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a b s t r a c t 

The anisotropy of LPBF fabricated components is a serious concern and often increases the overall production 

cost by creating the necessity for secondary thermal homogenization processes. The microstructural features are 

the main driving force behind these anisotropic behaviors. Whereas the unique and distinctive thermal history 

inside a melt pool and its transient transformation is the reason for the characteristic microstructural features of 

LPBF fabricated components. Therefore, this paper investigates the prominent thermal variables such as heating 

rate, cooling rate, solidification rate etc., and their evolution inside the melt pool of 316 L stainless steel during 

LPBF process to provide a reference for further exploring the generation of various microstructural features. 

A numerical model for macroscale investigation of thermal behavior inside melt pool was established. A 3D 

Gaussian heat source model coupled with temperature and density dependent properties of powder and solid 

phase 316 L stainless steel was used. The variation and evolution of significant thermal variables inside the melt 

pool were then investigated with the established numerical model. The study found that the Gaussian profile 

of a laser beam influences the thermal variables inside a melt-pool, including cooling rates, solidification rates, 

and thermal gradients. The nodes lying under the laser edge receive less heat, resulting in higher cooling effects, 

which shapes the grain morphology. Finer grains can be formed near the bottom melt front as well as at the center 

of the melt-pool surface. However, reheating adjacent tracks can result in grain coarsening. Since the generation 

of microstructural features is dominantly dependent on the thermal behavior inside the melt pool, an assessment 

of these variables is important and provides basics for the understating of different features generated in the LPBF 

processed components. 
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. Introduction 

Laser powder bed fusion (LPBF) is a state of the art additive manu-

acturing (AM) technique that has the potential to fabricate intricate

eometrical components in a layer by layer fashion [ 1 , 2 ]. The LPBF

rocess involves melting of micro-scale partials of metallic materials

r their alloys under the influence of high power laser beams acting

s heat source [ 3 ]. Since most of metallic materials and their alloys

ave high melting points i.e., in the range of 1200 °C to 1800 °C, the

emperature requirements for complete and homogeneous melting are

ven beyond this range [ 4 , 5 ]. The transition of powder particles from

oom temperature to such a high temperature in a short span of time

ollowed by the subsequent cooling back to ambient temperature is a
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omplicated phenomenon that has the tendency to alter the behavior of

abricated components [ 6 , 7 ]. Given the layer-by-layer manufacturing

ature, anisotropy is one of the main concerns in LPBF process as the

ehavior and properties of fabricated components vary along different

xis [ 8 , 9 ]. A thorough understanding of such anisotropy is of paramount

mportance so that it can be catered for during the fabrication and de-

ign phase for LPBF fabricated components. Since the anisotropy of LPBF

abricated components is either directly (microstructure, defects, resid-

al stresses) [ 9 , 10 ] or indirectly (hardness, strength, distortion) [ 11–13 ]

ssociated with the thermal gradient and thermal variables especially

nside the melted region at a given instance, the correlations between

ariables and thermal gradients along different axis should be investi-

ated in detail. 
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Since the observation of evolution of thermal behaviors during LPBF

rocess is complex and often impossible with existing experimental fa-

ilities, numerical modeling approaches are a cost-effective alternative.

everal studies have been reported in the existing literature regarding

he numerical investigations of thermal behaviors governing the LPBF

rocess. Li et al. [ 14 ] numerically investigated the thermal distribution,

owder to liquid and solid phase transitions. The attained results showed

ood correlations between experimental and numerical outcomes and

ence endorse the selection of numerical approach for predicting ther-

al behaviors. Gusarov et al. [ 15 ] applied a 3D volumetric heat source

o simulate the LPBF process of 316L stainless steel and observed the

elt pool morphology and thermal gradient under different processing

arameters. Mishra et al. [ 16 ] studied the melt pool morphology and

istribution for LPBF of Ti6Al4V. They used 2D gaussian heat source,

aussian exponential volumetric heat source and egg shape volumetric

eat source. Patil et al. [ 17 ] developed a thermal model to predict the

hermal distribution during the laser sintering of a powder uni-layer.

