack-of-fusion porosity due to insufficient melting of the adjacent tracks and successive layers is
a persistent problem in laser powder bed fusion (LPBF). A novel functional relation is proposed
here following dimensional analysis for rapid estimation of the lack-of-fusion porosity fraction
as a function of important process variables and alloy properties. The estimated values of the
porosity fractions are found to be in fair agreement with the corresponding independent exper-
imentally measured results for LPBF of five commonly used alloys for a wide range of process
conditions. The proposed functional relation is used further to construct a set of process maps
that can aid in the selection of important LPBF conditions to avoid lack-of-fusion porosity on the

shop floor without doing any calculations.

1. Introduction

Lack-of-fusion porosities between the tracks and lay-
ers affect the part density and act as crack initiation
sites resulting in reduced durability of parts made by
laser powder bed fusion (LPBF) [1-3]. These porosi-
ties arise due to small melt pools, which fail to ade-
quately overlap the adjacent tracks and deposited layers
and result in un-melted regions remaining as pores in
the final part [1,2]. Experimental investigations showed
that higher power density and smaller hatch spacing
could reduce lack-of-fusion porosity for LPBF of tita-
nium [4], aluminum [5], and nickel [6] alloys. These
studies required a high volume of experiments over a
large process parameter space. Attempts are ongoing to
develop empirical relations and scaling laws to evaluate
the propensity of an LPBF condition to lack-of-fusion
porosity in terms of melt pool dimensions and pow-
der properties [6-9]. Numerical models have been used
to compute the melt pool dimensions and determine
porosity fractions for LPBF of nickel [10], stainless
steel [11], titanium [12,13], and aluminum [14] alloys.
The computationally intensive nature of these models
to simulate the LPBF process has remained a critical
challenge [10,15,16]. In contrast, analytical heat con-
duction models [17,18] can rapidly calculate the melt
pool dimensions and support scaling relations for quick
evaluation of lack-of-fusion porosity for high through-
put screening during the initial design stages of LPBE.
Here, we propose a novel scaling analysis to
identify a set of non-dimensional terms to identify
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the susceptibility of an LPBF condition to lack-of-
fusion porosity. These non-dimensional terms involve
important LPBF variables, alloy properties, and melt
pool dimensions, which are computed from a well-
established analytical heat conduction model [19]. The
sensitivity of the lack-of-fusion porosity to the non-
dimensional terms is tested using measured porosity
fraction data from the literature for LPBF of five com-
monly used powders. A unique relation for porosity
fraction as a function of the non-dimensional terms
is established and tested extensively. Finally, a set of
porosity fraction maps is developed using the func-
tional relation for the selection of appropriate LPBF
variables to reduce lack-of-fusion porosity.

2. Dimensional analysis

The dimensional analysis is carried out to identify a set
of non-dimensional terms, which can uncover the role
of important LPBF variables on the evolution of lack-
of-fusion porosity. Table 1 shows the variables for the
dimensional analysis. The susceptibility to porosity is
denoted by the dimensionless porosity fraction (¢) and
its values are estimated from the measured extent of
pores [4] or relative density [20] of a part. Among sev-
eral LPBF variables, the laser power (P), scanning speed
(v), layer thickness (1), and hatch spacing (§) are con-
sidered to be important. An increase in the laser power
results in a greater rate of melting of the powder parti-
cles and reduces the chance of lack-of-fusion porosity
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Table 1. Variables used for dimensional analysis.

Variable Symbol Unit Dimension
Laser power P w ML2T-3
Scanning speed v m/s 7!
Layer thickness A m L
Hatch spacing 8 m L
Melt pool width w m L
Melt pool depth d m L
Enthalpy at melting Hm J/m3 ML=1T2
Porosity fraction ¢ — MeLeT®

[20]. In contrast, an increase in the scanning speed
reduces the rate of heat input per unit length of a track
leading to inadequate melting of powder and porosities
in the final part [21,22]. An increase in both the layer
thickness and hatch spacing requires the melting of a
greater volume of powder to avoid porosity between
tracks and layers [4,5,23]. Among the powder prop-
erties, the enthalpy of melting per unit volume (Hy,)
provides a measure of the amount of energy required
for an alloy for complete melting and is therefore con-
sidered an important variable. Lastly, the melt pool
width (w) and depth (d) are also deemed to be essen-
tial variables for identifying lack-of-fusion porosity as
inadequate pool dimensions lead to unfused regions
and voids between tracks and layers.

