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Abstract 

The Directed energy deposition (DED) process is greatly influenced by the ambient temperature 

at on-site repair. In Northern Hemisphere locations, DED is particularly influenced by sub-freezing 

temperatures. However, its influence on the process is not yet studied. This critical gap is fulfilled 

in this research through a multi-physics computational fluid dynamics (CFD) modeling of the low-

temperature DED of the SS316L powders. The model is validated with test cases: −3°𝐶 for sub-

freezing and 20°𝐶 for room temperature cases using a cryogenic DED platform. The modeling 

involves powder spray, local melting, rapid cooling, solidification, evaporation, and fluid-gas 

interactions. The results show, at sub-freezing, the molten pool is ~63% bigger with the maximum 

temperature reduced by ~9.5%. The deposition saw an increase in width by ~8.6% and height by 

~26% than the room temperature case. Overall, the versatile modeling-experimental platform helps 

study cryogenic DED cases for in-space additive manufacturing.   

Keywords: Directed energy deposition, low temperature, Sub-freezing deposition, Computational 

fluid dynamics, Multiphysics modeling.  

Introduction 

Directed Energy Deposition (DED) is a disruptive additive manufacturing (AM) 

technology wherein a high-power laser heat source is used to melt metallic powders such as 

stainless steel 316L (SS316L), and others flowing through a coaxial nozzle with the help of inert 

gas, at the exit of the nozzle [1,2]. The melted powders start depositing directly onto a substrate 

and layer-by-layer approach to print the metallic components to a required shape and size. The 

DED process can effectively produce varying sizes and shapes of components made of 

homogenous metallic alloys, and heterogenous metallic alloys in the form of functional graded 

materials [3–5]. It can also be used to perform multi-axis printing due to versatile coaxial nozzle 

arrangements on either CNC platforms or robotic platforms. Recently, metal AM technology has 

been explored for various applications. One such is the onsite repair applications. When the 

components are bulk in size, instead of transporting the component onto an AM machine, the AM 

technology can be moved to the local environment where the bulk component is operating [6–8]. 

Once the repair location on the component is identified, the repair region in the component can be 

scanned locally and remapped with the machining, if necessary. After that, AM technology can be 

used to fill the machined area and bring it to the required shape using post-processing machining. 

To materialize the true potential of AM technology to the onsite repair application, there needs to 

be several challenges addressed.  

The key to onsite metal repair application is the AM working environment and its influence 

on the quality of the deposition. Because the metal AM processes like DED have two distinct 

Multiphysics phenomena compared to traditional manufacturing processes. These are high-power 

localized heat sources, and rapid cooling of the deposition followed by remelting, and 

solidification. The quality of the build is directly dependent on the Multiphysics phenomenon. 
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Under these conditions, how the Multiphysics phenomenon work under different working 

conditions is yet to be explored. Many researchers have tried to perform AM processes including 

DED, and wire arc AM (WAAM) at different working conditions. For example, performing DED 

of steel underwater at room temperature could change the microstructure of the steel [9,10]. The 

onsite WAAM of the Aluminum underwater and room temperature conditions saw a smaller grain-

size microstructure compared to on-air printing. Several researchers so far have effectively used 

the WAAM process for onsite repair under room temperature conditions [11,12]. Onsite repair 

through AM reduces supply chain requirements and is environmentally friendly. Deploying AM 

setups for onsite repair requires AM to perform in remote/austere environments. Deployed in labs 

for example require AM to perform under controlled regular room temperature conditions [13].  

The studies conducted so far use the DED platform for room temperature ~20°C 

conditions. For onsite repair, the environmental conditions are not room temperature every time 

and everywhere. For example, in cold regions on Earth such as the northern hemisphere, the 

temperature is near 0°C or sub-freezing. Further, the temperatures could be below sub-freezing 

conditions in the cold regions in Space celestial bodies such as Moon or Mars. Hence, there needs 

to be an effective way to study the DED process for its onsite applications at near or below 0°C. 

This is specifically a critical study required for in-Space additive manufacturing. Hence, in this 

research, the effect of the DED process in sub-freezing -3°C in comparison to the room 

temperature ~20°C is studied using a Multiphysics modeling approach. To study the multiphysical 

phenomena that are causing phase change, a calibrated computational fluid dynamics (CFD) – 

volume of fluid (VOF) model is used [14]. Both room temperature and the sub-freezing conditions 

CFD models are also validated for the geometrical accuracy of the single-track thin wall structures 

with the cryogenic DED experiments conducted [15]. 

