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Abstract 
Wire Arc Additive Manufacturing (WAAM)is 

increasingly attracting industrial attentionbecause it 

significantly reduces material waste and 

manufacturing time by producing near-net-shaped 

components (3D-metallics) at high deposition rates. 

The additive manufacturing of titanium alloy (Ti-

6Al-4V) components is a major area of industrial 

significance, especially in aerospace, healthcare, and 

the manufacturing of high-grade military equipment. 

In this project,the ABAQUS software was 

employedto investigate the WAAM of Ti-6Al-4V 

walls to analyse temperature distribution andcooling 

rate and induced distortions in the manufacturing 

process ofTi-6Al-4V alloy using finite element 

analysis (FEA). The results show that during the 

WAAM heat cycle deposition,the highest 

temperature distribution and cooling rate of 

5,511.64 °C/m and 26.43 °C/s,respectively,were 

observed. According to this study, an efficient 

thermo-mechanical model is much faster to develop 

and process than the conventional transient 

thermomechanical approach, and it produces 

predictions that are nearly identical to those of the 

original transient model. This extensive FEA study 

enables the development and validation of models 

that predict temperature distribution and cooling rate 

to prevent distortions in Ti-6Al-4V alloys for 

application in manufacturing industries. 
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HAZ Heat-affected zone 

AM Additive manufacturing 

PTA Plasma transfer arc 

FEA Finite element analysis 

 
I. Introduction 

The titanium alloy (Ti-6Al-4V) is one of 

the most important materials used for parts 

manufacture in many industries (mainly in the 

aerospace industry). Ti-6Al-4V parts usually require 

several hot shaping steps and produce components 

requiring extensive machining to acquire the final 

geometry with tolerances. AM could afford a 

superior yield from appropriate material for certain 

applications, since it is a net-shape technology. 

Thus, AM as well as shaping operations could use 

the advantages of each other and may be combined 

into new hybrid process chains(Bambach et al., 

2020). Additive Manufacturing (AM) has provided a 

path for the scientific and industrial community in 

terms of direct manufacturing and even replaced 

conventional approaches in some sectors owing to 

its ability for minimum material usage.From a 

material point of view, there are two methods 

Aggregate Manufacturing processes where metallic 

materials are often used for powder bed fusion and 

directed energy deposition, respectively(Wei et al., 

2021). 

Typically, the layer height for Wire and 

Arc Additive Manufacture (WAAM) is around 1 - 2 

mm, which results in surface roughness (the 

waviness) of 500 µm for single-track deposits. As a 

result, WAAM cannot be viewed as a net shape 

method, and the finished part requires machining. 

WAAM is consequently most appropriate for low- 

to medium-complexity and large-to-massive-scale 

elements(Williams et al., 2016). 

Laser additive manufacturing techniques 

are employed to provide parts with a higher external 

and internal surface finish and in an exact shape in 

less production time. The ability to supply 

components with a consistent structure compared to 

other AM methods. It works efficiently at low heat 

input and reduces energy consumption considerably, 

and the least distortions are produced(Singh & 

Khanna, 2020). 
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The second wire-based process uses the 

wire to create metal components and not powder, 

whilst the wire is then melted using a laser, electron 

beam or electrical arc. Processes are WAAMand 

laser-engineered net-shaping (LENS). Of these three 

sources, the laser one is the most used since its 

higher beam quality allows it to produce more 

complex shapes on parts. In this application, the 

energy efficiency of the laser is low (2% - 5%). The 

other common energy source is the electron beam, 

which has a slightly higher energy efficiency (15% - 

20%). On the flip side, it requires an ultra-high 

vacuum operating environment(Ding et al., 

2014).With its high rate of material deposition, wire 

and arc additive manufacturing (WAAM) enables 

the production of large-dimensional, low-volume 

metallic workpieces among different AM 

processes.Titanium alloys, especially Ti–6Al–4V 

parts, are among the most widely used materials in 

the AM processes due to their applications in 

aerospace and biomedical. Several different 

processes with a high deposition rate may be used to 

manufacture large-scale AM parts, in which the heat 

is supplied by laser, electron beam, or arc-based 

processes. The most well-known of these is called 

wire + arc additive manufacture (WAAM), which 

has the feature of very high build rates with 

relatively low equipment cost(Waryoba et al., 2018). 