Considering the eight variables and three funda-
mental dimensions (Table 1), five dimensionless terms
are formed and two of them are combined further to
obtain four unique dimensionless terms as

m = ¢ (1)
8
) = ; (2)
A
T3 = E (3)
P 1
"= (von) Hy “)

The detailed steps to form these dimensionless terms
are presented in Appendix. The term 7 represents the
extent of lack-of-fusion porosity in LPBF in terms of
porosity fraction. The term 7, depicts a ratio of the
hatch spacing (§) and the melt pool width (w). Likewise,
the term 773 represents a ratio of the layer thickness (1)
and the melt pool depth (d). In turn, both 7, and 73
directly influence the lack-of-fusion porosity in LPBE
The term 74 represents a dimensionless ratio of the
input energy per unit volume and the energy required
for melting the alloy. As a result, the term 74 accounts
for the influence of LPBF variables and material prop-
erties across different alloys and inversely affects the
lack-of-fusion porosity.

In the following section, the sensitivity of the terms
75, 3, and 74 to important process variables and their
influences on the 77| term are examined for LPBF of five
commonly used alloys. The term 77 is considered equal
to the measured porosity fraction and the terms 5, 77 3,
and 74 are calculated considering the corresponding
LPBF conditions from the literature. An analytical heat
conduction model [19] is used to compute the melt pool
dimensions w and d, which are required to calculate 7,
and 7 3, respectively. Table 2 provides the range of LPBF
conditions and material properties of the alloys, which
are used here. The analytically computed melt pool
dimensions w and d are presented in the form of pro-
cess maps as function of laser beam power and scanning
speed as Figure S1 in a ‘Supplemental Document’.

3. Analysis of dimensionless variables

Figure 1 shows the influence of the dimensionless term
7,, i.e. the ratio of hatch spacing (§) and analytically
computed melt pool width (w) on the experimentally
measured porosity fractions (i.e. 771) for LPBF of five
alloys. The values of the porosity fraction are almost

Table 2. Ranges of process conditions and measured porosity fraction values for LPBF of Ti6AI4V [4,20,24], SS316L [22,23,25,26],
AISi10Mg [5,27], H13 [28,29], and IN718 [6,21,30] powder and material properties [31-33] used for the analytical model [19].

Parameter Ti6Al4V SS316L AlSi10Mg IN718 H13
Laser power, P (W) 40-200 90-300 150-350 90-370 150-300
Scanning speed, v 0.12-1.56 0.3-2.8 0.5-2.5 0.4-1.6 0.4-1.0
(m/s)
Layer thickness, A 30-50 25-40 30-90 25-60 40
(um)
Hatch spacing, § 100 80-120 45-130 80-120 80-120
(um)
Porosity fraction, ¢ 0.001-0.220 0.001-0.160 0.002-0.160 0.002-0.130 0.001-0.070
Density, p (kg/m3) 4200 7400 2610 7700 7100
Solidus, liquidus 1878, 1923 1658, 1723 823,850 1533, 1609 1585,1723
temperatures,
(Ts, TV (K)
Enthalpy of melting 6.86 x 10° 9.47 x 10° 2.84 x 10° 8.47 x 10° 7.94 x 10°
per unit volume,
Hm (J/m®)
87 x[1+ 13 x [1+ M8 x [1+ M5x[1+ 221 x [1+4

Conductivity, k
(W/mK)

Specific heat, C
(J/kg K)

(1.18 x 1073 x T)]

260 x [14+
(118 x 1073 x T)]

(0.89 x 1073 x T)]

280 x [1+
(0.89 x 1073 x T)]

(0.01 x 1073 x T)]

980 x [1+
(0.01x 1073 xT)]

(1.06 x 1073 x T)]

280 x [1+
(1.06 x 1073 x T)]

(0.76 x 1073 x T)]

310 x [1+
(076 x 1073 x T)]
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Figure 1. Experimentally measured porosity fraction (¢) as a function of the dimensionless term 7, i.e. §/w for LPBF of five alloys
for different values of layer thickness (). The values of the measured porosity fractions are obtained from the literature as — Ti6Al4V
[20,24], IN718[6,21], SS316L [25,26], AISi10Mg [27], and H13 [28,29].

negligible at smaller values of §/w that confirm the
formation of adequate melt pool sizes. The porosity
fractions increase rapidly with an increase in the ratio
of §/w, which indicates a smaller melt pool width in
comparison to the hatch spacing. A comparison of
Figure 1(a-d) shows that the porosity fractions for dif-
ferent alloys increase over varying ranges of §/w, which
is attributed to diverse alloy properties and LPBF con-
ditions. Further analysis shows that the nature of vari-
ation between the measured porosity fraction and the
dimensionless term 8/w is also dependent on the val-
ues of the layer thickness (1). This is intuitive as an
increase in the layer thickness requires the melting of
a greater volume of powder mass to avoid unmelted
voids between the layers. A comparison of Figure 1(c
and d) shows a notable increase in the porosity fraction
at higher values of the layer thickness (1) for LPBF of
Ti6Al4V and AlSil0Mg.