Computational fluid dynamics modeling of the DED process 

The CFD-VOF [16] model consists of a laser heat source model and a coaxial nozzle with 

a single powder feeder entry point in line with the laser path. The domain as shown in Figure 1 is 

divided into two regions. The fluid region's top domain is air, and the bottom domain region is the 

substrate. The deposition happens in the fluid region with air. These two regions have meshed with 

a grid size of 200𝜇𝑚. The substrate domain size is 1.5"×0.5" × 0.25". The walls are modeled 

with symmetric boundary conditions with DED working temperatures, and Z-axis is loaded with 

atmospheric pressure. Then the full domain is assigned with temperature-dependent fluid and 

thermal properties. The viscosity of 0.006 𝑃𝑎 − 𝑠, and the latent heat of fusion of 245
𝑘𝐽

𝐾𝑔
 is kept 

constant throughout the simulation. The effect of viscosity changes due to temperature was initially 

assumed to be negligible. Some of these thermofluidic material properties are summarized in Table 

1 [17]. The model is solved using a commercially available Flow3D AM CFD solver [18–20].   

Table 1: The temperature-dependent material properties of the SS316L considered for the RT-

DED and CT-DED case simulation. 

Property 270 K 293 K 1000 K 1500 K 2000 K 

Thermal Conductivity (
𝑊

𝑚−𝐾
) 12 20 25 32 20 

Specific heat (
𝐽

𝐾𝑔−𝐾
) 420 490 550 680 800 

Coefficient of thermal expansion (× 10−5) 1.4 1.5 1.8 2.1 2.1 

Density (
𝐾𝑔

𝑚3) 7950 7950 7650 7380 7380 

808



Figure 1: The CFD-VOF model domain considered to simulate the CT-DED and RT-DED case 

along with its boundary conditions, powder source, laser heat source location, and deposition 

direction. 

In the CFD-VOF model, each grid is assigned a time-dependent fluid fraction step function 

𝐹 to define the fluid state. The function 𝐹 with a value of 1 represents the state of fluid that exists 

fully, 0 represents the no-fluid, and in between represents the interface that must contain the free 

surface. It is governed by partial derivatives in the form of Eq. 1. which is further used to define 

the boundaries, where 𝒗 is the velocity vector. 
𝜕𝐹

𝜕𝑡
+ 𝜵 ∙ (𝒗  𝐹) = 0 (1) 

For each cell region, based on the information of 𝐹 with its dependent variables such as 

velocities and pressures, conservations of momentum, energy, and mass Eq.2-4.are solved, 
𝜕𝒗

𝜕𝑡
+ (𝒗 ∙  𝜵) 𝒗 = −

1

𝜌
 𝜵𝑝 +  µ𝜵2 𝒗 + 𝒈 +𝒇 (2) 

𝜕ℎ

𝜕𝑡
+ (𝒗 ∙  𝜵)ℎ = −

1

𝜌
 𝜵 ∙ 𝑘𝜵𝑇 + �̇� (3) 

(𝜵 ∙  𝒗) = 0 (4) 

𝒇 =  [𝜎𝜅𝒏 +
𝑑𝜎

𝑑𝑇
(𝜵𝑇 − 𝒏(𝒏 ∙ 𝜵𝑇)) ] |𝜵𝐹|

2𝜌

𝜌𝒎𝒆𝒕𝒂𝒍 + 𝜌𝒈𝒂𝒔
(5) 

where 𝒇 is the force source representing surface tension force and the Marangoni force at the 

meltpool zone, given by Eq. 5, where 𝜎 is the surface tension, 𝜅 is the curvature, 𝒏 is the surface 

normal vector, 𝜌 is the volume-averaged density,  𝒈 is the acceleration due to gravity, µ represents 

the viscosity, ℎ  is the enthalpy, 𝑘  is the thermal conductivity, and 𝑇  is the temperature. The 

Gaussian heat source �̇� is given by Eq. 6, 

�̇�(𝑟) =
𝜂𝑃𝑙𝑎𝑠𝑒𝑟

𝜋𝑅2
exp (−

2𝑟2

𝑅2
) (6) 

where 𝑃𝑙𝑎𝑠𝑒𝑟 is the laser power, 𝑅 is the laser radius, 𝜂 is the absorptivity (or absorption rate) of 

the laser beam that depends on the laser wavelength and the material, and 𝑟 is the spot radius.  

