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ARTICLE INFO ABSTRACT
Keywords: The manufacture of defect-free and dimensionally accurate parts in laser powder bed fusion (LPBF) is influenced
Laser powder bed fusion (LPBF) by temperature field, deposited track geometry, and process-induced thermomechanical stress. The selection of

Spiral scanning

Circular beam oscillation scanning strategy
Thermal stress

Analytical heat transfer model

an appropriate scanning strategy is key to achieving this goal. Well-tested numerical models of heat transfer and
thermal stress are possible routes to design for the LPBF process, but these models are computationally expensive
and arduous for practicing engineers. Here, we introduce an analytical heat transfer model tailored for part-scale
LPBF simulations, encompassing widely used scanning strategies such as linear, circular, spiral, and circular
beam oscillation paths. Notably, our model integrates exact curvilinear trajectories of the laser beam, enhancing
fidelity in representing non-linear scanning paths. The computed melt track profiles and thermal cycles are tested
rigorously with the corresponding experimentally measured independent results. The computational times for
various scanning strategies are examined. A unique temperature non-uniformity metric is defined as the sum of
the normalized deviations between the computed temperature field in a layer and the average layer temperature
at any time instance. The computed temperature non-uniformity metric is shown to work well as a susceptibility
factor for the thermal stress along a layer. Ultimately, the work underscores the potential of an efficient
analytical heat transfer model, reducing trial-and-error tests and helping to select optimal scanning strategies in
part-scale LPBF.

[16,17].

The scanning strategy in LPBF refers to the spatial path composed of
several tracks that are followed by a fast-moving finely-focussed laser
beam along a layer [4]. Different scanning strategies such as unidirec-
tional, bidirectional, in-out and out-in spirals, and fractal are commonly
followed [3,4]. Larimian et al. [18] reported an increase in the part
density and microhardness with bidirectional scanning for LPBF of
SS316L. Likewise, Valente et al. [19] achieved near full density build
with bidirectional scanning for LPBF of Ti6Al4V. The bidirectional
scanning strategy resulted in uniformly distributed residual stress for
LPBF of CpTi [20] and Ti6Al4V [21]. For LPBF of SS316L, Bo et al. [22]
reported a decrease in the thermomechanical distortion with an out-in
spiral scanning compared to bidirectional scanning. A change in the
scanning direction by 67° in alternate layers reduced lack-of-fusion and
microcracks for LPBF of Hastelloy X [23]. Zhang et al. [24] reported an
improvement in the surface quality and a decrease in the residual
stresses with the decrease in the island size for LPBF of aluminum alloy.
The impact of the scanning strategy on thermomechanical distortion and

1. Introduction

The scanning strategy in laser powder bed fusion (LPBF) impacts the
temperature field and, the thermomechanical stress and distortion of the
final part [1-4]. Trial experiments are a common practice to find a
suitable scanning strategy for a defect-free, structurally sound, and
dimensionally accurate part [1,3,5]. Computer-based numerical models
are routinely preferred for prior estimation of the temperature field,
porosity [6,7], thermomechanical stress [8-11], and distortion [12] in
LPBF. These models could reduce the volume of trial experiments to help
design an effective scanning strategy. However, they are expensive,
complex, and computationally intensive for part-scale. As a result, their
use is often restricted to the simulation of only a few short tracks [7]. In
contrast, analytical heat transfer models can predict the temperature
field for several hundreds and thousands of tracks rapidly and with fair
accuracy [13-15]. The analytical heat transfer models for LPBF avail-
able in the literature rarely considered the effect of the scanning strategy
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Nomenclatures

o Thermal diffusivity

B Volumetric thermal expansion coefficient

C Specific heat

8 Hatch spacing

e¥ Thermal strain parameter

EI Flexural rigidity

n Absorption coefficient

v Oscillation frequency

b Phase angle at the start of oscillating circle

fp Laser intensity distribution factor in planar direction
fq Laser intensity distribution factor in depth direction
F Fourier number

h Height of the volumetric heat source

H Heat input per unit length

k Thermal conductivity

ko, Co, m Material constants

Ls Scanning track length

n Number scanning tracks

n Number of points in a layer for AT calculation
N Number of loops in the spiral path

P Laser power

p Density

b Laser beam radius

Ie, Ip, Io  Radius of circular, spiral and circular beam oscillation
scanning tracks

S Time to complete scanning of spiral path

t Time

t* Deposition time

ts Starting time of the scanning track

te Ending time of the scanning track

T Temperature

To Initial temperature of the substrate and powder bed

T Cooling rate

T; Temperature at j™ location in the layer

Ta Average layer temperature

AT Temperature non-uniformity

AT* Difference between peak and surrounding temperature

\% Scanning speed

Ve Scanning speed in circular scanning track

Vy, Vy Scanning speed in X and Y directions, respectively

X, Y, Z Cartesian coordinates

Xer Ve Coordinates of center of circular track

Xo0s Yo Coordinates of center of circular beam oscillation scanning
track

Xp, Vp Coordinates of center spiral scanning track

Xs, Vs Starting coordinates of a scanning track

stress was also examined for LPBF of IN718 [2,25,26], Ti6Al4V [5,27,
28], H13 [29] and SS316L [9,30].

Computational models for LPBF use heat transfer analysis to predict
the temperature field during the scanning of a few tracks and layers,
followed by mechanical analysis to calculate the resultant stress distri-
bution and distortion [31-35]. Numerical models often use lumped or
aggregated heat input of multiple tracks and layers to estimate part scale
temperature field and subsequently, predict residual stress and distor-
tion in the part [36-42]. Numerical models for LPBF are also developed
to examine the effect of the scanning strategy on temperature field [43,
44], porosity [6,7], and residual stress and distortion [10-12]. Cao [7]
used a heat transfer and fluid flow model to study the effect of scanning
strategy on build porosity and surface roughness. Cheng et al. [45] used
a thermomechanical analysis for LPBF of IN718 and reported minimum
distortion and residual stress when the scanning tracks were inclined by
45° to the part boundary. A thermomechanical analysis by Parry et al.
[11] for LPBF of Ti6Al4V showed a smaller residual stress for shorter
scanning tracks. The aforementioned studies showed the ability of the
computational models to help design a suitable scanning strategy but
these models were restricted to simulate only a very few short tracks [6,
7,45].