atsumoto et al. [ 18 ] proposed a combined model to predict thermal

nd stress profile that considers the elastic deformations occurring dur-

ng the process as well. Loh et al. [ 19 ] investigated the evolution of melt

ool geometry as well as the thermal profile change for aluminum alloy

061. The influence of various processing parameters were also investi-

ated. Heeling et al. [ 20 ] adopted numerical modeling to evaluate the

PBF process for a uni-layer and uni-track model. The established nu-

erical model also considered the influences of evaporation as well as

owder layer absorptivity. Liu et al. [ 21 ] used a single-track multi-layer

imulation to investigate the subsequent thermal cycling phenomenon

xisting during SLM process. Zhang et al. [ 22 ] developed a single-layer

ulti-track model by considering both the thermal heat transfer and

uid flow models for an estimation of thermal behavior inside the melt

ool. Li et al. [ 23 ] proposed a uni-layered FEM model to investigate

hermal and stress fields in SLM-fabricated thin-walled components. 

Based on the literature review it was observed that although several

nvestigations have been carried out to observe the thermal behavior

uring LPBF process and to establish correlations between process vari-

bles and thermal phenomena, however a large proportion of these in-

estigations only worked on macro level behaviors, i.e., a unified value

or a specific instance. These results are good in predicting and estima-

ion of part scale behaviors like residual stresses, distortions, and de-

ormations [ 24–26 ]. However, there are several other parameters that

annot be directly associated with macro level thermal behaviors. For

nstance, microstructure features and grain morphology depend highly

n the thermal profile inside melt pool [ 27 , 28 ]. The thermal distribu-

ion and thermal variables inside a melt pool are not well-researched

espite their evident importance in predicting the micro level features

f fabricated components. 

Therefore, in the present work an attempt has been made to analyze

he thermal distribution inside the melt pool i.e., the change in ther-

al profile inside a melt pool during LPBF process. Numerical model-

ng approach through finite element method (FEM) was adopted for the

forementioned investigation. The melt pool thermal distribution along

ifferent axis, cooling rate, and solidification rate are the prominent

ariables that were investigated. The results obtained from the present

nvestigation can form the basis for the generation of various grains and

icrostructural features in LPBF fabricated components. 

. Numerical Modeling Methodology 

.1. Heat transfer, thermal and material governing equations 

The classical heat transfer equation with Fourier series can be stated

s Ref. [ 6 ]. 

𝜕 

𝜕𝑥 

(
𝑘𝑥 ( 𝑇 ) 

𝜕𝑇 

𝜕𝑥 

)
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𝑘𝑧 ( 𝑇 ) 

𝜕𝑇 

𝜕𝑧 

)
+ 𝑄 = 𝜌( 𝑇 ) 𝐶( 𝑇 ) 𝜕𝑇 

𝜕𝑡 
. 

(1) 
2

By considering a continuum approach and uniform anisotropy along

ifferent axis, Eq. (1) can be simplified as: 

( 𝑇 ) 𝜕
2 𝑇 

𝜕𝑥2 
+ 𝑘( 𝑇 ) 𝜕

2 𝑇 

𝜕𝑦2 
+ 𝑘( 𝑇 ) 𝜕

2 𝑇 

𝜕𝑧2 
+ 𝑄 = 𝜌( 𝑇 ) 𝐶( 𝑇 ) 𝜕𝑇 

𝜕𝑡 
. (2)

The initial temperature of model was assumed equivalent to ambient

emperature T0 (i.e., 25 °C) . 

( 𝑥, 𝑦, 𝑧, 𝑡 ) |𝑡 =0 = 𝑇0 ( 𝑥, 𝑦, 𝑧 ) . (3) 

Considering all three heat transfer modes i.e., radiation, conduc-

ion and convection, thermal equilibrium can be achieved as stated by

q. (4) (
𝜕𝑇 

𝜕𝑛 

)
+ ℎ

(
𝑇 − 𝑇0 

)
+ 𝜀𝜎

(
𝑇 4 − 𝑇 4 

0 
)
− 𝑞 = 0 . (4)

In order to accurately model the laser material interaction a modified

D heat source model with Gaussian distribution was used, which can

e stated by Eq. (5) . 