In addition, surface tension phenomena are included in the model to determine the molten pool 

surface. Except for common effects due to the Marangoni effect and buoyancy effect, the highly 

concentrated laser energy leads to the evaporation effect at the molten pool surface thereby creating 
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an additional pressure exerted on the melt pool called recoil pressure. This acts as a major driving 

force on the molten pool surface and can be calculated by Eq.7, where 𝑃𝑜  is the atmospheric 

pressure, ∆𝐻𝑣 is the enthalpy change, 𝑇𝑣 is the evaporation temperature, and 𝑅 is the universal gas 

constant. 

𝑃𝑟 = 𝑃𝑜 exp (
∆𝐻𝑣

𝑅
(

1

𝑇𝑣
−

1

𝑇
)) (7) 

This evaporation phenomenon involves gaseous/fluid interface, heat transfer, and mass 

loss. This energy loss due to evaporation is determined by Eq.8, where 𝐶𝑙 is the specific heat of 

the fluid, 𝑇𝑙 is the solidus temperature, and 𝐿𝑣 is the latent heat of evaporation. The net loss of 

mass due to evaporation is given by Eq.9, where 𝑅𝑎𝑐𝑐𝑜𝑚 is the accommodation constant, 𝑅 is the 

universal gas constant, 𝑀 is the molecular weight of the vapor, 𝑇 is the average liquid temperature 

at the molten pool, 𝑃𝑣 is the vaporization pressure and 𝑃𝑙
𝑠𝑎𝑡 is the saturation pressure.

𝑞𝑙𝑜𝑠𝑠 = 𝐶𝑙(𝑇 − 𝑇𝑙) + 𝐿𝑣 (8)

𝑀𝑛𝑒𝑡 = 𝑅𝑎𝑐𝑐𝑜𝑚 ∗ √
𝑀

2𝜋𝑅𝑇𝑏𝑑𝑦
∗ (𝑃𝑙

𝑠𝑎𝑡 − 𝑃𝑣) (9) 

The governing equations to describe the driving force on particle flow in DED are 

expressed in Eqs. 10-12. Since the initial velocity 𝒖 of a particle at the powder feeder inlet is a 

constant value, the particle velocity during the feeding process can be calculated. Therefore, the 

particle mass distribution during the feeding process will be determined.  

𝑚𝑖

𝑑2𝒙

𝑑𝑡2
= 𝑭𝒊𝒋

𝒄 + 𝑭𝒊
𝒇

+ 𝑭𝒊
𝒈 (10) 

𝑭𝒊
𝒇

= 𝑚𝑖

18𝜇

𝜌𝑝𝑑𝑝
2

𝐶𝐷𝑅𝑒

24
(𝒖 − 𝒖𝒑) (11) 

𝑭𝒊
𝒈

= 𝑚𝑖

𝒈(𝜌𝑝 − 𝜌)

𝜌𝑝
 (12)

Eq.10 has the force balance for a particle 𝑖, where 𝒙 denotes the translational displacement of the 

particle 𝑖. 𝑭𝒊𝒋
𝒄 is the contact force acting on particle 𝑖 by particle 𝑗 or the walls. 𝑭𝒊

𝒇
 is the gas drag

force acting on particle 𝑖. 𝑭𝒊
𝒈

 is the gravitational force. In Eq.11, 𝒖𝒑,  𝜌𝑝, and 𝑑𝑝 are the velocity,

density, and diameter of the particle, respectively. 𝐶𝐷  is the drag coefficient which is a 

dimensionless quantity. 𝑅𝑒 is the Reynolds number and 𝜇 is the viscosity of gas flow. In Eq.12, 𝒈 

is the gravitational acceleration. 

Further to study the effect of Multiphysics phenomena such as the shapes of the fusion 

zone, melt pool shape, the effect of heat transfer, and fluid flow and its influence on the deposited 

structures, the non-dimensional numbers are useful [21]. It helps correlate the processing 

conditions and their influence on the deposition behavior during and after the deposition sequence. 

These non-dimensional numbers are the Peclet number, Marangoni number, and Fourier number. 

Furthermore, the heat input which is the ratio of laser power to scanning speed can be used to 

compare with the non-dimensional numbers. The non-dimensional heat input is given by Eq.13, 

𝑄∗ =
𝑃𝑉𝑟𝑒𝑓

𝑉𝑃𝑟𝑒𝑓
(13) 

Where 𝑄∗ is the non-dimensional heat input which is dependent on the reference Laser Power 𝑃𝑟𝑒𝑓

and deposition speed 𝑉𝑟𝑒𝑓, and the chosen Laser Power 𝑃 and deposition speed 𝑉. Similarly, the 

Peclet number represents the relation between the advection and the diffusion given by Eq.14, 
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𝑃𝑒 =
𝜌 𝑐𝑝 𝑣𝑚𝑎𝑥 𝑟𝑠