Analytical heat transfer models for LPBF are evolving and can un-
dertake a rapid calculation of the temperature field [17], cooling rates
[46], and susceptibility to lack-of-fusion porosity [47,48]. Current
analytical heat transfer models for LPBF rarely account for the effect of
the scanning strategy [16,17]. Moreover, with the advent of laser
guiding systems, complex scanning strategies involving non-linear
scanning tracks such as circular [49], trochoidal [50], continuous spi-
ral [51], and circular beam oscillation [52,53] are being tested to reduce
LPBF defects and enhance the part properties. The current analytical
models treat the curved paths as a series of linear tracks [16,17] that
introduce errors in the laser path description. As a recourse, a large
number of independent linear tracks are needed to closely represent a
curvilinear path, but it leads to an increase in computational time [17].

We report here the development and validation of an analytical heat
transfer model for LPBF with commonly used scanning strategies such as
linear, circular, and spiral paths. A well-tested analytical model for

linear tracks [15] is enhanced extensively and exhaustively to simulate
the laser beam scanning of non-linear and curvilinear paths with any
given strategy. The computed results of temperature field, melt pool
shapes and sizes, and thermal cycles for different scanning strategies are
tested with the corresponding experimentally measured results from the
literature. An assessment of the overall computational time and accu-
racy is presented to show the efficacy of the proposed analytical model.
The computed temperature field is used to comprehend the effect of a
scanning strategy on a uniquely defined temperature non-uniformity
metric that shows a substantive potential to provide a measure of
thermomechanical stress in LPBF.

2. Analytical thermal model

Fig. 1(a) shows a schematic of the solution domain for the heat
transfer analysis of LPBF. The laser moves in the X and Y directions
according to the scanning strategy along a layer and moves up in the Z
direction to deposit successive layers. The solution domain including the
substrate and the powder bed is assumed to be semi-infinite considering
that the substrate size is much larger than the size of the laser beam. The
net effect of latent heat of melting and solidification of the alloy on the
overall temperature field is considered negligible, which is expected to
result in little inaccuracy [15]. The effect of the convective heat trans-
port inside the melt pool is assumed negligible considering the fast
cooling of small size melt pools in LPBF. A volumetric heat source term is
considered to account for the heat input from the laser beam to the
powder particles [15,48]. The specific heat C and thermal conductivity k
are considered to be linear functions of temperature (T) as C = Cy(1 +
mT) and k = ko(1 + mT), where m, ko, Co are material parameters. The
material properties used in the current work are listed in Table A1 in
Appendix A.

The analytical solution for the transient temperature field for LPBF
along a single and multiple linear tracks is reported in a previous work
[15] and can be expressed as,
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Fig. 1. Schematic presentation of (a) three-dimensional solution domain of laser powder bed fusion showing bidirectional scanning strategy, and (b) nomenclature

associated with typical i‘h, and current (n‘h) scanning track at time t.
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where n is the number of scanning tracks traversed by the laser beam till
the time instance t and Ty is the initial temperature of the solution
domain. The functional U, accounts for the effect of heat input to the
current scanning track, which is depicted as the nth track, and is
expressed as,
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The functional U; in Eq. (1) accounts for the contribution due to the
net heat input during the scanning of each of the previously scanned, ith
track, and can expressed as,
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In Eq. (2-4), P is the laser power, 1 is the absorption coefficient of
powder particles, f,, and fq are the laser intensity distribution factors in
the in-plane (X & Y), and the depth (Z) directions, respectively, and p is
the density of the alloy [15]. The term 1, equals to [4f,a(t —t') +r2] and 4
equals to [4f,a(t — t') 4 h%], which depict the extent of thermal diffusion
in the in-plane (X & Y), and the depth (Z) directions, respectively.
Further, ry, is the beam radius, h is the height of the heat source, and a is
the thermal diffusivity of the alloy.

The functionals U, and U; in Eq. (1) together can account for the
planar movement of the laser beam along linear and non-linear tracks
for a scanning strategy using two composite variables x" and y". Fig. 1(b)
shows a schematic of individual scanning tracks with the arrows indi-
cating the scanning direction. Each scanning track is described in terms
of its starting location (x;,ys) and the time to cover the track with a
scanning speed in terms of the starting time t;, and the ending time te.
The variables x" and y" represent the distance between a point of interest
(A) and the center of the laser beam at any time t, and are expressed as,

4

X" = x—g,(7) ®)

y'=y—g,f) (6)

where, gy and gy are two functionals, and describe the trajectory of a
scanning track.

Fig. 2(a-d) shows schematic views of four commonly used scanning
track trajectories in LPBF [49,52,54]. For a scanning strategy comprising
of single and multiple linear scanning tracks as shown in Fig. 2(a), the
variables x" and y" are expressed as,

X"=x—{x+v(f —t)} 7
Y =y—{y, +w(—t)} ®

where (Xs,ys) is the starting location of a scanning track, tg, is the starting
time, and vy and vy are the scanning speeds in the X and Y directions,
respectively. It is worthwhile to note that, the expressions of variables x"
and y" as given in Egs. (7-8) depict the scanning track trajectory de-
scriptions i.e., g, (t) and gy(t’) functionals in Egs. (5-6). Hence, for a
linear track, gy(t) and gy(t) are simply the parametric equations of a
line, calculating X and Y coordinates of the beam location in terms of the
starting point of the line, (xs,ys), scanning speeds, vy and vy, and the
travel time (t-ts). Likewise, x" and y" terms for curvilinear scanning
tracks are obtained by substituting the parametric equations of the
corresponding curves expressed as g,(t) and gy(t’) in Egs. (5-6).