 = 2 𝜂𝑃 
π𝑅2 𝑆 

exp 

( 

−
2
(
( 𝑥 − vt ) 2 + 𝑦2 

)
𝑅2 

) 

exp 
( 

−|𝑧|
𝑆 

) 

, (5) 

here 𝜂 is laser absorptivity of material, P is laser power, S is laser pen-

tration depth in material, and R is the laser beam radius corresponding

o the point where laser irradiance diminishes to 1/e2 . Since in powder

hase, the density is not analogous to solid phase and powders are not

lways closely packed therefore density of the model in powder phase

as used as a function of solid phase density, and given by following

quation. 

𝑝 = ( 1 − 𝜑 ) 𝜌𝑠 , (6) 

here 𝜌p is powder phase density, 𝜌s is solid phase density, and 𝜑 is

he percentage porosity of powder bed. Similarly, conductivity was also

dopted to be a function of conductivity given by a relationship as shown

n Eq. (7) : 

𝑝 = ( 1 − 𝜑 ) 4 𝑘𝑠 , (7) 

here kp is thermal conductivity of powder phase, ks is thermal conduc-

ivity of solid phase, and 𝜑 is the percentage porosity of powder bed.

emperature dependent behavior of 316L stainless steel was also incor-

orated to the developed model with the help of user defined subrou-

ines. The temperature dependent thermal properties of 316L stainless

teel are also given in Fig. 1 . 

.2. Model description, meshing sequence and workflow 

A complete 3D model i.e., multiple layers and multiple tracks LPBF

rocess-based FEM model was constructed using commercial software

ackage ABAQUS. The dimensions of substrate in FEM model are

.5 mm × 1.5 mm × 0.5 mm, whereas the dimensions of scanning region

re 1 mm × 1 mm × 0.12 mm with 4 powder layers. Thickness of each

owder layer is uniformly kept at a value of 30 μm. In order to enhance

ccuracy and decrease computational cost simultaneously, powder bed

egion is fine meshed with 25 μm × 25 μm × 15 μm elements. Mesh sizing

re also presented in Fig. 2 . Whereas, the substrate is fine meshed near

o scanning region and relatively coarsely meshed away from scanning

egion. This meshing strategy has been widely used in various previously

ublished literatures. Heat transfer brick element DC3D8 is used for all

he elements in powder bed as well as substrate. Two Fortran based user

ubroutines namely USDFLD and DFLUX were also used for customized

aser and phase control during the LPBF process. USDFLD subroutine

as designed to change the phase composition of nodes from powder

hase to molten and subsequently solidified, whereas DFLUX is used to

ater for predefined heat source distribution as well as laser movement

aths. The simulation was performed on uniform processing parame-

ers i.e., scanning speed of 600 mm/s, laser power of 200 W and hatch

pacing of 50 μm. 
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Fig. 1. Temperature-dependent material properties of the 316L stainless steel: (a) Thermal conductivity; (b) Density and specific heat. 

Fig. 2. Numerical model and mesh sizing. 
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. Results 

.1. Temperature and cooling rate behavior 

The unique manufacturing ways of the LPBF process is a reason for

he formation of non-homogenous microstructure in additive compo-

ents [ 29 ]. As the evolution of grains inside a solidifying melt-pool has

 strong influence on the final physical, mechanical and electrochemical

erformance of additively manufactured components, therefore it is aca-

emically important to understand and critically analyze the variation of

hermal variables inside the melt-pool, such that the process methodol-

gy and its influence can be best described. This study intends to discuss

he thermal variables evolution, such as nodal temperature, cooling rate,

hermal gradient, solidification rate, grain morphology, and size and

hape of the melt-pool, as the laser scans the powder bed. This study is

 part of our previous work, which focuses on the overall thermal and

esidual stress behavior of the LPBF process at different laser processing

onditions. Overall, 21 tracks and 4 layers were created and simulated

o model the actual thermo-mechanical conditions of the LPBF process.