𝑘
(14) 

Where 𝑟𝑠 is the radius of the meltpool hemisphere, 𝑣𝑚𝑎𝑥 is the maximum velocity in the meltpool 

zone, and 𝑐𝑝 is the specific heat. Further, the influence of surface tension on the fluid flow behavior 

which affects the size and shape of the deposition is best quantified by the Marangoni number, 

which is given by Eq.15, 

𝑀𝑎 =  −
𝑑𝜎

𝑑𝑇

𝐿𝑠∆𝑇

𝜇𝛼
(15) 

Where 
𝑑𝜎

𝑑𝑇
is the slope of the surface tension 𝜎 and the temperature 𝑇 (-0.4 × 10−3  N/m-K for

SS316L), 𝐿𝑠 is the characteristic length of the melt pool zone, ∆𝑇 is the temperature difference 

between solidus and melt pool maximum temperature, 𝜇 is the viscosity, and 𝛼 is the thermal 

diffusivity (𝛼 =
𝑘

𝜌𝐶𝑃
, where 𝑘 is the thermal conductivity, 𝜌 is the density, and 𝐶𝑃 is the specific 

heat). Similarly, the Fourier number is given by Eq.16, 

𝐹𝑜 =
𝛼

𝑉𝐿𝑠
(16) 

where 𝑉 is the scanning speed and 𝐿𝑠 is the characteristic length of the melt pool. 

Results and Discussion 

Cold Temperature DED v/s Room Temperature DED 

Meltpool formation and dimensions 

Figure 2: The DED single layer representing the temperature distribution, cross-section heat flow, 

and thin wall structure. (left) RT-DED full-length deposition view with its temperature distribution 

against moving laser heat source and powder flow. (right) the CT-DED full-length deposition 

depicts a bigger deposition compared to RT-DED, with its operating temperature below freezing 

temperature depicting a wider temperature distribution. 

In the simulation methodology, the main goal was set to study the influence of heat transfer 

and fluid flow on the meltpool formation and the deposition geometry. In the beginning, the 

reference case was modeled and validated for the geometry of the deposition using a literature 

experimental source [15]. The CFD-VOF model was calibrated based on the geometry of the 

deposited single-track single-layer case from the literature source. The reference case considered 

involves the laser power 𝑃𝑟𝑒𝑓  as 700Watts, and the scanning speed 𝑉𝑟𝑒𝑓  as 50mm/min. these 

calibrated were further used to simulate different test cases. At first, by keeping the scanning speed 

constant as 𝑉𝑅𝑒𝑓 , the heat input was increased through laser power intensity from 1000W to 
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2500W. Second, by keeping the laser power 𝑃𝑟𝑒𝑓 , the scanning speed was increased from 

100mm/min to 400mm/min. The powder feed rate is 4g/min, and the diameter of the particles is 

100𝜇m. Each simulation was then investigated for the meltpool formation, deposition geometry, 

heat flux generated at a cross-section, meltpool zone, solidification phenomenon, thermal 

diffusion, and heat transfer effects using non-dimensional numbers.  

Figure 2 shows the meltpool of the reference case and other simulated cases for RT-DED 

and CT-DED single track single layer DED cases are shown in Figure 3. The contour is mapped 

with temperature data as per the data shown in the reference case. In the reference case Figure 2, 

the deposition in RT-DED and CT-DED cases was normal wherein some heat accumulated near 

the substrate and transferred to the mushy zone just below the substrate. The meltpool formed 

slightly bigger in the CT-DED compared to RT-DED. Further, the CT-DED saw higher peak 

temperatures at the meltpool compared to RT-DED. Figure 3 shows the simulations of RT-DED 

and CT-DED at four different laser power at reference scanning speeds. The increasing laser power 

represents the increase in heat input. For RT-DED cases, upon increasing the laser power from 

700W to 2000W, there was a formation of the meltpool.  