Considering a circular scanning track with a radius r. as shown in
Fig. 2(b) and the laser beam moving along the track in the anti-clockwise
direction at a constant scanning speed of v, the variables x" and y" can
be expressed as,

X" =x— {xc +rccos[(ve /1) (F — )] } 9
y' =y = {y. +resin[(ve/re) (f' = )]} 10)

where (X.,yc) is the center of the circular track and (X.+r.,yc) is the
starting location. For a spiral-in scanning strategy with the outer radius
of the track as rp as shown in Fig. 2(c) and the laser beam moving inward
along the spiral path from a starting location (xp+r1},yp), the variables x"
and y" can be written as,

X" =x— {xp+rp,/1 - (l‘/—t;)/SCOS[—ZTENw/l - (t/—ts)/S] } (11)
v =y = {y, /1 - (= w)/ssin[—2aNyJ1 - —w)/s |} a2

where N is the number of loops in the spiral and S is the time to complete
N loops. For the laser beam moving along a circular beam oscillation
scanning track of radius of r, with an oscillation frequency v as shown in
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Fig. 2. Schematic representation and nomenclature for (a) linear, (b) circular, (c) spiral-in, and (d) circular beam oscillation scanning strategy. ‘O’ denotes the
starting location of each scanning strategy.

Fig. 3. Computed temperature field for LPBF of Ti6Al4V with a bidirectional scanning for P = 82.5 W, v = 0.5 m/s, and 8 = 0.09 mm. (a) Analytically computed 3D
view of melt pool at a time instant, t = 0.0875 s; (b) analytically computed, and (c) numerically calculated [11] temperature field along the layer at t = 0.0875 s; (d)
analytically computed and (e) numerically calculated [11] temperature field along the layer at t = 0.175s.
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Fig. 2(d), the variables x" and y" can be written as,

X" =X — {Xo + Vx(f' — t;) + rocos2mv(f — t;) + ] } 13)
Y =y = {yo Frosin2m(f — 1) + ] } a4

where (o, ¥o) is the center of the starting circle, ¢, is the phase angle
corresponding to the starting location of the scanning track on the
starting circle, and vy is the linear speed of the track deposition in the X-
direction.

3. Thermal model testing and validation

The analytical model is used first to calculate the temperature field
for a bidirectional scanning strategy and the computed results are tested
with that reported from a comprehensive numerical model [11]. Sec-
ondly, the analytical model is tested rigorously to compute the tem-
perature field for a circular scanning track. The model is used next to
compute temperature field and melt track sizes for a spiral-in scanning
strategy. The computed melt pool profiles are tested with the corre-
sponding experimentally measured melt track shapes and sizes from the
literature [54]. Lastly, the model is used to compute the temperature
field for LPBF with a circular beam oscillation scanning strategy, and the
accuracy of the computed melt track shapes, dimensions, and cooling
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rates is tested [52].

3.1. Temperature field for bidirectional scanning strategy

Fig. 3 shows the computed temperature field for LPBF of Ti6Al4V
with a bidirectional scanning and for a laser power of 82.5 W, scanning
speed of 0.5 m/s and hatch spacing of 0.09 mm [11]. Fig. 3(a) presents
the analytically calculated three-dimensional temperature field in the
vicinity of the laser beam at a time instant of 0.0875 s, when the laser
beam is halfway in the layer. The liquidus temperature isotherm depicts
the melt pool boundary and the estimated melt pool width of 0.13 mm
agrees well with the corresponding reported numerically computed
value of 0.14 mm [11].

Fig. 3(b) shows the analytically computed temperature field on the
top surface of the powder bed at 0.0875 s with the high temperature
isotherms near the current scanning track. The heated region indicates
the already deposited tracks while the un-melted powder region pre-
sents a much lower temperature. The analytically computed tempera-
ture field in Fig. 3(b) agrees well with that reported by a comprehensive
numerical model [11], shown in Fig. 3(c). A little mismatch of the
temperature contours in Fig. 3(b) and (c) in the region, which is yet to be
scanned, is attributed to the simplified assumption of homogenous
materials properties for the powder bed and solidified region. Fig. 3(d)

Fig. 4. Analytically calculated temperature field for LPBF of Ti6Al4V with P = 280 W along a circular track of 1 mm radius considering an anti-clockwise rotation of
the laser beam. The curvilinear nature of the scanning path is simulated using (a) 6, (b) 8, and (c) 12 linear tracks, and (d) an actual circle to depict the sensitivity of
the computed temperature field to the scanned path. The actual scanned path in each case is shown by a solid white line.



P.R. Zagade et al.

and (e) show the analytically calculated and the corresponding numer-
ically computed [11] temperature field at 0.175 s when the laser beam
has nearly finished the scanning of the layer. A comparison of Fig. 3(d)
and (e) shows a fair agreement between the analytically computed and
the corresponding numerically computed temperature contours. Over-
all, Fig. 3(b-e) show that the analytical model can provide a fair estimate
of the transient thermal field for LPBF with multiple linear scanning
tracks and bidirectional scanning.

3.2. Temperature field for circular tracks

Scanning along circular tracks is oftentimes required in LPBF to
produce parts with complex shapes [49] and to reduce part defects [52,
55]. The circular tracks are commonly modelled as several piecewise
linear tracks that reduce the computed accuracy and escalate the
computational time [16,17]. The developed analytical model is tested to
simulate the temperature field for LPBF of Ti6Al4V along a circular
scanning track of radius 1 mm with a laser power of 280 W and scanning
speed of 1 m/s. The circular track is simulated as a summation of mul-
tiple linear segments and also as a truly circular one following Egs. (7-8)
and Egs. (9-10), respectively.

