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Abstract 

Friction-stir additive manufacturing is a type of solid-state additive 

manufacturing process that involves intense shear deformation of material 

during the material joining process. The increasing application of the novel 

technology requires proper understanding of the inherent thermal process. 

The analysis of the transient thermal behavior in three dimensions of the 

welded plates in friction-stir additive manufacturing is studied using Laplace 

transforms method is presented. It was established from the results that the 

material reduces in temperature during the simulation process as the 

distance of the point moving heat source increases from the centerline. Also, 

the time needed to attain the highest temperature increases with increasing 

distance between the point moving heat source and the centerline. In 

addition, the heating and cooling rates decrease while the distance between 

the point moving heat source and the centerline increases. The peak 

temperature is approximately 1200oC but this depends on the welding 

conditions, heat generation the materials, etc. The variation of shoulder heat 

generation rate with welding rotational speed at different welding velocities 

of 100-200 mm/min depicts that increasing the tool rotational speed at 

constant weld speed increases the heat input, whereas the heat input 

decreases with an increase in the weld speed at constant tool rotational 

speed. It was also established that the fractional heat generation rate is 

between 80 to 90% heat is generated at the tool shoulder and the remaining 

amount at other tool surfaces. However, this depends on the welding 

conditions.  Finally, the temperature profile typical features can be observed 

from the obtained results at varying monitoring points, and they provide a 

better analysis of the prevailing factors in the heat flow model for a point 

moving heat source. Hence, the model and analytical solution provide the 

benchmark for obtaining temperature profiles for point moving heat source 

during the additive manufacturing process. 

Keywords: Thermal analysis; Three-dimensional model; Frictional Stir Manufacturing; Analytical 

solutions. 
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1. Introduction 

Additive manufacturing (AM) has been one of the most widely used techniques in the area of zero waste 

manufacturing. Being able to manufacture any part within the stipulated time and with almost negligible down time, 

AM has touched the level of extreme manufactured techniques. Since the introduction of AM, manufacturing at 

various levels, such as macro to micro, has been achieved. With the introduction of nanomanufacturing and by using 

nanomaterials, AM started breaking the existing limits by paving the way for the development of functionalized 

nanomaterials. A number of theories have been applied in the development of these functionalized nanomaterials. In 

the invention of carbon nanotubes (CNTs) and other studies of the behaviors of nanostructures, the nonlocal 

elasticity theory was also applied in the axial vibration analysis of tapered nanorods [1]. The nonlocal continuum 

mechanics have been applied for nanoplates, nanoshells, and micro/nanoscales of plates [1-35]. 

Few of the functionalized nanomaterials such as nanographene and nanocarbon fiber, have received attention 

because of their multifunctionalized character. Graphene and carbon fibers are being use in various sensors in their 

nano form. The applications of piezoelectric nanofilms (PNFs) and double-piezoelectric-nanofilm (DPNF) systems 

as nanoelectromechanical sensors for nanoscale mass detection have been studied. The vibration response of the 

piezoelectric-nanoplate systems is applied in the nanoelectromechanical sensors for the mass detection. 

The differential equations of motion based on the nonlocal elasticity theory and Hamilton’s principle are derived for 

both PNF-based and DPNF-based nanosensors [21, 22, 24]. In the study of vibration behavior of graphene sheet 

embedded in elastic medium, the thermo-mechanical vibration analysis has been applied to study the annular and 

circular graphene sheet, mono-layer graphene sheet, Annular Graphene Sheet Embedded on Visco-Pasternak 

Foundation, and rectangular graphene sheet embedded in thermal environment [10, 13, 16, 18]. In the modeling and 

simulation of these materials, differential equations developed and analyzed by both exact and numerical solutions 

[2, 14, 19].  

AM technology which can likewise be termed “layered manufacturing” or “Three-Dimensional (3D) printer or rapid 

prototyping technology” is a layer-based production process where parts are made layer-by-layer deposition through 

digitally controlled technique. The new technology has completely changed the Traditional Manufacturing (TM) and 

qualification paradigm as it provides great opportunities for simultaneous unitization and topological optimization. 