Figure 3: Temperature contours depicted on the single layer RT-DED and CT-DED cases 

representing the meltpool formation, melt flow, heat affected zone, and deposition. Row 1: RT-

DED cases for varying laser power. Row 2: CT-DED cases for varying laser power. Row 3: RT-

DED cases for varying scanning speed. Row 4: CT-DED cases for varying scanning speed. 
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Figure 4: The average meltpool dimensions across the deposition line computed as a function of 

varying laser power and scanning speed depicting the bigger meltpool dimensions for CT-DED 

cases. (a) The experimental validation of the height of the meltpool for a reference case and 

simulated height variation for the varying laser power. (b) simulated height variation for the 

varying scanning speed. (c) simulated length variation for varying laser power. (d) simulated 

length variation for varying scanning speeds. (e) The experimental validation of the width of the 

meltpool for a reference case and simulated width variation for the varying laser power. (f) 

simulated width variation for the varying scanning speed. 
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From Figure 3 (Row 1), at power 2500W, the substrate started melting and instead of the 

metal deposited, there was a ~0.25mm depression across the line of deposition. For the CT-DED 

case Figure 3 (Row 2), at laser power 1000W and 1500W, the molten pool formation is bigger and 

wider than the RT-DED case. For power 2000W, even though CT-DED deposition is bigger than 

the RT-DED case, the molten pool formation changed drastically. The fusion zone saw more 

substrate melting than all of the RT-DED cases combined. The depression in the fusion zone 

expanded considerably at the increase of laser power to 2500W. In this power case, there was a 

meltpool formation until the first 5 seconds, however, it quickly converted to a keyhole formation 

due to significant substrate melting phenomena. This shows CT-DED can be advantageous to 

obtain a bigger molten pool at an increase of heat input however, beyond a certain point, it can 

rapidly turn into keyhole formation.  

Contrary to the high heat input cases, keeping the heat input lower at a reference power of 

700W, from Figure 3 (Row 3&4), it is observed that at all varying scanning speeds, the CT-DED 

was an advantage over RT-DED to deposit a bigger molten pool. This also shows, that with 

minimum heat input, and varying speeds, the CT-DED can deposit a bigger molten pool with 

higher powder usage efficiency than the RT-DED conditions. To quantify the meltpool dimensions 

in the simulated cases, the melt pool cross-section height, length, and width were measured, and 

its average values are compared with varying laser power and scanning speed.  

Figure 4 (a-b) shows the height compared with varying laser power and scanning speed. at 

different time steps, the meltpool dimensions (meltpool length, cross-section width and height) 

were measured and averaged. It was observed that at 𝑃𝑟𝑒𝑓, the height of the CT-DED is ~33% 

higher than the RT-DED. However, the height did not vary for 1000W and 1500W, and both RT-

DED and CT-DED heights were mostly similar to the varying speed cases. However, for the high 

laser power of 2000W and 2500W cases, the height of the CT-DED went negative indicating the 

negative depth of the fusion zone. This negative fusion zone depth is the keyhole meltpool zone 

experienced by CT-DED against higher laser power. Compared to the experimental results of 

measured height, both CT-DED and RT-DED height has an error of <5% for the 𝑃𝑟𝑒𝑓 and 𝑉𝑟𝑒𝑓 

case. Further, from Figure 4 (c-d), the CT-DED has an ~45% bigger meltpool in length compared 

to RT-DED upon varying the power and it is ~23% higher upon varying scanning speed. Similarly, 

from Figure 4 (e-f), it was observed that the width of the meltpool in the CT-DED case is ~25% 

wider than the RT-DED case upon varying the laser power. However, upon varying scanning 

speed, it is ~23% wider only up to 200mm/min. the RT-DED has seen no change in the width after 

100mm/min whereas the CT-DED case after 300mm/min was the same as the RT-DED.  

Heat transfer in the meltpool zone 

To understand the thermal distribution across the cross-section which provides an insight 

into whether the heat transferred into the substrate or not, the Fourier law of heat conduction was 

used to analyze the heat flux generated. Looking at the cross-section at t=7 seconds for the laser 

power cases and at y=1cm for the varying scanning speed cases, the heat flux was calculated based 

on the peak temperature at the cross-section and the thermal conductivity at the working condition. 

From Figure 5 (a-b), an interesting characteristic of the CT-DED was observed that irrespective of 

varying laser power and scanning speed, the heat flux generated at the cross-section by CT-DED 

was ~60% lesser than the RT-DED. However, since the heat input through laser power was the 

same for both CT-DED and RT-DED, less heat got conducted across the cross-section in CT-DED 

compared to RT-DED. This means there is a significant heat accumulated ~50% more than RT-

DED in the melt pool fusion zone of the CT-DED cases. This also indicates the conductive mode 
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of heat transfer is not a dominant mode in CT-DED. However, it also assures that the heat flux 

generated at the cross-section penetrates through the mushy zone (substrate-deposit interface) 

which indicates good bonding between the substrate and the deposit. It is to be noted that the 

thermal conductivity used in the heat flux calculation is assumed to be constant 12W/m-K at T= -

3C and 20W/m-K at T=20C.  