he monitored location (i.e., node N-5191) of the present study is on the

iddle track of the first layer at X = 0.75, Y = 0.75, Z = 0.53 mm, and

he processing conditions were kept at 200 W laser, a 600 mm/s scan-

ing speed, 60 μm hatch spacing, and 60 μm laser beam diameter. Since

16L stainless steel has a high melting point of approximately 1380 °C;

hus, a high laser power of 200 W is used to generate a complete pow-
3

er melting within a laser spot to obtain a strong consolidated structure.

s shown in Fig. 3 (a), the temperature of a node (N-5191) can be seen

hanging with time, as the laser continue to scan new tracks and layers.

he maximum temperature reach for the monitoring node was found

t approx. 2661 °C, Fig. 3 (b). Overall, the maximum temperature reach

f a node was found to reduce with layers but the temperature reten-

ion was observed to rise with every layer. This behavior can also be

een in Fig. 3 (c), where the surrounding temperature keeps increasing

s well as area proportion of that temperature also increases. The rise

n temperature retention of a node after each layer can be ascribed to

he continuous heat transfer from the layers above and a reduced heat

onduction of 316L SS material at lower temperatures. During the scan-

ing of layer 2, the temperature of a node rises again above the melting

oint. This signifies the node remelting during the LPBF process, which

s an ideal case and desirable for good layer to layer consolidation and to

chieve a complete melting of powders inside the melt-pool. Moreover,

uring the scanning of layers 3 and 4, the node temperature approaches

000 °C, which signifies continuous node reheating throughout the LPBF

rocess. This node reheating can be adequate to nucleate some key inter-

etallic particles of nano size for high mechanical strength. Reheating

s typically influential to homogenize non-equilibrium LPBF microstruc-

ure, such as grain refinement and secondary particles formation [ 30 ].

owever, the limited exposure of few micro-seconds to a high temper-

ture may not be significant to alter the microstructure. On the other

and, the high temperature of a node of about 300 – 500 °C during the
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Fig. 3. Time-temperature distribution of a monitored node, N-5191, throughout (a) multiple layers with first layer (inset) and (b) a thermo-mechanical model with 

a melt-pool, (c) Melt pool model for the subsequent layers. 
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u  
etention period can be vital to make important changes in the over-

ll mechanical behaviors such as residual stress reduction [ 31 , 32 ]. In

he present case of four layers, the retention temperature is observed

ising with layers; however, studies have shown that the retention tem-

erature homogenizes when more layers are added [ 26 ]. It is because

f the continual rise in layer distance from the substrate, such that the

emperature dissipation normalizes after the fabrication of some layers.

The inset of Fig. 3 (a) shows the instantaneous time-temperature

raph of a node during the scanning of layer 1. Here, the peak “n ” shows

he instantaneous track length, while “n− 1 ” describes the track before

nd “n + 1 ” denotes the succeeding track, and so on. During the scan-

ing of the previous track, the temperature peak “n − 1 ” of a node can be

een slightly crossing the melting point mark. On the other hand, peaks

n + 1 ”, “n + 2 ”, and so on can be seen diminishing as the laser scans

he succeeding track on the first layer. Multiple temperature peaks of

 node signify its continuous re-melting and re-heating throughout the

aser scanning process. This behavior can be endorsed by the fact that

he thermal conductivity of un melted powder particles is significantly

ow. Since during the melting of “n ” point “n + 1 ” and “n + 2 ” are in

owder form and have low thermal conductivity values this results in

nly a preheating cycle experienced by these points and they do not un-

ergo complete or even partial melting. On the other hand, point “n − 1 ”

s in solidified state and also at an elevated temperature which results in

igh conductivity values and therefore it undergoes complete melting. 