Figure 1 shows that the dimensionless term 75, i.e.
8/w is an important variable to account for the lack-of-
fusion porosity in LPBF but it is also required to account
for the influence of the layer thickness (1), which is
undertaken by the dimensionless term 73, i.e. (A/d).
Figure 2 shows the influence of the dimensionless term
A/d on the experimentally measured porosity fractions
for the LPBF of five alloys. An increase in A/d indi-
cates a smaller melt pool depth in comparison to the
layer thickness, which can result in an inadequate bond-
ing between successive layers. The porosity fraction is

negligible at smaller values of A/d and increases with
an increase in A/d. At a larger hatch spacing (8), the
porosity fractions readily increase with an increase in
Ald, which is intuitive since wider hatch spacing and
greater layer thickness contribute to the propensity of
increased unmelted regions between the adjacent tracks
and layers, respectively (Figure 2(a-d)).

Figures 1 and 2 illustrate that the dimensionless
terms 7w, and 73 account for the influence of impor-
tant LPBF variables on the porosity fractions but the
nature of their influences is diverse for different alloys.
A term that can take into account the variability aris-
ing out of alloy properties is therefore required, which is
introduced by the dimensionless term 7 4. Equation (4)
shows that 7 4 is a ratio of the input energy per unit vol-
ume and the enthalpy of melting of an alloy. For a given
LPBF condition, an alloy with higher enthalpy of melt-
ing will result in smaller melt pool sizes and be more
susceptible to lack-of-fusion porosity. As a result, the
experimentally measured porosity fractions for LPBF of
all the five different alloys increase with 1/ 4 as shown
in Figure 3. It is also noteworthy that for a given alloy, an
increase in 1/m4 indicates a relatively lower amount of
input energy per unit volume of powder, which results
in smaller melt pool sizes and increases susceptibility to
lack-of-fusion porosity.

Overall, Figure 1-3 show that the three dimension-
less terms 775, 773, and 7 4 can collectively undertake the
effect of the LPBF variables and alloy properties on the
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Figure 2. Experimentally measured porosity fraction (¢) as a function of the dimensionless term 7, i.e. A/w for LPBF of five com-
monly used powder alloys for different values of hatch spacing (8). The values of the experimentally measured porosity fractions are
obtained from the literature as — Ti6Al4V [20], IN718 [30], SS316L [23,25], AlSi10Mg [5,27], and H13 [28,29].
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Figure 3. Experimentally measured porosity fraction as a function of 1/(rz 4) in LPBF processing of Ti6Al4V [4,20],IN718[6,21], SS316L
[22,25,26], AlSi10Mg [5,27], and H13 tool steel [28,29].
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Figure 4. (a) Pearson correlation among the dimensionless terms 5, 773, and 4 and (b) pair-wise correlation between porosity
fraction 7r1 and each of the other three dimensionless terms 7 5, 3, and 7 4. The values of the correlation coefficients are computed
considering 170 data sets of measured porosity fractions and the corresponding conditions for LPBF of Ti6Al4V [4,20], IN718 [6,21],

SS316L [22,25,26], AlSi10Mg [5,27], and H13 tool steel [28,29].

propensity to porosity fractions in the final part. An
effort is therefore presented next to develop a unique
functional relation for an estimation of the porosity
fraction as a function of 7r,, 73, and 7 4.