The 3D printer technology saves materials and weights, lowers the cost of manufacturing of components, facilitates 

high strength parts production, high efficiency, high quality, and safety, and offers the design flexibility or options 

in the production of complex shaped parts as well as provides the capacity to make parts without the use of molds. It 

is a suitable technology for an array of materials, which includes; ceramics, composites, polymers, and metals. 

Consequently, it has been widely and primarily applied in medical, biomedical engineering, plastics industry, 

aerospace, and automotive.  

Typically, AM processes are generally classified as Friction-Stir Additive Manufacturing (FSAM) and fusion-based 

and solid-state Additive Manufacturing (AM). The FSAM which is a combination of AM as well as Friction Stir 

Welding (FSW), is a type of solid-state AM process that involves intense material shear deformation during metal 

joining process.  The schematic diagram of the novel manufacturing process is shown in Fig. 1, arranged plates with 

one over the other are clamped and a pin stirring tool is implanted into the clamped plates at elevated rotation speed. 

Although, there is similarity in the non-consumable rotating tool of FSAM and FSW, the stirring pin in FSAM is 

longer than that of FSW as shown in Fig.1. Moreover, in the FSAM, the length of the pin exceeds the thickness of 

the plate.  From the figure, the non-useable rotating tool is injected into the overlapping metal plates that run along 

the joint line to facilitate the welding process. The material becomes mildly molten by the generated heat as a result 

of friction between rotating tool and the workpiece surfaces in contact. The molten material then flows axially and 

circumferentially around the rotating tool. And as the operation of the stirring tool progresses along the joint line, 

the material in this path becomes plasticized and develops into a strong bond after cooling and hence yields the 

needed manufactured material. This process is continued as the plates are introduced and the pin injected until the 

required shape is achieved.  

The possibility and the capability of FSW as an AM technology was proposed by White in his patent in 1999 [36]. 

Few years later, the FSW technology was utilized as feasible ways for AM. [37]. However, Airbus and Boeing [38, 

39] are two companies that have research centers to demonstrate FSAM. The applications of FSAM in aerospace and 

aviation sectors has also been reported. [40]. Further areas of applications can be found in microstructural 

enhancement for end product adaptability, graded material manufacturing, fabrication of stiffened structure, and 

surface composite manufacturing, for aerospace and other engineering industries [40-42]. Through microstructural 

control, he friction-stir additive manufacturing for high structural performance of an alloy has been examined [43]. 

https://www.sciencedirect.com/topics/physics-and-astronomy/piezoelectricity
https://www.sciencedirect.com/topics/physics-and-astronomy/piezoelectricity
https://www.sciencedirect.com/topics/physics-and-astronomy/operators-mathematics
https://www.sciencedirect.com/topics/materials-science/nanosensors
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The non-beam-based metal friction stir- deposition additive manufacturing has been studied [44] while a state-of art 

in FSAM has been done recently [45].  

Indisputably, the FSAM is a heat transfer process and understanding this process is helpful in the prediction of 

thermal cycles and evaluation of material thermal properties in thermal applications. Temperature distribution, 

temperature profile, heating and cooling rates are important factors in thermal analysis of engineering materials. 

Temperature distribution can be applied in determining the properties temperature-dependent behavior of plates. 

More so, temperature profile, heating and cooling rates near the material surface can influence its metallurgical 

microstructure, hardness distribution, thermal cracking and shrinkage, and residual stresses of the material [46]. 

Thermal related problems can be minimized when the temperature distribution is known. In addition, temperature 

measurements are difficult to do during the manufacturing process of a moving coordinate system experienced in 

additive manufacturing because of the production of plastic deformation caused by the translational and rotational 

motion of the tool. The determination of temperature distribution in a workpiece is also helpful in determining the 

thermal history of specific locations in the workpiece and thermal profiles at varying times. It is also helpful in 

determining the thermal history of the metallurgical properties, the thermal stress and the deformation of the 

workpiece as a result of thermal stress.  