Cooling rate is also another important thermal variable that de-

cribes the heating and cooling behavior of a node over a time. While

ig. 4 (a) shows the cooling rate behavior on multiple layers, Fig. 4 (b)
4

escribes it on the first layer and near the middle track. The positive val-

es on the Y -axis describe the heating rate and the negative one shows

he cooling rate of a node. As noticed, the heating and cooling rates are

n the range of 106 – 107 °C/s, and this is strongly influenced by the dis-

ance between the laser and the node. When new layers are added, the

eating and cooling rates of a node continue to drop due to the high heat

ccumulation, Fig. 3 (a). Similarly, during the laser scanning of layer 1

n Fig. 4 (b), the heating and cooling rates were highest only when the

aser was above the monitoring node, i.e. on track “n ”. Compared to

he peak of “n + 1 ”, cooling or heating rate peak “n− 1 ” was higher

espite being at the same distance from track “n ”. It was because the

onitoring node (N-5191) was not storing any heat accumulation dur-

ng the previous track scanning ( “n− 1 ”), which was not the case when

ubsequent tracks, “n + 1 ”, “n + 2 ”, and so on, were scanned. Fig. 4 (c)

hows the heating and cooling rate behaviors of a monitoring node at

 time when the laser scans it. Compared to the cooling rate, the heat-

ng rate was nearly twice it, albeit with a smaller heating window. This

hows that the heat addition is rapid that last only for few micro-seconds

hile the heat dissipation is considerably slow mainly because laser act

s external heat source during the heating phase whereas during cooling

hase no additional assistance except natural heat transfer phenomena

xist. Moreover, the poor heat dissipation through the solidified metal

tructure and a loosely packed surrounding powder also contributes to

he slow cooling rates in comparison with heating rate. In Fig. 4 (c), be-

ides the major peaks of heating and cooling rates, some smaller peaks

Pc-1 & Pc-2) associated to a phase change between the solid and liq-

id phases are also visible. During the instantaneous laser scanning of
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Fig. 4. Cooling rate behavior of a node (N-5191) throughout the (a) multiple layers, (b) first layer, and (c) on the middle track of the first layer. 
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s  
 monitoring node, the heat rate drops because a part of it is utilized to

reak the intermolecular bonds of a solid powder particles into a liquid

hase. Similarly, during the solidification of a molten pool, heat is re-

eased from the system, causing the cooling rate to rise slightly, which

s displayed by a broader downward peak, Pc-2 [ 33 , 34 ]. Just before the

c-2 phase change, the cooling rate can be seen dropping to a minimum

alue, which signifies a rapid cooling during a liquid phase than the

olid one. The curve between the Pc-1 and Pc-2 peaks shows the molten

tate of a monitoring node, where nearly a third of the liquid duration

s in the cooling stage. 

.2. Melt-pool: temperature behavior and melt-pool shape 

The simulated thermal profile along melt pool as well as the tem-

erature values of nodes inside a melt-pool are shown in Fig. 5 . Apart

rom the simulated thermal profiles, the outline of a melt-pool is also

rawn to denote its actual shape when the laser was above the moni-

ored point, N-5191 on layer 1. As observed in Fig. 5 (a), the melt-pool

hape is considerably larger than the laser beam diameter (shown by a

ircle), which is 60 μm in the present case. This happens because higher

eating rate adds more heat to the system than it releases through the

olidified structure/substrate or surrounding powders, as evident from

he comparatively lower cooling rate values. Obvious to the fact that the

emperature of nodes lying directly under the laser beam will demon-

trate higher temperature values than the one surrounding it, and this

s clearly visible from the thermal maps corresponding to Fig. 5 (a). The

odes lying outside the circle can be seen with much lower temperature

alues, dropping by almost 1000 °C, particularly those lying close to the

elt-pool boundary. The change in thermal behavior is also consider-

bly sharp below the laser spot but much gradual far from it. Given the

aussian curve of the heat source, the temperature distribution across

he melt-pool length, breadth, and width is similar, as seen from the

ttached curves. 