Fig. 4(a-c) show the computed temperature field at 6 ms for the
circular track linearized as six, eight, and twelve segments, respectively.
In contrast, Fig. 4(d) shows the computed temperature field at the same
time instant of 6 ms when a perfect circular track is considered for the
analytical model calculation. A comparison of Fig. 4(a-c) shows that the
melt pools follow a polygonal trajectory as the circular track is
approximated by multiple linear tracks. The scanning path becomes
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closer to a true circular track with a reducing effect of the linearization
as more linear segments are used as shown in Fig. 4(a-d). Multiple short
linear segments can better represent a true circular track length and the
computed temperature field but augment volume of calculations [16,17,
56]. In contrast, the ability to simulate an exact circular and curvilinear
track yields a more accurate temperature field and reduces the overall
volume of calculations. A comparison of Fig. 4(a-c) and Fig. 4(d) shows
an overestimation of the melt pool by 15-25% when the circular track is
simulated by multiple linear tracks especially for longer segments and
near to the junction between two segments.

3.3. Temperature field for spiral-in scanning track

LPBF using a spiral-in scanning strategy has shown potential to
provide a uniform temperature distribution, consistent width, and
reduced thermal distortion along the deposited tracks [22,43,54,57].
However, scanning near the center of spiral path can cause heat accu-
mulation that may lead to excess melt deposit and deteriorate the sur-
face quality of the LPBF part [54,58]. A study is therefore required to
understand the influence of spiral-in scanning strategy on the resulting
shape and size of the melt tracks. Fig. 5(a) shows the analytically
computed melt track for LPBF of SS 17-4 along a spiral-in path corre-
sponding to a reported experimental investigation [54]. The spiral-in
scanning path is modeled analytically following Eqs. (11-12). Fig. 5(a)
shows the analytically computed melt track along the spiral path. The
computed melt track is thinner at three locations, shown by arrows,
which is due to a reduced laser power from 100 W to 60 W for a duration
of 300 ps at each location [54]. In contrast, the computed melt track

Fig. 5. Spiral-in scanning during LPBF of SS 17-4, (a) analytically estimated melt track profile, (b) experimentally observed deposit geometry, (c) locations 1-8 on
the deposit track (for melt pool area comparison), (d) analytically estimated and experimentally measured [54] melt pool areas.
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increases towards the inner loops of the spiral as the heat input per unit
length increases for shorter spiral size and lower scanning speed [54].
The corresponding measured spiral track in Fig. 5(b) [54] also shows
thinner or broken deposits at three locations and a large deposit at the
center. Overall, Fig. 5(a-b) represent a fair agreement between the
analytically computed and the corresponding experimentally measured
spiral track shapes.

The analytical model is next used to compute the melt pool shapes at
eight locations, as shown in Fig. 5(c). A comparison of the computed and
the corresponding experimentally measured [54] melt pool areas at
those locations is shown in Fig. 5(d), which presents a fair agreement
with the range of discrepancy from 5% to 15%. The melt pool areas at 1,
3, and 5 are larger as they correspond to the track locations deposited
with a higher laser power of 100 W. The melt pool area increases further
at locations 7 and 8 due to gradually reduced scanning speed and
resulting greater rate of heat input while depositing the inner loops of
the spiral track. In contrast, the melt pool areas at locations 2, 4, and 6
are smaller due to the reduced laser power [54] from 100 W to 60 W for
scanning of the corresponding regions of the track.

3.4. Temperature field for circular beam oscillation scanning strategy

In the circular beam oscillation scanning strategy, a laser beam is
oscillated in a circular trajectory as the beam moves linearly along the
desired scanning path [52]. The circular beam oscillation scanning
strategy in LPBF could reduce the micropores and cracks [52,59], lower
the thermal stresses [55], and improve the ductility of the final part [55,
60]. However, the influence of laser power, scanning speed, oscillating
circle radius, and oscillation frequency on temperature field and melting
pattern is not well understood [61]. The use of beam oscillation tech-
niques for LPBF is still emerging and related thermal analysis is rarely
reported in the literature [55,60]. The developed analytical model is
therefore employed to compute the temperature field, melt track shape,
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and thermal cycles in LPBF with a circular beam oscillation scanning
strategy. The schematic of the circular beam oscillation scanning strat-
egy is shown in Fig. 2(d), and the path is considered following Egs.
(13-14).

3.4.1. Melt pool evolution

Fig. 6(a) shows the analytically computed temperature field at a time
instant of 0.01 s for LPBF of IN718 with 300 W laser power and a cir-
cular beam oscillation scanning path with 0.5 mm oscillating circle
radius (r,), 100 Hz oscillation frequency (v), and 0.01 m/s linear speed
in X direction [52]. Fig. 6(a) depicts the melt pool and the heated region
along the circular path traversed by the laser beam in the first oscillating
circle. The laser advances in the X direction and Fig. 6(b) shows the
temperature field at the end of the fifth consecutive circular track. The
melt pool size increases in the radial direction and along the circum-
ference of the oscillating circle due to preheating during the deposition
of previous tracks. Fig. 6(c) shows the temperature field at the end of the
tenth circle and indicates an overlapping of the melt pools along the
adjacent tracks resulting in a near circular shaped pool as shown by the
red colored region.