4. Development of functional relationship

The correlations among the dimensionless terms 75,
73, and 74 are examined first by calculating the Pear-
son correlation coefficients [34,35] for one hundred
seventy sets of LPBF conditions, the corresponding cal-
culated melt pool dimensions using an analytical model
[19], and the respective measured values of the porosity
fractions from literature. Figure 4(a) shows a moder-
ately positive correlation between the terms 7, and 73,
which is attributed to the similar nature of variations
in these two terms for the range of LPBF conditions. In
other words, a variation in the LPBF conditions such as
laser power and scanning speed affects both melt pool
dimensions fairly similarly, which are the key variables
in 5 and m3. In contrast, a decrease in the dimen-
sionless term 7 4 indicates either an alloy with a higher
enthalpy at melting or a lower amount of energy per
unit volume of powder, and both result in smaller melt
pool dimensions. As a result, both 7, and 73 show a
moderately negative correlation with the dimensionless
term 74 as shown in Figure 4(a). A correlation coef-
ficient value of greater than 0.9 is commonly used in
literature to recognize the redundancy of variables due
to a strong interrelation [36-38]. The absolute magni-
tudes of all the correlation coefficients in Figure 4(a)
are smaller than 0.6. All three 7 terms, ie. wy, 73,
and 74 are therefore considered constituents for the
functional relationship to estimate the lack-of-fusion
porosity fraction in LPBE

Figure 4(b) shows the associative nature between the
porosity fraction 1 and each of the three dimension-
less terms 75, 73, and 74 in terms of the respective
Pearson correlation coefficients. The correlation coef-
ficients between the pair-wise 7 terms are calculated
separately for each alloy and together for all five alloys.
Figure 4(b) shows a fair correlation between the poros-
ity fraction 7| and each of the dimensionless terms 7,
73, and 4. A slightly lesser value of the correlation
coefficient between the porosity fraction 7, and the
dimensionless term 7, for AlSi10Mg alloy is attributed
to the variability in the data sets for a wide range of
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Figure 5. Experimentally measured porosity fraction (¢) and
the corresponding calculated values using Equation (6) (repre-
sented by the black dashed best-fit line) for LPBF of Ti6Al4V
[4,20],SS316L [22,25,26], AlSiTOMg [5,27],IN718 [6,21],and H13
tool steel [28,29].
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as black dots.

hatch spacing and layer thicknesses. The values of the
individual correlation coefficients between 77| and each
of 7w, w3, and 74 terms are found to be in the range of
0.75-0.80 when the measured porosity fraction values
are considered for all the alloys. These values indicate
that a consistent relationship for 7| can be formed as a
function of 7, 73, and 7 4. A functional relationship is
therefore considered among the 7 terms as

=f(7T2,7T3,1/7T4) (5)

A set of 170 experimentally measured porosity frac-
tion values from the literature for LPBF of five alloys

and the corresponding process conditions are used next
to find the best fit functional relation for 7 as a func-
tion of 775, 7w 3, and 7 4, which is expressed in an explicit
form as

¢ =

4
(./d) (3/w)

4 6

: [¢ [P/ (vA8)] (I/Hm)] ©

Figure 5 shows the experimentally measured poros-
ity fraction values from the literature for LPBF of five
alloys and the best fit line with a correlation coefficient
(R) of 0.92. The parameter on the right-hand side in



Equation (6) includes three dimensionless terms and
depicts a scaling factor to calculate the porosity frac-
tion of a part as a function of important LPBF variables
and alloy properties.

Figure 5 exhibits a fair estimation of the porosity
fractions for a range of LPBF conditions across multiple
alloys. A further improvement for accuracy in predic-
tion warrants a detailed accounting of the underlying
physical phenomena through comprehensive compu-
tational models. It is also noteworthy that the porosity
can emerge from various sources such as lack of fusion,
collapsing keyhole, entrapment of gases, and balling
and spattering in the actual parts during LPBF [1,2].
The clear identification of the sources of porosity and
quantification of their individual effect on the den-
sity of the final part is difficult and rarely reported in
the literature. Nevertheless, it is worthwhile to probe
into the potential range of the key LPBF process vari-
ables that can print metallic parts with a porosity frac-
tion of 0.01 or lower to avoid lack-of-fusion porosity
[39,40]. Equation (6) is therefore used further to con-
struct porosity fraction maps, which can serve as a
resource for the selection of important LPBF variables
to minimize porosity.

5. Process maps

Figure 6(a—e) presents a set of porosity fraction maps
as a function of laser power and scanning speed for
two different hatch spacing for LPBF of five commonly
used alloys. The porosity fraction increases with an
increase in scanning speed and a decrease in the laser
power, which is intuitive. For a given process condition
and alloy, the tendency to form lack-of-fusion porosity
reduces for a smaller hatch spacing. The lack-of-fusion
porosity for LPBF of AlSi10Mg alloy is the most sen-
sitive to the laser power whereas both laser power and
scanning speed are important to mitigate lack-of-fusion
porosity for the other four alloys. A few experimen-
tally measured porosity fraction values from the liter-
ature [5,20-22,25,26,41,42] are shown in Figure 6(a-e),
which are in fair proximity to the corresponding esti-
mated contours.