Fig. 5 (b) showsthe temperature distribution of nodes lying on the

ertical plane of a melt-pool, where the temperature of nodes drops

ontinuously. However, across the width, the temperature distribution

s not symmetric because of the previously solidified region on the
5

eft, which is marked by “S ” in Fig. 5 (b). This causes the melt-pool to

ave a non-symmetric shape. The melt-pool shape can be observed non-

ymmetric on either plane because of the solidified and powder zone. A

olidified zone provides a quick escape of heat, resulting in a relatively

ower heat accumulation than the edge closer to the powder zone. As a

esult, nodes near the powder zone would accumulate more heat, result-

ng in more powder melting that would expand the melt pool shape on

he powder side. Compared to only 30.8 μm half-width on the solidified

ide, the powder side width of a melt-pool is about 48.6 μm, nearly 50 %

ore extension of a melt-pool on the powder side, as seen in Fig. 6 (a).

his behavior can also be observed in the thermal profile in Fig. 6 (a),

here the thermal gradient toward the solidified region is much gradual

n comparison with he sharp one observed toward the powder side. The

igh heat dissipation from the solidified material is the main reason for

uch melt pool shape i.e., high energy takeaway by solidified material

educes energy required for remelting of previous tracks and therefore

elt pool is reduced on solidified side but large toward powder side

here less energy is getting dissipated. 

Similarly, the trailing side of a melt-pool due to the heat accumu-

ation from the directly heated nodes can be seen about 96.4 μm in

ength than only 27.6 μm front end. While observing the vertical plane

n Figs. 6 (b, c), the melt-pool depth directly under the laser center was

ound to be about 39.3 μm. However, as one moves towards the laser

dge in Fig. 6 (c), the melt-pool depth rises to 40.4 μm. It is because of

he two reasons. The first is the rapid heat transfer from surface nodes

owards the bottom, and the second is the heat accumulation on the trail-

ng side of a melt-pool due to a relatively lower heat dissipation through

he substrate. This causes more material melting, especially underneath

he laser edge. 

.3. Melt-pool: cooling rate behavior 

Fig. 7 shows the cooling rate values of nodes lying inside a melt-

ool on both the scanning and vertical planes. At an instant of a laser

canning, the monitored node, N-5191, displayed the cooling rate value

f about 4.97 × 106 °C/s. The cooling rate for other nodes on the trailing

ide of a melt-pool can be seen first rising and then decreasing until a
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Fig. 5. Thermal profile and nodal temperature values within a melt-pool on the (a) scanning plane and (b) vertical plane; Curves describing temperature distribution 

across the melt-pool length, width, and depth are also provided. 
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olid front is reached, Fig. 7 (a). The cooling rate of a node adjacent

o the monitoring node on the left is approx. 16.5 × 106 °C/s, nearly

 times higher. This shows that the maximum cooling rate for a node

eaches only when the laser moves forward. This is also evident from

ig. 4 where the cooling rate rises to a maximum value when the laser

eft the scanning spot. 

Some nodes are shown with negative cooling rate values that signi-

es their heating state. While evaluating the vertical plane of a melt-

ool, the central nodes from top to bottom can be seen changing from

he cooling to a heating mode. It is because the nodes closer to the sur-

ace dissipate heat towards the bottom, making the bottom node tem-

erature to rise. Moreover, nodes adjacent to the powder zone, P can

e seen with higher cooling rates than the one closer to the solidified

one, as shown in Fig. 7 (a). Furthermore, their heating and cooling rates

ere both high as long as they remain in a molten state. It is because of

he poor heat dissipation of the powder bed region, causing the heat to
6

issipate mainly through the previously solidified boundary. As a result,

he nodes adjacent to the solidified zone become heated, causing a drop

n a cooling rate. 