 
Figure 1. Friction Stir Additive Manufacturing 

 

The effect of temperature on a material heated by moving heat source, at high temperature can result in rapid tool 

wear, pin thread fracture resulting from thermal shocks, thermal flaking, and inaccurate dimension of workpiece 

resulting from thermal distortion as well as expansion-contraction behaviors during and after the AM of welding 

process. Also, the pattern of flow and the variation in temperature during the AM process are critical to engineers 

for the right design of the processed layout. Hence, it is essential to determine the temperature distribution while 

carrying out work on the workpiece. Besides, the thermal evaluation of the AM process can be applied for the 

prediction of the transient temperature behavior, the peak temperature, and the dynamic stress forces and may also 

be developed to determine the residual stress at the location.     

However, in the study of heat flow in metals, little attention has been given to the study of heat flow from moving 

point source. Few attempts have been made in developing instantaneous point source solution for the exact theory of 
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moving point heat source in arc welding process [47-49]. In addition, series of studies have been done on increase in 

temperature near the moving heat source [50]. These studies were however done for only steady-state and linear 

cases, which make the temperature field appear fixed and unchanging to an observer in motion alongside with the 

moving heat source. Often times, the solution can be complex for direct real-world applications too [51]. Hence, 

several experimental and theoretical attempts have been made for real-life description of the temperature profile 

exhibited by moving heat source. The Fourier series method was applied in the one-dimensional analytical solution 

of heat conduction from a moving heat source [51]. A simple model for time-dependent line and point sources in 

welding processes has also been developed [47] and the temperature field of a moving point source with change of 

state has also been analyzed [52]. In a recent study, the integral transform technique was applied to determine the 

temperature field resulting from a moving heat source [53]. However, simple analytical solutions can be obtained for 

the more complicated problems. Therefore, it is very important to first provide simple analytical solutions. This 

approach leads to better understanding of the problem before attempting the more complex computational methods 

[47]. For the moving heat source problems, the simple solutions can be applied to develop the more complex 

solution for heat distributions along the workpiece surface under a steady state heat transfer [47].   

Both experimental procedures and mathematical models have been applied to understand the behavior of material 

during FSAM process. However, the three-dimensional modeling is very much crucial for understanding and 

detailed analysis of the FSW process.  “We lived in a three-dimensional, time-dependent World. The digital 

computer has enabled the solution of many multi-dimensional problems; however, the solutions of three-

dimensional problems are still rare. Inevitably, the analytical solutions of such three-dimensional models are very 

much more important. Hence, the simple analytical solution for transient three-dimensional temperature 

distributions for moving heat source problems in the plates during FSAM is presented in this work. The effects of 

the temperature increase, required time to reach peak temperature, the heating and cooling rates on the distance 

between the point moving heat source and the centerline were investigated. 

 

 

2. Problem Formulations 

Consider a three-dimensional rectangular coordinate system with a moving heat source during FSAM as shown in 

Fig. 2. The heat input from the rotating tool pin is simplified as a point moving heat source and it is not dependent of 

time.  The heat generation is at a given rate Q and the heat source moves at a constant velocity u along the plate as 

shown in Fig. 3. 

 

 
Figure 2. Schematic of multilayer friction stir additive manufacturing process. 

 

 



Journal of Computational Applied Mechanics 2022, 53(3): 363-378 367 

 

Fig. 3 Point source on the surface of the workpiece [12]. 

Assuming the workpiece is homogeneous and isotropic, the boundary conditions of the thermal behaviors are 

symmetrical from the centerline during the manufacturing process, the thermal properties of the workpiece are 

constant, there is no phase change during the manufacturing process, and the major heat supply is constant and it is 

from the tool workpiece interface; therefore heat generation at the tool pin/workpiece interface is negligible. Other 

assumptions include; no heat inflow into and outflow from the workpiece at melting temperature of the material, 

hence the process is represented by the following governing equation:   

 
2 2 2

2 2 2
, 1,2,3,4.i i i i iT T T T Q

i
t x y z k


    

= + + + = 
    

 

Where

p

k

c



= , which is the thermal diffusivity and Qwork is the heat dissipated at the rate of internal heat 

generation per unit volume of the workpiece  

Initial Conditions 

t = 0,  ( , , )i oT x y z T=                                                             (2) 

Boundary Conditions 

The moving heat source-plate interface has a boundary condition of heat flux given as  
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Where Rp and Rs are the radius of the pin and shoulder, respectively.  pQ  is the power supplied by the pin and  is a 

ratio according to which generated heat at the interface of the tool and workpiece is transferred between both of 

them and is given as  
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The heat generated at the moving point heat source and workpiece interface 
/plate workpieceQ  is considered to be 

invariant with x and y. 