Fig. 6(d) shows the analytically computed temperature field during
scanning along the twenty-first circle with the boundary of the deposited
and solidified track shown with a dotted line. A comparison of the
analytically calculated melt pool shape and the solidified track in Fig. 6
(d), and the corresponding experimentally measured solidified track in
Fig. 6(e) [52] shows a fair agreement. For example, the estimated width
of the solidified track is around 1.4 mm in Fig. 6(d) in comparison to the
experimentally measured track width of around 1.35 mm [52].

3.4.2. Effect of oscillating circle radius on temperature field

The melt pool shape and size, and the deposited track width are
influenced by the radius (r,) of the oscillating circle for a circular beam
oscillation scanning strategy [52]. The analytical model is used to

Fig. 6. Analytically computed temperature field in circular beam oscillation scanning strategy (laser path shown with white lines), for LPBF of IN718, using laser
power of 300 W, and r, of 0.5 mm, at (a) 0.01 s, (b) 0.05s, (c) 0.10 s, & (d) 0.201 s, and (e) melt pool image of the corresponding experiment [52].
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simulate LPBF of IN718 with the oscillating circle radii (r,) of 1.1 mm,
0.8 mm, and 0.5 mm. The corresponding beam oscillation scanning
strategies are referred to as S1, S2, and S3, respectively. Fig. 7(a) shows
the laser path in S1 with the region ABCDEF encompassing the 31st to
35th circular scanning tracks. The corresponding temperature field is
shown in Fig. 7(b) depicting the melt pools and the heated regions for
five adjacent circular tracks. Fig. 7(b) shows that the melt pools spread
along the circumference of the circular tracks. The consecutive melt
pools of nearly equal depth indicate a fairly stabilized temperature field
at the end of the 35th track. It is noteworthy that the analytical model
can quickly simulate several scanning tracks, while the use of numerical
models for the same is likely to remain infeasible due to the associated
computational time and resource demands.

Fig. 7(c-d) shows the laser path and the corresponding computed
temperature field for the scanning strategy S2. A comparison of Fig. 7(b)
and Fig. 7(d) shows the melt pools and heated region for S2 agree well
with the circular track, which is attributed to the reduced oscillating
circle radius (r,) from 1.1 mm to 0.8 mm. Further, the melt pools for the
S2 strategy are deeper than those for S1, which is attributed to increased
heat input due to the smaller radius of the oscillating circle. Fig. 7(e-f)
shows the laser path and the corresponding computed temperature field
for the scanning strategy S3 with a smaller oscillating circle radius of
0.5 mm. Fig. 7(f) shows larger and deeper melt pools than that for both
S1 and S2 scanning tracks, and a greater influence of preheating due to
laser traversing along smaller size oscillating circles for S3 scanning
track.
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Overall, Fig. 7 shows that the deposited track width corresponds to
the oscillating circle radius for a related scanning strategy. Larger
oscillating circles result in smaller melt pools with lesser interference
between the adjacent pools and tend to form ring shaped solidification
tracks. In contrast, smaller oscillating circles lead to large circular melt
pools due to the merging of pools along adjacent circular tracks. The
melt pool depth with smaller oscillating circles increases as the heating
occurs in smaller circles with a reduced scanning speed and a constant
oscillation frequency. The effect of the oscillating frequency on the melt
pool width and depth of the deposited tracks is studied next.

3.4.3. Melt track shape and dimensions

Fig. 8(a-d) shows a comparison of the transverse cross-sections of the
computed melt tracks and the corresponding experimentally measured
tracks [52] for LPBF of IN718 with a constant oscillation frequency (v)
and two oscillating circle radii (r,).

Fig. 8(a-b) shows that the analytically calculated melt track and the
actual deposited track assume a rectangular shape with a fairly high
width to depth ratio for a larger oscillating circle radius (r,) of 0.8 mm.
As the oscillating circle radius (r,) is reduced from 0.8 mm to 0.5 mm,
the heat input concentrates in smaller regions resulting in deeper melt
pools and tracks, as shown in Fig. 8(c-d). In contrast, an increase in
oscillation frequency (v) from 100 Hz to 300 Hz for the oscillating circle
radius (r,) of 0.5 mm results in shallower melt pools and deposited
tracks, as shown in Fig. 8(e-f). This is attributed to a faster scanning
speed for a greater oscillation frequency (v) and consequently reduced

Fig. 7. Circular beam oscillation scanning strategy for LPBF of IN718, using laser power of 300 W, oscillation frequency of 100 Hz, and radius of oscillating circle, r,
of (a) 1.1 mm, (c) 0.8 mm, (e) 0.5 mm, and temperature field at the completion of each of the 31st to 35th circular scanning tracks with r,, of (b) 1.1 mm, (d) 0.8 mm,

(f) 0.5 mm.
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Fig. 8. Analytically computed melting tracks for circular beam oscillation scanning strategy in LPBF of IN718, with P = 300 W and (a) r, = 0.8 mm, v = 100 Hz, (c)
1, = 0.5 mm, v = 100 Hz, and (e) r, = 0.5 mm, v = 300 Hz, and corresponding experimentally observed [52] cross-sections of deposited tracks, (b) r, = 0.8 mm, v =
100 Hz, (d) r, = 0.5 mm, v = 100 Hz, and (f) r, = 0.5 mm, v = 300 Hz. White arrows indicate directions of laser beam oscillations.

heat input. The analytically calculated melt track profiles agree well frequency has shown little effect on the melt track width for the range of
with the corresponding measured track dimensions with a range of conditions examined in the present work.

discrepancy from 5% to 15%. Overall, Fig. 8 shows that smaller oscil-

lating circles and frequency increase the melt track depth. A smaller 3.4.4. Thermal cycle and estimation of PDAS

oscillating circle radius also reduces melt track width, but the oscillating The computed temperature field is used to calculate the important