Fig. 8 displays the thermal gradient values for nodes lying inside a

elt-pool on both the scanning and vertical planes. Here, the thermal

radient is measured with respect to the monitoring node, N-5191. Since

he monitored node is right under the laser beam, its thermal gradient

alue is ascribed zero. As seen from Fig. 8 (a), the thermal gradient values

ere highest near the edge of the laser beam (represented by a circle),

nd then reducing towards the melt-pool front at all sides. It is because

he heat addition on the trailing side is faster from nodes directly un-

er the laser beam than it can dissipate. As a result, heat accumulation

ould result in a slower heat dissipation. On the vertical side, Fig. 8 (b)

hows the increasing temperature differential from the surface towards

he melt-pool bottom. The rising temperature differential at the bottom

s ascribed to the lower heating of the bottom nodes than the surface
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Fig. 6. Melt-pool size and shape as viewed from the (a) scanning, (b) vertical, and (c) vertical longitudinal side plane. 
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odes. This shows that the heat dissipation would be faster near the

ottom than the surface. While tracing the nodes at the bottom towards

he trailing side of a melt-pool, the thermal gradient difference between

he surface and bottom nodes keeps on decreasing due to the heat accu-

ulation near the melt front. Compared to the melt-pool front near the

olidification zone, the nodes close to the powder front can be seen with

ower thermal gradient values. It is because of the faster heat transfer

rom nodes close to the powder bed towards the solidified end for rapid

eat dissipation. 

Fig. 9 shows the solidification rate distribution inside a melt-pool.

ike the cooling rate and thermal gradient, solidification rate can be

een maximum near the circle in Fig. 9 (a), and then reducing towards

he melt-pool front at all sides. The lower solidification rate on the trail-

ng side is associated with the high heat accumulation. The negative

alue of a solidification rate in Fig. 9 (b) shows their instantaneous heat-

ng state due to the rapid heat transfer from the surface nodes. The bot-
7

om node will only start solidifying when the laser moves forward. It

s to be noted here that the gap in the solidification rate between the

urface and bottom nodes will be highest for nodes directly under the

aser beam than at the trailing edge. This is because of the rapid heat-

ng and cooling of nodes under the laser beam, and then their high heat

ransfers towards the bottom as well as the trailing front, resulting in

he heat accumulation. 

. Discussion 

The laser scanning of a powder bed in the LPBF process is a com-

licated phenomenon due to the combination of a rapid heating and

ooling cycles throughout the part fabrication, also shown in Fig. 4 . The

ame temperature complexity can be observed inside a melt pool during

he powder scanning, where a part of the melt-pool is under a heating

tate while the other is cooling. Moreover, the degree of heating and
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Fig. 7. Cooling rate values and curves within a melt-pool on the (a) scanning plane and (b) vertical plane. 

Fig. 8. Thermal gradient values and curves within a melt-pool on the (a) scanning plane and (b) vertical plane. 
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ooling inside a melt-pool can vary significantly, resulting in a much

ore complicated phenomenon. This study was intended to investigate

he thermal variables distribution and evolution inside a melt-pool, as

he laser scans the powder bed. 

Fig. 6 demonstrates the melt-pool shape evolution based on two phe-

omena. The first is the heating of nodes under the direct contact of a

aser beam and the other is the heat transfer from them towards the bot-

om or the trailing edge of a melt-pool. Fig. 4 shows the temperature of

odes near the melt front, which is above the melting point of 316L SS

aterial. This causes the melt-pool to expand on all sides, resulting in a

hape larger in size than the laser beam diameter. 
8

The Gaussian profile of a laser beam plays a decisive role in influ-

ncing the thermal variables inside a melt-pool, like cooling rates, so-

idification rates, and thermal gradients. The center of the laser beam

eceives the maximum heat, which exponentially reduces towards the

dge. Similarly, the exposed surface of a powder bed receives the max-

mum focus from a laser beam, which then reduces towards the depth.

ompared to the node directly under the laser center, the nodes lying

nder the beam edge will receive much less heat. As a laser moves during

he powder scanning, the node, which is once under the laser center will

ove towards the edge, resulting in their much higher cooling effect, as

hown in Fig. 6 Similarly, thermal gradients ( Fig. 8 ) and solidification
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Fig. 9. Solidification rates and curves within a melt-pool on the (a) scanning plane and (b) vertical plane. 