In summary, a unique functional relation is devel-
oped using a scaling analysis with a set of dimension-
less variables to estimate the lack-of-fusion porosity for
LPBF of commonly used alloys. The proposed approach
is useful for a fast and fairly reliable estimation of the
lack-of-fusion porosity fractions in LPBF that involves
numerous variables and their complex physical interac-
tions. The proposed porosity fraction maps are useful
for the rapid determination of the favorable parameter
space to reduce the lack-of-fusion porosity.

6. Conclusions

A novel functional relation is developed using dimen-
sional analysis for a fast and reliable estimation of the
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lack-of-fusion porosity for LPBF of alloys. The lack-of-
fusion porosity fractions are assessed as a function of
important LPBF variables, alloy property, and analyti-
cally computed melt pool dimensions. The calculated
results are tested rigorously with the corresponding
measured porosity fractions for LPBF of five commonly
used alloys. The proposed relationship is used to con-
struct a set of porosity fraction maps that can help to
select the permissible range of LPBF variables to min-
imize lack-of-fusion porosity. Following are the main
conclusions.

e Three unique dimensionless variables, the ratio of
hatch spacing to melt pool width, the layer thick-
ness to melt pool depth, and the heat input per unit
volume to the enthalpy of melting of an alloy are
identified as valuable indicators to recognize the sus-
ceptibility of an LPBF condition to lack-of-fusion
porosity.

e Two of the dimensionless variables, the ratio of hatch
spacing to melt pool width, and the layer thickness
to melt pool depth are found to directly influence
the lack-of-fusion porosity. In contrast, the poros-
ity fraction is inversely proportional to the ratio of
the heat input per unit volume to the enthalpy of an
alloy.

e A detailed analysis considering around one hun-
dred seventy data sets for LPBF of five commonly
used alloys from literature reveals strong correla-
tions between each of the proposed dimensionless
variables and the lack-of-fusion porosity fractions.

e A novel functional relationship is established to esti-
mate the susceptibility of an LPBF condition to lack-
of-fusion porosity in LPBF rapidly and fairly reliably
as a collective function of the three dimensionless
variables.

e The proposed functional relationship is used to
develop porosity fraction maps as a function of
laser power and scanning speed, which can help
in high throughput screening of LPBF variables to
avoid lack-of-fusion porosity in parts during practi-
cal design.
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Appendix. Formulation of dimensionless
variables

The dimensional analysis involves eight variables and three
fundamental dimensions (M, L, and T) as shown in Table 1.
Five (8 - 3) dimensionless terms are therefore formed follow-
ing Buckingham’s 7 -theorem. The variable porosity fraction
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(¢) is dimensionless and considered as
T=¢ (A1)

Using three repeatable variables as P, v, and A, the next two
dimensionless terms are written as

o = Pavb)\.CSi (AZ)
725 = PYYPACw (A3)

The exponents in Equations (A2-A3) are solved by writ-
ing these equations in a dimensional form that results in
71 = Al§ and wy; = A/w. A ratio of 7w, and 7 results in
a dimensionless term &/w, which depicts a ratio of the hatch
spacing and the melt pool width, and bears a measure of lack-
of-fusion porosity as reported in the literature [9,16]. Thus,
the second dimensionless term is considered as

T = W (A4)

Likewise, the next dimensionless variable is written con-
sidering the same repeatable variables as

w3 = PUvbacdt (A5)
which on further simplification results in
A
3 = E (A6)

Equation (A6) shows that 773 presents a ratio of the layer
thickness and the melt pool depth, which is also reported
to be an important variable to assess lack-of-fusion poros-
ity in the literature [9,16]. The last dimensionless variable is
written as

7y = PYOACH!, (A7)
that can be written after further simplification as
B p
~ (WHHy

Considering further that the hatch spacing § and the layer
thickness A have the same dimension, the variable group
(vA?) in the denominator of Equation (A8) is rearranged as
(vé1) to include all the three characteristic dimensions in the
scanning, hatching and building directions through the vari-
ables v, 8, and A, respectively. The resulting term P/(vS1) is
oftentimes referred to as the input energy density in litera-
ture [20,24] and accordingly, the fourth dimensionless term
is rewritten as

T4 (AS)

P 1
Ty = _—
(v81) Hyp

(A9)