Fig. 9. (a) Computed thermal cycles at a point on the surface at 3 mm from the starting point of the circular beam oscillation scanning strategy for S1, S2 and S3. (b)
Primary dendrite arm spacing (PDAS) is estimated using computed cooling rates and the corresponding experimentally measured values [52].
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metallurgical variables such as the thermal cycle, the solidification
cooling rate, and the primary dendrite arm spacing (PDAS) for LPBF of
IN718 with the beam oscillation scanning path S1, S2, and S3, as defined
in section-3.4.2. A point ‘M’ is selected along the centerline of the cir-
cular beam oscillation scanning path at a distance of 3 mm from the
starting point of the first oscillating circle as illustrated in Appendix B.
Fig. 9(a) shows the computed thermal cycles at point ‘M’ for the S1, S2
and S3 scanning paths. A comparison of the computed thermal cycles for
S1 and S2 scanning paths shows repeated melting and freezing at the
monitoring point ‘M’. In contrast, the monitoring point ‘M’ remains
molten for a longer duration for S3 scanning path, which is attributed to
the shorter oscillating circular scanning track. The slower solidification
for the S3 scanning path has eventually resulted in reduced porosity [55,
62].

Fig. 9(b) shows the analytically estimated and the corresponding
experimentally measured primary dendrite arm spacing (PDAS) [52] as
a function of the radius r, of circular tracks. The PDAS for IN718 alloy is
estimated as a function of the solidification cooling rate, T as PDAS =

80(T) "% [63]. The computed solidification cooling rates for the cir-
cular beam oscillation scanning are found to be lower than those for
linear scanning tracks [64]. For example, the computed solidification
cooling rate T for the oscillating circular track of radius (r,) 0.2 mm is
around 1.22 x 10% K/s in comparison to 5.0 x 10° K/s, reported for a
typical linear track [64]. The resulting range of values of PDAS for the
oscillating circular tracks is around 3.5-1.5 pm in comparison to 1.1-1.0
pm for typical linear tracks [64]. Fig. 9(b) confirms further that the
PDAS reduces with an increase in the circular track radius (r,), which is
attributed to higher cooling rate T with greater track radii r,.

Overall, Fig. (6-9) show that the analytical model can provide a fairly
accurate estimation of the temperature field for LPBF with a circular
beam oscillation scanning strategy. The computed temperature field can
be used further to derive the thermal cycle, solidification cooling rate,
and PDAS, which are important metallurgical variables to assist a prior
estimate of build structure and property.

3.5. Computational time

The aforementioned discussions show that the analytical model can
provide a fairly substantive temperature field, melt pool sizes, and
thermal cycles for LPBF with diverse scanning strategies. The compu-
tational efficiency of the analytical model is another important aspect
[17]. Table 1 presents a comparison of the computational time to
simulate the LPBF of a 10 mm x 10 mm x 0.5 mm build with the cir-
cular beam oscillation scanning strategy using the analytical model and
reported numerical models [65,66]. The analytical model calculations
are performed using an 11th generation core i5 notebook computer with
8 GB RAM. The computational time for the numerical models is esti-
mated based on documented literature. Table 1 shows that the analytical
model can simulate curved scanning tracks much faster than corre-
sponding linearized scanning tracks for the same path. Furthermore, the

Table 1

Comparison of computational time with analytical and reported numerical
models for LPBF of a 10 mm x 10 mm x 0.5 mm sample build with circular
beam oscillation scanning strategy.

Types of model Computational
time
Analytical heat conduction model with curved scanning 589 s
tracks
Analytical heat conduction model with linearized scanning 1826's
tracks for curved paths [15]
FEM based heat conduction model* [65] ~ 169 hrs
Heat transfer and fluid flow model* [66] ~ 248 hrs

* Estimated based on reported simulation time and track length, assuming no
further mesh/algorithm optimization and hardware enhancement.
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estimated computational times for the reported numerical models to
simulate a volume of 50 mm?® are by far remarkably higher in compar-
ison to that required for the analytical model calculations. This exhibits
the strength of the proposed model as a substantive tool for a quick
estimation of temperature field for LPBF with varying scanning strate-
gies and of common alloys. A further practical utility of the computed
temperature field to obtain a measure of susceptibility to thermal stress
is demonstrated next.

4. Susceptibility of scanning strategy to thermal stress

A suitable scanning strategy to reduce the evolution of thermal stress
and distortion is in demand to design an LPBF schedule [1,67]. The
susceptibility of a scanning strategy to thermal stress can be evaluated in
terms of a temperature non-uniformity (AT) metric [43,67] as,

2
15)

where, ny, is the number of points selected in the layer, Tj is the calcu-
lated temperature at any point j at any time t, and T, is the average layer
temperature at time t. The temperature non-uniformity (AT) metric in
Eq. (15) is the sum of the normalized deviations between the tempera-
ture at different points across the layer and the instantaneous average
layer temperature. The temperature non-uniformity (AT) metric is
calculated for the entire laser traverse along the given scanning path for
a layer and compared across scanning strategies to estimate their sus-
ceptibility to thermal stress. The temperature non-uniformity (AT)
metric provides a measure of the overall temperature gradient and a
resulting thermal stress for LPBF of a powder alloy.

4.1. Effect of scanning track length

The analytical model is first used to investigate the effect of scanning
track length (Lg) for LPBF of Ti6Al4V with a laser power of 200 W,
scanning speed of 1 m/s, and hatch spacing of 0.1 mm [27]. Fig. 10(a)
shows four unidirectional scanning strategies with different track
lengths (Ls) for the deposition of a layer of 20 mmx20 mm. Fig. 10(b)
shows that the analytically calculated average layer temperature (T,)
increases with time for all the four scanning strategies.