 

1.1 Temperature Distribution 

Temperature distribution is the temperature 

variation at a given distance. Additionally, it shows 

how heat is spread from a heat source during 

welding. The temperature distribution can be studied 

using finite element techniques to predict 

temperature distributions. The component thermal 

cycle associated with metal heating or welding is 

controlled by temperature distribution, cooling rate, 

heat-affected zone (HAZ), residual stresses and 

distortion, as well as microstructure and mechanical 

properties. The analytical model and Finite Element 

Analysis (FEA) should be performed as per these 

findings for the right prediction to optimise welding 

parameters, quality, and thermal defects.(Singh & 

Khanna, 2020). The FEA has become prominent in 

predicting cooling rate, temperature distribution, and 

residual stress using ANSYS Workbench, 

ABAQUS, COMSOLMultiphysics, and LS-DYNA. 

Temperature distribution and cooling strongly 

depend on the process parameters such as current, 

voltage, and travel speed (Vastola et al., 2016; Yang 

et al., 2016). 

 

1.2 Cooling Rate 

The cooling is due to all heat losses during 

the deposition process caused by conduction 

between layers and the substrate, convection in the 

melt pool and radiation towards surfaces. Cooling 

rate is usually defined as the ratio of temperature to 

time from points (time-temperature) shown in 

Figure 1.For the Ti6Al4V alloy during WAAM, 

cooling rates of 525 to 1.5 °C/s lead to a series of 

martensitic, massive and diffusional phase 

transformations (Ahmed & Rack, 1998). 

The heat transfer (cooling effect) that 

occurs between the substrate and the solidified 

portion is given by conduction. The heat transfer 

mechanisms in the molten pool during cooling are 

conduction and convection. It cools down 

by:THERMAL TRANSFER. The cooling 

mechanisms (heat transfer) that occur on the 

surfaces are: convection and radiation. This cooling 

rate is characterised and decides the mechanics of 

transformation and phases formed during the 

cooling stage. Above the beta transus, β decomposes 

via a nucleation- and diffusion-controlled reaction to 

α at slow cooling rates (but ~20 K/s below the beta 

transus)(Ahn et al., 2017). 

Since there is no time-connected history for 

the steady-state model, one way of avoiding this 

situation is to obtain the thermal cycle at the testing 

point by mapping T onto lines having constant y 

andz coordinates, respectively, corresponding to the 

thermometer positions. The position in the x-

direction over its travel speed yields the time 

coordinate (Ding et al., 2011). 
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Figure 1 Thermal conditions showing conduction and radiation of metal plate 

 

The logarithmic increase in the peak temperature 

from the first layer to the second layer is 52 K, and 

this increment diminishes between the second and 

third layers, resulting in an additional 37 K of rise. 

The first layer conducts heat well into the substrate, 

for which reason it is kept cold and so close to the 

deposited layer. So, it will be a very good heat sink 

for the substrate(Manvatkar et al., 2014). 

The cooling rates from the laser process 

were found to be reduced from 6548 K/s for the first 

layer up to2779 K/s for the third layer, while it 

was8202 K/s and of8200 K/s at a few spots only, 

with almost the same trailing distance as discussed 

above(Manvatkar et al., 2014). The cooling rate is 

the product of the thermal gradient and dragging 

speed; therefore, it reduces as the thermal gradient 

decreases due to mixing. 

 

1.3 Finite Element Modelling 

The complex finite element meshes used 

for building this ten-layer wall are established 

exactly by using the leading commercial software 

package MSC Marc. Figure 2 shows the framework 

for presenting this computational model in space: 

where the geometric centre of the substrate onto 

which the wall is deposited is taken as the 0–point, 

and the total wall thickness (r), continuous 

deposition direction (θo), vertical height (η.), 

radially, circumferentially & axially aligned, 

respectively(Bambach et al., 2020). 
 