However, even though heat flux generated at cross-sections ensures good bonding, and 

conduction mode of heat transfer, it remains steadily low for CT-DED cases of both varying laser 

power and scanning speed. Thus it does not explain the reason behind the meltpool formation types 

since the meltpool formation significantly varies for the CT-DED cases at varying laser power 

cases, and the bigger molten pool dimensions compared to RT-DED cases.  

Figure 5: The heat flux, and non-dimensional numbers computed as a function of non-dimensional 

heat input, varying power, and varying speed depicting the dynamic heat transfer phenomena and 

meltpool flow patterns in comparison between the CT-DED and the RT-DED. (a) heat flux 

generated at the cross-section at time t=7 seconds for varying laser power. (b) heat flux generated 

at the cross-section at deposition location y=1cm from the center of the substrate towards the start 

of the deposition at varying scanning speeds. (c) the non-dimensional peak temperature to solidus 

temperature computed as a function of heat input. (d) Peclet number computed as a function of 

non-dimensional heat input. (e) The Marangoni number is computed as a function of non-

dimensional heat input. (f) The Fourier number is computed as a function of non-dimensional heat 

input. (g) non-dimensional meltpool length against laser beam diameter computed as a function of 

non-dimensional heat input. (h) non-dimensional meltpool length computed as a function of 𝑀𝑎 

per √𝜌. (i) Peclet number computed as a function of Marangoni number.  
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Another way to look into the heat transfer effect is to analyze the peak temperature between 

the CT-DED and the RT-DED cases. Since the heat flux generated is directly dependent on the 

temperature gradient, the peak temperature could provide insights into the effect of varying heat 

input and the scanning speed. In Figure 5 (c), the variation of the non-dimensional peak 

temperature as a ratio of peak temperature at the meltpool zone (𝑇𝑝) and the solidus temperature 

(𝑇𝑙 ) which is material dependent is plotted against the non-dimensional heat input which is 

dependent on the laser power and the scanning speed. On the abscissa, value 1 represents the 

reference case, less than value 1 represents the varying speed cases and more than 1 represents the 

varying laser power cases. For RT-DED, under varying speed cases, the non-dimensional peak 

temperature was steady at around ~1.02 and ~1.1 steady under varying laser power cases. This 

means the linear fit slope would remain close to zero. However, for CT-DED, there is a linear 

trend positive slope for both varying scanning speed and the laser power cases, although with a 

much greater range of heat inputs with a lesser slope. Hence, in the CT-DED cases, there is a linear 

trend in the temperature gradient.  

Since heat flux generation is directly dependent on the temperature gradient, the CT-DED 

cases have to accumulate more heat compared to the RT-DED case. However, from the heat flux 

plots, it was observed that the RT-DED cases saw significantly higher heat flux due to conduction 

generation compared to CT-DED cases which saw stagnant heat flux generation upon varying laser 

power and scanning speed. Now analyzing these two aspects together, it can be concluded that, 

because there is a dominant conductive mode of heat transfer in the RT-DED, there is no variation 

in the peak temperature ratio for both varying scanning speed and laser power cases. And because 

there is a lesser dominant conductive heat transfer mode present in the CT-DED, and there exists 

a higher gradient of the non-dimensional peak temperature, there is significant active heat 

accumulation happening in the molten pool fusion zone. This heat accumulation could be affecting 

molten pool size, other heat transfer modes, or fluid flow itself. Put together these aspects, the heat 

generation and accumulation in the CT-DED cases saw a more dynamic meltpool zone compared 

to the RT-DED case.  

Melt flow patterns 

Even though it was understood that CT-DED cases saw significantly higher heat 

accumulation, the influence of excessive heat accumulation on the melt flow patterns could not be 

well understood. The shape of the meltpool can change if it is under the influence of the conduction 

mode of melting, depression mode or keyhole mode of melting. In general, in the conduction mode 

of melting, the heat energy accumulates over the surface of the substrate, and it exceeds the heat 

transfer due to conduction. This heat accumulation in the fusion zone raises the meltpool peak 

temperature to form the meltpool.  Similarly, in the keyhole mode of melting, the intensity of the 

heat energy is very high that the peak temperature in the melt zone reaches the boiling point which 

will lead to evaporation of the material. This will increase the recoil pressure onto the melt zone 

which causes the depression which will lead to keyhole modes. Hence, to better understand the 

melt flow patterns, well-established non-dimensional numbers such as the Peclet number, 

Marangoni number, and Fourier number were used.  