The heat exchange boundary conditions between the workpiece top surface and the surrounding is that of convective 

and radiative conditions  

4 41
1 1 1

0

( ) ( )
z

T
k h T T T T

z
 

=


− = − + −


                                                                                 (4)                

An effective heat transfer coefficient  

( )3 2 2 3

effh h T T T T T T   = +  + + +                                                                                                   (5) 

In order to linearize the convective and radiative effects at the boundary conditions given in Eq. (4), thus,  
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Interfacial conditions when there is thermal contact resistance between the plates (imperfect thermal contact) 
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However, if there is perfect thermal contact between the plates  
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At the bottom surface of the workpiece, heat is lost by conduction and the model for support base is complex. But, 

in order to overcome the complexity in the models and hence obtain solution to the problem, a high global heat 

transfer coefficient is assumed and the heat loss is modeled as convective heat flux bq   

4

4
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z
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− = −


                 (11) 

 The remaining boundary conditions are taken as ambient temperature 

         i.e.      
y
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=                                 (12) 

3. Analytical Solution to the Transient State Temperature Distribution Model  

In this section, with the aid of Laplace transform, an exact analytical solution is developed for the case when the 

plates are thermally similar and perfectly in thermal contact. In this case, the energy equations coupled at the 

interface and temperatures at the interface are equal. The present work is a part of maiden thermal analysis of peak 

temperatures in FSAM. Therefore, for simplicity and ease of developing exact analytical solutions which are to 

serve as benchmarks for the numerical/computational analysis of the nonlinear and complex cases, the assumption 

of constant thermal properties of the workpiece, perfect contact, thermally similar and no phase change are made. 

Writing the thermal model as  
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where
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Taking 
'T T T= −   and  

2 2 2r x y z= + +  as shown in Fig. 3, we arrived 
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With the initial and boundary conditions are  
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0, 0 , 0
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Applying the Laplace transform to Eq. (14), we have 

2
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The solution of Eq. (16) 
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The inverse Laplace transform of Eq.(18) Found as follows 
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To find B, a small spherical pin of radius a and heat flux Q from the pin surface are considered. There is inflow and 

outflow of thermal energy across the boundary in and out of the sphere. Hence, the sum of the heat flux across the 

spherical pin surface is 
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pq  is the power supplied by the pin, r is the radial distance from the point source 

Recall 
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This is a case where the origin is at (0, 0, 0). For the origin of the co-ordinate system is at (x’, y’, z’), we have  
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However, the motion of the moving heat source at speed “v” is relative to the coordinate system,  

'x vt=  

Therefore, the temperature rise is given by 
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4. Results and Discussion 

The developed solution is simulated in MATLAB to graphically show the thermal responses of the plates during the 

FSAM process as shown in Fig.3. The temperature histories at 8mm form the edge and different depths or plates 

during the process are shown in Fig. 4 while the temperature variation with respect to time at 2 mm and 8 mm depth 

from top surface (fourth and first plates) and 8 mm and 16 mm distances from the centerline is shown in Fig. 5.   

Fig. 6 shows the temperature variation with respect to time in the material at varying reference point from the 

centerline. The characteristic features of the temperature profiles such as rapid increase in temperature towards the 

pin point and slow decrease while withdrawing from the point are shown in the results. The reason for the behavior 

is that, while the process is ongoing, the heat source encounters cold slab on its path of operation and leaves behind 

or moves away from hot slab. Furthermore, there is high temperature gradient in the immediate material upfront the 

tool due to rapid heat transfer, which is unlike the region behind the tool. The temperature profiles of the plates at 