 
Figure 2 Meshing in FEM(Ding et al., 2014) 

 

To obtain a precise and correct 

computation of the sequential heat transfer, 

solidification phase change, final deposit geometry 

and microstructure-build / developed mechanical 

properties, as well as other sources described in 

various sources, have been predominantly based on 

the basic physical principles of conduction within 

these climate and temperature fluxes, where a 
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quantitative description of the complex energy 

distribution due to the power source applied is 

essentially needed. However, the actual idealisations 

employed to quantify these energy resources vary 

widely in their definition per se; one can 

meaningfully stratify them as grassroots vs. stream 

of impinging process energy through unbroken lines 

(1-D), thermal (heat) capability locally diffused over 

a 2-D area (commonly referred to as surface heat 

flux and thermal equivalent volumetrically dispersed 

throughout an entire 3D domain. 

By far, the other most common and 

conceptually important methodological selection by 

modern practitioners of any utility where a resistive 

heat flux load is found is to implement a heat source 

model that fundamentally uses the idealised 

mathematically defined Gaussian intensity 

distribution. For this, in the wire-based Directed 

Energy Deposition manufacturing processes, a long 

filler wire is continuously fed, melted by an 

extremely focused laser, and a very spot-like 

melting end is systematically directed into the fresh 

molten pool(Srivastava et al., 2020). 
These energy tools are directed at very 

small local points and include lasers, high-speed 

electron streams, and notable current arcs that are 

oriented specifically for use as primary thermal 

sources within Additive Manufacturing technology. 

Both the diameter of the targeted laser/electron 

beam and of the related electrical arc within these 

two are usually several tens up to a few hundreds, 

i.e. 100 μm and several millimetres (exclusively five 

mm) [17]. But it should be noted that these baseline 

data values on such spatial dimensions could range 

widely to significantly less than what is stated and 

are highly dependent on the specific demand needed 

by the specialised manufacturing applications being 

performed. Consequently, this ultimately contributes 

to the higher peak temperature extreme in situ (1.5 

times higher) during actual material fabrication 

occurring when a solid cube (2 mm × 2 mm × 2 

mm) made from only the titanium alloy Ti-6Al-4V 

is constructed using an additively deposited point 

heat supply process with respect to less focused 

thermal results obtained by means of either surface 

or volumetric heat supply. The methodology 

involves addressing the governing heat conduction 

equation analytically, whereby the chronologically 

changing location of the apparatus implementation 

heat source is considered(Wei et al., 2021). 
 

1.4 Surface Heat Source  

The effective thermal power density from 

its exact molecular matrix is merely a mathematical 

function of the radial distance outward from the 

central axis at any point along these distant, potent 

beams; through almost all known heat sources. In 

fact, under the less complex conditions of a point or 

line heat source, this radial variation and spatial 

distribution cannot be properly defined, recorded or 

modelled. Furthermore, the combined thermal heat 

input for a given application regime of conductivity 

mode Additive Manufacture is described as 

continuously varying in space as jugged by the 

radius from its geometric centre. For the standard 

energy supply systems such as high-intensity laser, 

high-energy lepton beam or electrical arc, these 

uniquely two-dimensional surface heat flux 

distributions are quantitatively described and 

routinely measured with the normality of having 

strong propensity to conform to Gaussian-like 

axisymmetric profiles (Wei et al., 2021). 
Because you had years of extensive 

experience with computational calculation using the 

standard ellipsoidal -or noncircular- heat supply 

(model), only unexpectedly discovered and partially 

identified that this steep, indeed sharp thermal 

gradient resided just ahead of the penetrating heat 

source as it grew from excursion since the resulting 

temperature gradient was also significantly gentler -

- for many initially empirically unexpected 

experimental observations on viewing-side 

advancing melt pool trailing-edge-strain rate. While 

the front half of that combined energy system, in 

such a parameterisedgeometry, represents its own 

quadrant of one energetic type, one unique non-

circular thermal essence — the rear matching half 

reflects its precisely constructed thermal geometric 

counterpart as entirely other independent 

dimensioned elliptic separable variable fluid forms; 

(Goldak et al., 1984) 

What you are here to compute are the time-

evolving temperature fields, if it is a four- or three-

dimensional diffusion-nature problem and how 

different modelling types will allow for obtaining 

the length scale local fusion zone sizes in order of 

magnitude for melt pool dynamics. While mapping 

hundreds of different operational parameters 

requires sophisticated computational models(Scotti 

et al., 2020) that define, in their entirety, the 

intricate mechanisms of heat transfer, dynamic fluid 

flow (Israr et al., 2020),and insidious mass transfer, 

it must be located by numerical methods. 