Figure 5 (g) shows the variations in the non-dimensional meltpool length to the laser beam 

size of 1mm adopted in the simulation as a function of non-dimensional heat input. The results 

show the meltpool lengths are the highest for the CT-DED compared to RT-DED irrespective of 

varying power or the scanning speed. Higher heat input has increased the meltpool length 

significantly for the CT-DED cases. Figure 5 (d) shows the Peclet number computed as a function 
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of the non-dimensional heat input. For the varying scanning speed cases, the Peclet number did 

not change much between the CT-DED and the RT-DED cases, whereas for the varying laser 

power cases, the Peclet number was positive up to 1500W for CT-DED, and 2000W for RT-DED. 

Further, up to 1500W, the 𝑃𝑒 was higher for CT-DED compared to RT-DED. This means, under 

CT-DED conditions, the mass flow rate due to the convective mode is higher than the thermal 

diffusion. The convective mass transfer here is dependent on the flow velocity and the 

characteristic length which is the molten pool height. It was noticed before that up to 1500W, the 

height distribution between CT-DED and RT-DED did not see many variations except for ~30% 

variation in the reference case. This means, under CT-DED conditions, the flow velocity is 

significantly higher than the RT-DED conditions. This flow effect helps spread the meltpool both 

longitudinally and transversely up to 1500W for CT-DED.  

Furthermore, from 2000W onwards, for CT-DED cases, it was observed that both flow 

velocity and characteristic length considering the depression are substantially higher than RT-

DED. It was noted before that heat flux generation due to conduction remains steady and low in 

these cases. This means, under these laser power conditions, the peak temperature in the meltpool 

zone is reaching the boiling point, and higher flow velocity is causing higher convective mass 

transfer. The excessive heat accumulation in these CT-DED cases is pushing the peak temperature 

to reach boiling point causing an evaporation effect leading to higher recoil pressure exerting on 

the meltpool zone from the opposite direction. This high recoil pressure and higher convective 

mass transfer reverse the flow direction. This reverse flow direction can be observed through the 

negative Peclet number. Hence, instead of depositing, there was a depression with greater depth.  

Figure 5 (e) represents the Marangoni number computed as a function of non-dimensional 

heat input. for CT-DED cases, under varying scanning speed, 𝑀𝑎  range between 1500-8000 

linearly, and for RT-DED, this is ranging between 400-850. Under varying laser power conditions, 

CT-DED saw a greater range of 𝑀𝑎 between 16000-33000. For RT-DED, this was 5000-7500. 

The greater 𝑀𝑎 for CT-DED compared to RT-DED again reflects higher liquid metal velocities in 

the melt pool zone. It highlights a higher convective heat transfer within the molten pool. To 

understand the influence of convective heat transfer in the melt zone and dimensions, the effect of 

density could be minimized since the density in the simulation model is not varying drastically. 

Hence, analyzing the results as a combined effect of density and 𝑀𝑎 is computed against the non-

dimensional meltpool length and laser beam diameter. From Figure 5 (h) was observed that, given 

the volume, CT-DED has a greater length ratio of the molten pool compared to RT-DED for high 

heat input cases. CT-DED also has a greater convective heat transfer within the molten pool. It 

was also observed that the varying speed cases of CT-DED cases match closely with the varying 

laser power of RT-DED since the CT-DED’s 𝑀𝑎 falls within the range of RT-DED. As noted in 

the Figure 5 (i), an increase in 𝑀𝑎 also results in higher values of 𝑃𝑒. The CT-DED higher laser 

power cases has a greater slope compared to all the cases of the RT-DED. Further, CT-DED 

varying scanning speed cases also exhibit a linear increase in the 𝑃𝑒/𝑀𝑎 ratio compared to a lesser 

cluster value for RT-DED cases. Together, the higher 𝑃𝑒 and 𝑀𝑎 explains the advantages of CT-

DED given the varying heat input and the scanning speed, it exhibits higher aspect ratio of the 

molten pool. 

Finally, to understand the effect of thermal diffusion in the molten pool, a non-dimensional 

Fourier number was used and computed as a function of non-dimensional heat input. From Figure 

5 (f), it was observed that the thermal diffusion is exceedingly higher for the RT-DED cases 

compared to CT-DED cases and has the same trend for both varying laser power and scanning 

speed. Under varying scanning speed conditions, the 𝐹𝑜  for CT-DED has a range 0.35-0.95 
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whereas for RT-DED this is 0.7-1.9. This means the thermal diffusivity for RT-DED is almost 

double that of CT-DED for varying scanning speed conditions. Further, under varying laser power 

conditions, the 𝐹𝑜 for RT-DED varies between 1.8-3.0, whereas for CT-DED, it varies between 

0.9-1.4. Here also, the thermal diffusivity is almost double for RT-DED compared to CT-DED. 