Fig. 10(c) shows a rapid increase of the temperature non-uniformity
(AT) metric for the longer scanning track length (Lg) of 20 mm, which is
attributed to the rapid cooling of the solidified track as the laser moves
away. The temperature non-uniformity (AT) metric reduces steadily
with a reduction in the scanning track length, which is attributed to an
increase in the average layer temperature (T,) with a shorter scanning
track. The fluctuating nature of AT for shorter scanning tracks is
attributed to the multiple rows of shorter scanning tracks (Ls) of 10 mm,
5 mm, and 2.5 mm, as shown in Fig. 10(a).

The maximum temperature non-uniformity (AT) metric is construed
to cast an indirect measure of the maximum thermal stress [43,44].
Fig. 10(d) presents a comparison of the maximum AT for the four
scanning strategies that indicates the longer scanning tracks yielding
greater thermal stress, which is also confirmed by the reported experi-
mental measurements in literature [27].

4.2. Choice of scanning strategy

The selection of a suitable scanning strategy to reduce thermal
stresses is important in LPBF [1,3]. The developed analytical model is
used further to assess the susceptibility of four commonly used LPBF
scanning strategies [3] to thermal stress in terms of their corresponding
temperature non-uniformity (AT) metrics. Fig. 11(a) shows four
commonly used scanning strategies to deposit a layer of 20 mmx20 mm
for LPBF of Ti6Al4V with a laser power of 200 W, scanning speed of
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Fig. 10. (a) Schematic of scanning strategies with scanning track length in LPBF of Ti6AL4V, with laser power of 200 W, scanning speed of 1 m/s, and hatch spacing
of 0.1 mm [27], (b) average layer temperature (T,), (c) temperature non-uniformity (AT), and (d) maximum temperature non-uniformity (AT).

1 m/s, and hatch spacing of 0.1 mm. Fig. 11(b) shows that the analyti-
cally computed average layer temperature (T,) gradually increases as
the scanning progresses except for the in-out strategy, where the average
layer temperature (T,) reduces slightly towards the completion of the
outer layers.

Fig. 11(c) shows that the variation of the temperature non-
uniformity (AT) metric is similar for unidirectional and bidirectional
strategies indicating a negligible overall effect for the reversal of scan-
ning direction in alternating tracks for the bidirectional strategy. For the
in-out strategy, local heating starts along short tracks at the center of the
layer resulting in rapidly increasing AT that reduces as the scanning
continues to the outer and wider tracks. In contrast, AT is low in the
beginning for the out-in strategy, which increases as the scanning moves
into the shorter tracks towards the center of the layer. For both in-out
and out-in strategies, a localized accumulation of high heat and result-
ing stress as the beam scans over shorter tracks is therefore anticipated
from the corresponding trend of AT, which, in principle, is in line with
the observation by Cheng et al. [45]. A relatively smaller value of the
maximum AT in Fig. 11(d) for the out-in strategy in comparison to that
for the other strategies considered in the present work is attributed to
the preheating of the inner region as the beam moves from the outer
towards the inner tracks. A recent investigation by Jia et al. [68] has also
reported a smaller stress for an out-in strategy in comparison to in-out
and bidirectional strategies, and several other studies have also opined
for smaller distortion [22,43,69] and stress [43,69] for out-in strategy.
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4.3. Influence of island scanning strategy

In island scanning strategy the total layer area is divided into several
small subareas, referred to as islands, which are scanned in a certain
sequence to reduce the resultant thermal stress and distortion [5,29].
The developed analytical model is used further to assess the influence of
island scanning strategies in LPBF.

Fig. 12(a) shows four scanning strategies considered to deposit a
layer of 20 mmx20 mm for LPBF of H13 with a laser power of 180 W,
scanning speed of 0.6 m/s, and hatch spacing of 0.1 mm [29]. First a
bidirectional scanning strategy with scanning track length of 20 mm is
analyzed for LPBF deposition of the layer. The layer is divided into
4 mm x4 mm sized islands and three scanning strategies according to the
sequence of scanning the islands is shown in Fig. 12(a). For successive
scanning strategy, islands are scanned directly one after the other. For
the least heat influence (LHI) chessboard scanning strategy, each subse-
quent island is chosen such that it lies as far as possible from the current
island [29,38]. Finally, the random chessboard CL scanning strategy in-
volves a randomized scanning sequence, and it is often used in com-
mercial LPBF machines [29,70]. For three island strategies, each
individual island is scanned with a bidirectional scanning strategy of
4 mm scanning tracks and the direction of scanning is rotated by 90° for
each adjacent island, as shown schematically in Fig. 12(b).

Fig. 12(c) shows that the overall temperature non-uniformity (AT)
metric for island scanning strategies is lower than that for the
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Fig. 11. (a) Schematic of four scanning strategies in LPBF of Ti6AL4V, with laser power of 200 W, scanning speed of 1 m/s and hatch spacing of 0.1 mm, (b) average
layer temperature (T,), (c) temperature non-uniformity (AT), and (d) maximum temperature non-uniformity (AT).

bidirectional scanning strategy indicating the effect of scanning along
shorter tracks. The overall magnitudes of AT for bidirectional and suc-
cessive scanning strategies are comparable, as in both cases the scanning
occurs from one end of the layer to the other resulting in similar heating
and cooling behavior across the layer. For LHI chessboard and random
chessboard CL, the islands are scanned in a spread manner in the se-
quences as shown in Fig. 12(a) yielding an even temperature distribu-
tion and lower AT. Fig. 12(d) shows lower values of the maximum AT for
all island scanning strategies in comparison to that for the bidirectional
scanning strategy. Both the LHI chessboard and random chessboard CL
show lower values of the maximum AT and are likely to result in smaller
thermal stresses as also reported in literature [29].

