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Friction stud welding process is a suitable candidate in joining stud fasteners for steel structure
buildings, military vehicles, automobiles, aircraft, ocean liners, bridges, ship buildings, etc., The
peak temperature for welding is achieved by converting mechanical energy to thermal energy at the
sample interface without the use of electric energy from other sources because it is a solid-state
process. The study of the thermal behavior of di®erent metals during friction stud welding is very
important since it is a thermal energy process. However, there is no good thermal model for the
friction stud welding process. In this work, the generation of heat °ux at the interfacial area of two
distinct metals, namely aluminum and mild steel, is calculated using a mathematical model. The
temperature at the interfacial region, which plays a signi¯cant role in the quality and strength of the
weld component, is particularly focused on experimentation and analytical modeling. In the ex-
perimentation, a noncontact type infrared thermometer is used to measure temperature directly.
The temperature pro¯le was determined by the ¯nite di®erence method based on thermal resistance
and capacitance formulation at transient conditions. The obtained mathematical results are com-
pared with the experimental results at the distance of 5 and 10mm from the welded interface. The
computed temperature pro¯le is in good agreement with the experimental data on the heating side
and with a minimum degree of deviation in the cooling part. The maximum percentage of error for
the 5mm interface is 3.349 and for the 10mm interface is 2.857. This deviation is due to the zero-
axial shortening assumption in the analytical model. Besides, the temperature characteristics of the
welded are analyzed at various time increments by numerical simulation. As a result, the predicted
temperature is more on the aluminum side compared to the mild steel due to a change in thermal
properties. This proposed thermal model would be helpful to improve the design and manufacture of
welding machines.

Keywords: Friction stud welding; thermal modeling; ¯nite di®erence method; numerical simulation;
aluminum; mild steel.
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1. Introduction

Welding is an important fabrication process that is

commonly used to join two or more parts that are

bonded together by the application of heat, pressure,

or both developing new welded parts. During the

welding of di®erent materials, the evolution of inter-

metallic in the weld zone reduces the toughness and

structural reliability of the joint.1–3 The butt-welding

technique has a variety of °aws connected with the

joining of incompatible metals. The most common

issues with weld beads are fusion zone, transverse,

and longitudinal °aws.4 As a result, standard welding

procedures are not thought to be a viable option for

dissimilar joints.5 Friction stud welding is a modi¯-

cation of friction stir welding (FSW) originally de-

veloped to fusion weld Al-alloys.6–12 Similar to FSW,

friction stud welding is also classi¯ed as a solid-state

welding technique, in which welding occurs at a

temperature below the melting point of the work

metal. Welds are made by holding a nonrotating stud

in contact with a rotating workpiece under slowly

growing pressure until the interface reaches the

joining temperature and then stopping rotation to

¯nish the weld. Friction welding (FW) does not pro-

duce the typical °aws associated with melting and

solidi¯cation found in traditional welding techniques,

such as porosity.13,14 The friction mechanism in the

FW process converts mechanical energy to heat en-

ergy, melting the metal's surfaces, and compression

force aid in connecting the metals.15 The FW process

has several advantages, including a narrow heat-

a®ected zone, reduced porosity, slag inclusion and

undercut solute redistribution, and solidi¯cation

cracking.16 Because of these qualities, FW can be

used to weld incompatible materials. Various group-

ings of dissimilar metals have been successfully ex-

perienced up till now, such as aluminum/copper,

aluminum/steel and titanium/steel.17–19 Aluminum

and steel alloys have recently received more attention

due to their wide range of industrial applications.20

But it is relatively challenging to joint two dissimilar

metals due to their mechanical and thermal proper-

ties.21 As a result, it is critical to examine the thermal

behavior and temperature distribution in friction

stud welding of aluminum (Al) and mild steel (MS).

One of the most essential aspects of friction stud

welding analysis is heat transport. Predicting the

thermal cycles in the welding workpiece and

evaluating the weld quality may be easier with a basic

grasp of heat transport. Several studies have found

that the heat transfer in FW has a direct impact on

the quality of the welded joints.22 Heat is focused on

the joint interface in welded joints, and the size of the

heat-a®ected zone determines the joint's qualities.