This means, for CT-DED, there is a high heat accumulation as a result of low thermal diffusivity. 

Conclusion 

In this study, the DED process was used to print SS316L powder at different cold ambient 

temperatures (20°C and -3°C). The experimental findings helped calibrate the model to depict the 

onsite DED process near freezing point temperature. It was found that at cold ambient 

temperatures, the DED process can be carried out smoothly. Furthermore, the molten pool was 

easily formed; and lowering the ambient temperature increases the molten pool size. At the cold 

ambient temperature in this study (-3°C), the sample had the largest molten pool size and largest 

cross-section height. To further understand the Multiphysics of the CT-DED, keeping the reference 

case of 700W laser power and the 50mm/min scanning speed, different simulations were carried 

out at varying laser power from 700W – 2500W at 𝑉𝑟𝑒𝑓 of 50mm/min, and varying scanning speed 

from 50mm/min – 400mm/min at 𝑃𝑟𝑒𝑓 of 700W. 

At first, during reference case, varying laser power and scanning speed cases, the CT-DED 

exhibited meltpool formation of either conductive mode, convective mode, or depression or 

keyhole mode of melt pattern. In comparison, CT-DED at varying laser power, up to 1500W has 

exhibited a larger molten pool under a less dominant conductive mode and dominant convective 

mode of heat transfer. Increasing the laser power from 2000W, the CT-DED, due to high 

convective mode, and greater melt flow, exhibited a keyhole mode of meltpool formation pattern. 

Further, the CT-DED meltpool dimensions across the varying laser power and scanning speed are 

significantly higher than the RT-DED. The cumulative length of the meltpool is ~65% greater than 

the RT-DED for high laser power cases and is ~60% greater than the RT-DED for varying scanning 

speed cases. A similar trend was observed for the width dimension. However, for the height, except 

for the reference case, CT-DED was ~5%-20% greater than the RT-DED. This excludes the special 

cases wherein the keyhole mode of melt flow pattern was observed at varying laser power beyond 

2000W.  

Second, there is a dominant conductive mode of heat transfer in the RT-DED, and also 

there is no variation in the peak temperature ratio for both varying scanning speed and laser power 

cases in RT-DED cases. For CT-DED, there is a lesser dominant conductive heat transfer mode 

present, and there exists a higher gradient of the non-dimensional peak temperature, thereby 

indicating a significantly active heat accumulation happening in the molten pool fusion zone. From 

non-dimensional numbers, it was observed that the excessive heat accumulation in these CT-DED 

cases affected the peak temperature to reach boiling point causing an evaporation effect leading to 

a higher recoil pressure exerted on the meltpool zone from the opposite direction. This high recoil 

pressure and higher convective mass transfer reverses the flow direction causing meltpool instead 

of depositing, a depression with greater depth was developed. 

Third, for the CT-DED cases, the high 𝑃𝑒 and 𝑀𝑎 represent a dominant convective mode 

of mass transfer compared to RT-DED. From lower 𝐹𝑜, it can be concluded that for CT-DED, the 

thermal diffusion phenomena are occurring at a much slower pace which on the contrary a very 

rapid pace for the RT-DED cases. This means the CT-DED cases will exhibit a bigger molten pool 

compared to RT-DED cases due to less thermal diffusion, more heat accumulation in the meltpool 
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zone, less dominant conductive mode of heat transfer, and greater dominant convective mode of 

mass transfer. However, beyond certain heat input as in this case 2000W, the dominant convective 

mode and excessive heat accumulation will turn a negative impact in the melt zone causing greater 

recoil pressure. This greater recoil pressure together with lower thermal diffusion will immediately 

cause the melt flow pattern to turn into depression mode causing keyhole effects.  

Overall, the CT-DED cases have shown greater meltpool dimensions compared to RT-

DED. The CT-DED cases depicted an advantageous process and method for on-site repair 

applications wherein under the influence of lower heat input and/otherwise up to critical heat 

inputs, and for varying speeds, the molten pool is bigger than the RT-DED cases. The 

multiphysical modeling calibrated with the experimental observations on the geometry of the 

meltpool and deposition has demonstrated modelling capabilities in identifying key reasons for the 

drastic changes in the meltpool dimensions, meltpool formations, melt flow patterns, and heat 

transfer phenomena between the room temperature and cold temperature directed energy 

deposition process for stainless steel 316L. 
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