Figs. (10-12) show that a novel temperature non-uniformity metric
(AT), estimated using the analytically computed temperature field, can
provide a quick measure of the effect of scanning strategies on the
evolving thermal stress in part scale LPBF. The use of similar variables to
get a back-of-the-envelope estimate of thermal strain has also been re-
ported in literature [67,71,72]. For example, the propensity of thermal
distortion in additive manufacturing (AM) was envisaged by a thermal
strain parameter (¢*) as [71],

*

_BAT*
- EI Fyp

3/2

(16)

where  is the volumetric thermal expansion coefficient of alloy, (AT*) is
the difference between peak temperature and surrounding temperature,
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EI is the flexural rigidity of substrate, F is the Fourier number, t* is the
deposition time, p is the density of alloy and H is the heat input per unit
length. Eq. (16) shows that an increase in the temperature gradient
(AT*) results in higher value of the thermal strain parameter (¢*) and is
likely to cause greater thermal distortion. For a given LPBF conditions,
the proposed temperature non-uniformity metric (AT) can be concep-
tualized as a depiction of (AT*) in Eq. (16). In other words, an increase in
the calculated temperature non-uniformity metric (AT), proposed in this
work, can also be considered as an indirect measure of increasing
thermal strain and resulting distortion without much loss of generality.
Although more rigorous validations of the proposed temperature non-
uniformity metric (AT) is warranted to use it as a true estimator or
thermal distortion in part scale LPBF, the parameter (AT), powered by a
fast analytical heat transfer analysis, can certainly serve as a substantive
tool to help design of LPBF process.

The aforementioned sections have illustrated that the developed
analytical model can compute a reasonably accurate temperature field
in LPBF with different scanning strategies at a notably small computa-
tional time. A rigorous validation carried out for scanning strategies
including linear and curved laser paths showed that the computed
transient temperature field and estimated melt pool shapes, thermal
cycles, and cooling rates match well with the corresponding results from
the literature. Overall, the model provides a quick assessment of the
influence of the LPBF scanning strategy on the resulting temperature
field, track dimensions, PDAS, and susceptibility to thermal stress
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Fig. 12. (a) Schematic of bidirectional scanning strategy and the sequence of scanning islands in three island scanning strategies for LPBF of H13 [29], (b) direction of
scanning tracks for individual islands, (c) temperature non-uniformity (AT), and (d) maximum temperature non-uniformity (AT).

formation, which will help in selecting the optimal scanning strategy.
However, the influence of fluid flow in melt pool [73] and recoil pres-
sure [74] is neglected while obtaining a tractable analytical solution.
This simplification may pose limits on application of the model to
examine the keyhole dynamics [53] and in-depth microstructural in-
vestigations [75]. Likewise, the assumption of the semi-infinite solution
domain may cause practical challenges in simulating the temperature
field near the part boundaries and in the parts with long overhanging
regions and lattice structure. Furthermore, though the presented model
is significantly faster than existing topical models, its utility for simu-
lating full temperature profiles across large industrial scale part of size in
several cm® may require enhanced computing resources.

5. Summary and conclusions

An analytical heat transfer model is specifically designed and tested
to analyze the thermal effects of various scanning strategies in LPBF.
Notably, our focus extends beyond conventional linear paths including
circular and widely used various curved scanning paths. The practical
utility of the proposed model is demonstrated by examining the effects
of the scanning strategy on the formation of thermal stresses during
LPBF. Computed temperature field, melt pool shape and dimensions,
and cooling rates are compared with corresponding independently
measured values for LPBF with bidirectional, spiral, and circular beam
oscillation scanning strategies. The computational efficiency of the
proposed model is compared with available numerical models. The

13

following are the main conclusions.

e The proposed analytical model could predict a fairly accurate tem-
perature field for LPBF with linear, bidirectional, circular, and spiral
scanning strategies.

For LPBF with circular beam oscillation scanning strategy, the
computed melt track dimensions, cooling rates, and the primary
dendritic arm spacing are found to be in good agreement with the
corresponding independent experimental results. The computed re-
sults showed further that the melt track width increased with an
increase in the oscillating circle radius, and the track depth increased
with the reduction of the oscillating circle radius and oscillation
frequency.

The analytical model can simulate LPBF along a true curvilinear path
significantly faster in comparison to mimicking the curved path by
multiple linear segments. Overall, the analytical model can provide
the computed temperature field along several tens and hundreds of
tracks many times faster even when deployed on a notebook com-
puter than available numerical models.

The calculated temperature non-uniformity across a layer increased
with increasing scanning track length, and the maximum tempera-
ture non-uniformity could indicate susceptibility to thermal stress.
The comparison of four common LPBF scanning strategies showed
that the out-in scanning strategy is likely to result in minimal thermal
stresses. Among the island scanning strategies considered here, the
least heat influence chessboard and random chessboard CL scanning
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strategies are likely to be less susceptible to thermomechanical
stresses.
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Table Al

Material properties [76-78] used for the analytical model
Parameter Ti6A14V IN718 H13 17-4 SS
Density, p (kg/m3) 4200 7700 7100 7350
Solidus (Ts) & liquidus (T1) temperature (K) 1878, 1923 1533, 1609 1585,1723 1677, 1713

Thermal conductivity, k (W/mK)
Specific heat, C (J/kgK)

8.7 x [1 + (1.18x1073xT)]
260 x [1+ (1.18x107°3xT)]

11.5 x [1 + (1.06x1073xT)]
280 x [1 + (1.06x103xT)]

22.1 x [1 + (0.76x103xT)]
310 x [1 + (0.76x103xT)]

13.7 x [1 + (0.77x1073xT)]
340 x [1 + (0.77x1073xT)]

Appendix B. Schematic for thermal cycle

Fig. B1 shows schematic representation of S1 strategy, and the location for calculating the thermal cycle.

Fig. B1. Schematic representation of S1 strategy with point ‘M’ at 3 mm along the centerline of circular beam oscillation scanning strategy.
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