Fig. 10. Thermal variables distribution near the melt front near the trailing edge of a melt-pool. 
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ates ( Fig. 9 ) of such nodes lying at the laser edge were at higher values

han the node lying under the laser center or away from the laser area. 

As the laser traverse ahead, the melt front also moves in the direction

f a heat source. So, the node which will solidify first will be close to the

elt-front. This means that their thermal variables will be the decisive

actor in shaping the grain morphology. As observed from Fig. 7 , the

onitoring node on the powder bed was at much higher cooling rate

han the bottom node. However, on the trailing side of a melt-pool, the

ottom node can be seen in Fig. 10 (b) with slightly higher cooling rate

f 1.35 × 106 °C/s than 1.23 × 106 °C/s on the surface. This shows that

ner grains can be formed near the bottom melt front as well as at the

enter of the melt-pool surface. Although the same physical test cannot

e replicated at equivalent level due to small model dimensions related

estriction, comparable behaviors can also be seen along the melt pool of

PBF fabricated 316L SS. To provide a visual indication, a representative
9

EM image taken from the center region i.e. mid plan of LPBF fabricated

ube of 316L SS with dimensions of 5 mm × 5 mm × 5 mm size is consid-

red. Although the dimensional scale is different, based on the observed

hermal behavior along a melt pool, certain similar microstructural fea-

ures can be observed in SEM image presented in Fig. 11 , where tiny

rain nucleates near the melt-pool border due to the elemental segrega-

ion that results in a material under cooling, and coarser grains can be

een in the middle region. 

Similarly, on the scanning plane, the region close to the solidifica-

ion zone is at lower cooling rate than the center. It is because of the

apid heat transfer from the powder zone as well as the melt-pool center

ecause of easy heat escape through the solidified region. This results in

 coarser grain morphology than the melt-pool center. On the contrary,

 higher cooling rate was observed in nodes closer to the powder bed

egion that should result in finer grains than the center. However, when
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Fig. 11. Grain morphology inside a melt-pool on the vertical plane. 
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ew adjacent tracks are scanned, the nodes adjacent to the powder zone

ill undergo reheating that would result in grain coarsening. As a result,

 coarser grain would result on either side of the melt-pool center. 

. Conclusions 

In the present work a numerical investigation of various thermal

ariables and their evolution inside a melt pool during the LPBF pro-

ess of 316L stainless steel was performed. An accurate understanding

nd estimation of cooling rate, solidification rate and other variables

nside a melt pool can provide the basics for the understanding of prin-

iples that govern the characteristic microstructural features of LPBF

abricated components. The obtained results also validate the selection

f FEM for a detailed thermal investigation of melt pool. Some of the

rominent conclusions that can be drawn from the present work are as

ollowing. 

1. The melt pool temperature needs to be significantly higher than the

melting temperature in order to achieve complete melting. It was

also observed that during the melting of a track previous tracks

achieve higher reheating temperature and often re melting in com-

parison with subsequent tracks mainly due to high thermal conduc-

tivity of solidified regions. 

2. Both cooling rates and heating rates are significantly high during the

LPBF process. However, in comparison with each other the cooling

rate is considerably lower than the heating rate mainly because of

the fact that heating rate is driven by external heat source, whereas

cooling rate is a naturally driven phenomenon. It was also observed

that cooling rate is relatively higher while metal is in liquid phase

in comparison with the instance when the same region is in solid

phase. 

3. Melt pool size is also observed to be larger than the laser spot size

and layer thickness. It was important to note that the melt pol size

is larger toward the unsolidified or tracks in powder phase in com-

parison with the previously solidified tracks. 

4. The solidification rate is also high toward the subsequent tracks i.e.,

tracks in powder phase in comparison with the solid phase. Along

the thickness, solidifications rate is high near the top surface mainly

because of exposed surface and also as the heat dissipation direction

is often toward the baseplate due to its large dimensions and high

heat dissipation capacity. 
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