Finite Element Analysis (FEA) is thus 

critically dependent on the quality of its solution 

applied to basic geometrical model discretisation 

called mesh with strong dependencies and impact 

coming from both how the geometry is 

mathematically defined as well as what kind of 

topographical detail is combined into this current 

definition; followed by direct implications in terms 

of computational efficiency versus absolute 
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processing time archaically defining the accuracy 

and reliability of results observed at a later stage 

after solving. . However, especially to obtain better-

quality outputs referred to by even higher value 

accuracy levels, the only alternative here will be 

applying very fine meshing methods comprising 

drastically larger numbers of elementary elements 

strictly necessary and recommended(Shao et al., 

2010). 

The goal of this research is to develop a 

thermo-mechanical model that can be used for 

analysis using finite element techniques for 

predicting the development of residual stresses, 

temperature, and cooling rate during wire arc 

additive manufacture of Titanium alloys. 

In this project, Wire Arc Additive 

Manufacturing (WAAM) is employed to deposit 

three walls, and finite element models are generated 

for predicting the development of temperature 

distribution and cooling rate during wire arc additive 

manufacture of Titanium alloys. The process 

involves using aplasma arc (due to its higher 

deposition rate) as the source of heat. The problems 

studied here are temperature, residual stress, 

distortion and cooling rate in Ti-6Al-4V Walls 

deposited with arc as the energy source. WAAM 

process with finite element modelling is a new 

manufacturing technique, and there are no 

modelling studies on this topic found in the 

literature. This research will fill this knowledge gap. 

 

II. Materials and Methods 
Ti–6Al–4V alloy was selected as both the 

feedstock wire and the substrate. A substrate was 

prepared with dimensions of 150 mm × 50 mm × 12 

mm. Three (3)walls were designed using the 

ABAQUS interface software; heights of 17 mm, 18 

mm and 19 mm were manufactured, which 

respectively give the number of layers as: nine, eight 

and seven layers. Table 1 provides the chemical 

composition of the Ti-6al-4V alloy. Initially, a 

Steady-State Thermo-mechanical numerical model 

of the Manufacturing process. It was implemented 

and validated using ABAQUS as represented in 

Figure 3.The temperature variation FEA model is 

represented in Figure 4. 

 

 
Figure 3 ABAQUS Meshed Analysis Model 

 

 
Figure 4 Temperature Variation FEA model 
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The equipment that was used in this project 

includes software and high-level programming 

languages like the ABAQUS modelling package, 

and the Plasma and shielding gases at 0.8L/min and 

8 L/min, respectively, were pure argon. A wire 

made from Ti6Al4V alloy with 1.2 mm as its 

diameter was used as the feedstock during the 

deposition process. The oxidation was prevented 

during the deposition by using an enclosed tent. 

Purified argon was also used to produce the plasma 

gas with a flow rate of 0.8 l/min. 

The difference between the three (3) manufactured 

WAAM walls and their process.parameters was 

described in Table 2. 

 
Table 1 Ti-6Al-4V alloy chemical composition(Wang et al., 2021) 

 Al V Fe C N H O Ti 

WIRE 6.08 3.80 0.122 0.019 0.008 0.001 0.15 BALANCE 

SUBSTRATE 6.39 4.20 0.17 0.01 0.01 0.006 0.16 BALANCE 

 

 

Table 2 WAAM deposition process parameters and their walls 

Deposition Parameters Wall_1 Wall_2 Wall_3 

Wire feed speed, WFS (m/min) 5 7 9 

Current (A) 180 220 260 

Voltage (V) 25 26 27 

Laser power (kW) 3 4 5 

 

III. Results and Discussion 
3.1 Temperature Distribution 

The Finite element model process starts by 

taking the first Layer as a case study at the fusing 

zone boundary temperature (1640°C) and the heat-

affected zone boundary temperature (1000°C). The 

lowest point of the heat-affected zone boundary 

should match the lowest point of the heat-affected 

zone of the macrograph. The lowest point of the 

fusing zone boundary should also correspond to the 

fusing zone of the macrograph,as shown in Figure 

5. This process remains the same for Wall_2 and 

Wall_3. 