different plate widths for the four (4) plates is shown in Fig. 8. 
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Fig. 4 Temperature profiles for different depths of the material and 8 mm from the centerline.   
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Fig. 5 Temperature profiles for depth 2mm and 8 mm of the material at 8 mm and 16 mm from the centerline. 
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Fig. 6 Temperature profiles in the material at different reference points 
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Temperature profiles for different widths in plate 4                   Fig. 7b Temperature profiles for different widths in plate 3 
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Fig. 7c Temperature profiles for different widths in plate 2                  Fig. 7d Temperature profiles for different widths in plate 1 
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Fig. 8a 3D-plot Temperature increase profiles without pre-heating process in direction when the heat source is at middle of the plates. 
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Fig. 8b 3D-plot Temperature increase profiles without pre-heating in direction when the heat source is at 25 mm from the edge of the plates. 
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Fig. 9. 3D-plot Temperature increase profiles with pre-heating in process direction when the heat source is at 25 mm from the edge of the plates. 

Figs. 8 and 9 show the effect of preheating the peak temperature of the FSAM process. While Figs. 8a and 8b 

illustrate the three-dimensional plot which shows the maximum temperature in the material without preheating, Fig. 

9 shows the effect of preheating on the thermal behaviour of the plates. It is shown that when the plate is preheated, 

peak temperature in the material increases to 1800OC as against the 1200OC when the material is not preheated. 

However, the peak temperature depends on the quantity of heat supply for the preheating process. It can be observed 

that when the initial workpiece temperature is increased, the cooling rate decreases, and this makes the process. The 

peak temperature also depends on the welding conditions, heat generation the materials, etc. The variation of 

shoulder heat generation rate with welding rotational speed at different welding velocities of 101, 150 and 200 

mm/min depicts that increasing the tool rotational speed at constant weld speed increases the heat input, whereas the 

heat input decreases with an increase in the weld speed at constant tool rotational speed. It was also established that 

the fractional heat generation rate is between 80 to 90% heat is generated at the tool shoulder and the remaining 
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amount at other tool surfaces. However, this depends on the welding conditions. The fraction of heat generated by 

the probe is estimated to be as high as 20%, which leads to the conclusion that the analytical estimated probe heat 

generation contribution is not negligible.  

 

Table 1: Comparison of Results 

Distance from the 

center line (mm) 

 

Advanced Side Peak Temperature (oC) Retracted Side Peak Temperature (oC) 

Experiment                Model Experiment                    Model 

11 

15 

17 

306.9                       298.5 

243.6                       232.1 

130.6                       121.7 

297.5                          288.3 

248.3                          239.4 

226.3                          219.8 

 

To the best of the authors search and knowledge, experimental results on thermal analysis and peak temperature of 

FSAM were not available as at the time of this present study. However, Table 1 present the comparison of results of 

the exact analytical solution and experimental study on the  peak temperatures of FSW [35]. The results on both, 

advancing and retreating sides, at 11, 15 and 17 mm from center line of each welded joint developed. These 

measurements represent the nearest temperature to shear line, which determines stir zone. The results of the 

experimental and theoretical studies show good agreements. 

 

5. Conclusions 

In this study, the analysis of three-dimensional transient thermal behaviours of workpiece processed by FSAM is 

studied using Laplace transforms method. The peak temperature is approximately 1200oC but this depends on the 

welding conditions, heat generation the materials, etc. The variation of shoulder heat generation rate with welding 

rotational speed at different welding velocities of 100-200 mm/min depicts that increasing the tool rotational speed 

at constant weld speed increases the heat input, whereas the heat input decreases with an increase in the weld speed 

at constant tool rotational speed. It was also established that the fractional heat generation rate is between 80 to 90% 

heat is generated at the tool shoulder and the remaining amount at other tool surfaces. However, this depends on the 

welding conditions. The obtained results from the simulations for varying observed points show typical features of 

the temperature profiles and these provide critical analysis of the factors influencing the heat flow models in a 

moving point heat source. Hence, the developed model and its analytical solution provide the benchmark for 

obtaining temperature profiles in a point moving heat source during AM process. 

 

 

Nomenclature 

Q Heat source surface area 

Cp Heat capacity 

Bi Biot number 

k Thermal conductivity 

v Heat source speed 

T Temperature at any arbitrary point 

Ta ambient temperature 

 

Greek 

α Thermal diffusivity 

ρ Density  
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