Temperature distribution records the 

temperature at a certain distance and thermal 

change over time; then the result is during heating 

or cooling in a thermal model, as shown in Figure 5 

and Figure 6. The first and last layers measured 

515.26 °C and 758.26 °C through path_1,and 

515.26 °C and726.61 °C after cooling at 0.30m. 

Path_2 lost 31.65 °C more cooling than path_1; 

that is, the last layer on path_1 was at a temperature 

lower than the cooling supplied from the next layer 

(Layer_8) to path_1. This variation happens in all 

three walls because no heat sources. 

 

 
Figure 5 Temperature distribution of first layer 



 

 

International Journal of Advances in Engineering and Management (IJAEM) 

Volume 8, Issue 8 August. 2026, pp: 19-26    www.ijaem.net    ISSN: 2395-5252 

                                      

 

 

 

DOI: 10.35629/5252-08081926        | Impact Factor value 6.18 | ISO 9001: 2008 Certified Journal          Page 32 

 
Figure 6 Temperature distribution against longitudinal distance 

 

3.2 Cooling Rate 

After reaching a temperature of 1000°C, 

thermal behaviour during the cooling period 

indicated that at this stage, both the first and last 

deposited layers of Wall_1 exhibited two separate 

declines in temperature with high cooling rates 

(83.53 °C/s for the initial layer and 26.43 °C/s for 

the final layer). Following the same method used to 

evaluate Wall_1, similar moderate temperature 

reductions were observed for the first and last 

layers of the second 3D constructed structure 

(Wall_2),with recorded cooling rates during fire 

exposure of 44.01 °C/s (for the first layer) and 

21.80 °C/s (for the final layer). In addition, the 

third structural variation, Wall_3, was found to 

have the slowest heat dissipation rates, with first 

and last layer cooling velocities of 34.25 °C/s and 

17.03 °C/s, respectively, a graphic representation of 

which can be seen in detail as presented in Figure 

7. This is particularly reflected when looking at the 

uppermost sections of the four independent 

structures, as Wall_1, corresponding to each 

terminal layer, exhibited the most rapid cooling 

with an average descending rate of 26.43 °C/s, 

representing a thermal effect that can largely be 

explained by specifically low heat energy input 

experienced during its manufacturing process. In 

contrast, the last layer extracted from Wall_3 had 

the lowest retention rate of thermal dissipation as it 

cooled at an extremely slow 17.03 °C/s: a 

remarkably protracted process primarily due to its 

comparably high-power input and extensive 

internal retention. This relationship is visually 

supported in Figure 8,where layers consolidated 

infinitely until they reached their solidification 

states. 
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Figure 7 Comparison between three (3) of the FEA models 

 

 
Figure 8 Comparison between the three walls of one layer 

 

Figure 9 shows the comparison between the temperature and cooling rate of layer_1 and layer_8. It clearly 

indicates that the bottom (L_1) layer of the FEA model shows a high cooling rate; this isbecause of the 

substrate. 
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Figure 9 Temperature and cooling rate of layer 1 and layer 8 for path 1 wall 1 

 

IV. Conclusion 
 

This research project presents FEA analysis of 

three different walls using WAAM and plasma 

transfer arc to investigate the temperature 

distribution and cooling of Ti6Al4V alloy. The key 

outputs are summarised below. 

• It was observed that at 1000°C, wall_1 

shows the highest temperature distribution 

of5,511.64 °C/mowing to lower energy input. 

Decrease in fusing depth was more significant than 

the increase in fusing lengthfor the cooling rate. 

The parameter variation consistently reduced 

cooling rates and temperature gradients. 

• Wall_1 had the highest cooling rate (26.43 

°C/s) and temperature gradient (. Wall_2was next 

at 21.48 °C/s and 4,589.71 °C/m, whereas Wall_3 

had the lowest mean values (17.03 °C/s and 

3,771.34 °C/m) from thermal buildup and 

substantial heat input. 

• It was also found that the temperature 

distribution and cooling decrease as the number of 

heating sources increases.  

 

Recommendation 
The research focused on FEA of WAAM of Ti-

6Al-4V alloy to investigate the temperature 

distribution and cooling rate using ABAQUS as the 

sole software of interest. Therefore,itis 

recommended touse other available software and 

compare the results obtained from ABAQUS for 

validation purposes. 
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