Therefore, the researchers have analyzed the thermal

characteristics of the mechanical features of two dis-

similar Al and MS combinations.23 They observed

that the hardness and tensile strength of the welded

components are a®ected due to the thermal e®ects

during the process. In recent years, di®erent authors

have developed a thermal model for predicting the

thermal history of di®erent dissimilar joints, such as

AA7075-AA2014, AA5005-ASTM A248 steel, hard-

enable Al alloys, Al–Al, Al–steel, and Al–copper
using the FSW process.24–28 The researchers com-

pared the temperature pro¯le results and the micro-

structure in the joint contact are quite similar to the

experimental results.24 The peak temperature and

cooling rate are reduced during underwater treat-

ment, resulting in a smooth surface with minimal

surface oxidation.25 The developed thermal model

predictions revealed that the hardness values are af-

fected by the amount of heat applied and the welding

speed.26 The thermal histories that resulted were used

to calculate the growth of intermetallic phases at the

Al–steel weld joint.27 Before experimenting, numeri-

cal modeling anticipated the in°uence of various

variables on the temperature pro¯le of dissimilar

alloys.28 An overview of the thermal behavior of

friction welded joints reveals that the established

thermal models can be used to estimate weld quality

in practice.

According to the wide literature, various

researchers have examined the thermal behavior of

friction welded dissimilar metals.29–33 In the litera-

ture, however, the impact of process parameters on

the thermal behavior of friction stud welded joints of

dissimilar metal have not been properly explored.

Moreover, the investigation of the thermal char-

acteristics of various parts during friction stud weld-

ing is very signi¯cant since it is a thermal energy

process, yet there is no good thermal model for the

friction stud welding process. Therefore, thermal

modeling of the friction stud welding process has been

performed for the dissimilar Al and MS

combination.34–42 Friction stud welding of Al and MS

joints is carried out by varying the process
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parameters of frictional time, frictional pressure, ro-

tational speed, forging pressure, and forging time.

These parameters determine the amount of energy

input to the welded joint and the generation of heat

rate at the interface. The generation of heat during

friction stud welding is calculated by using the micro-

annulus heat generation model. The highest joint

temperature and temperature contour in the area

near the joint can have a signi¯cant impact on the

°ash formation, heat-a®ected zone, and joint

strength. Cooling rates are closely related to joint

temperature pro¯les and they directly in°uence the

residual stress state established in the weld. Hence, it

is vital to have means of rapidly and accurately es-

timating the highest weld temperature and cooling

rate based on input parameters. The distribution of

temperature is measured experimentally and also

calculated using the thermal resistance and capaci-

tance formulation of the ¯nite di®erence method

(FDM). The ¯nite element simulation helps in better

understanding of the friction stud welding method

and it is signi¯cant to compute the temperature

during the welding process.

2. Experimental Details

Aluminum and steel-based combinations have been

gaining popularity in several industrial sectors over the

last few decades due to their lightweight, superior cor-

rosion resistance, and high mechanical strength.43–46

Therefore, aluminum (Al) and mild steel (MS) materi-

als were chosen for examination in this study. Table 1

shows their chemical compositions and the properties of

both of the materials used in this study. The thermal

conductivity of both metals varies with respect to the

temperature. Table 2 gives the values of thermal con-

ductivity at di®erent temperatures.

The friction stud welding is carried out in four

phases. The rotational specimen is subjected to an

axial load in the ¯rst phase, and the two parts are

taken close to the welded surfaces. Frictional heating

occurs at the interfaces of the two samples in the next

Table 1. Chemical composition and properties of Al–MS.

Chemical composition Properties

MS Al MS Al

Fe: 98 Cu: 0.25 Density: 7833Kg/m3 Density: 2707Kg/m3

C: 0.30 Mg: 0.85 Thermal di®usivity: Thermal di®usivity:
Mn: 0.78 Si: 0.59 14:74� 10�6 m2/s 84:18� 10�6 m2/s
Si: 0.22 Fe: 0.22 Speci¯c heat: 465 J/kgK Speci¯c heat: 896 J/kgK
Ni: 0.10 Zn: 0.03
Cr: 0.12 Mn: 0.09
Mo: 0.50 Ni: 0.01
P: 0.02 Al: 98
S: 0.02
Cu: 0.44

Table 2. Thermal conductivity of Al and MS at di®erent conditions.

Temperature (�C) Thermal conductivity of MS (W/mK) Thermal conductivity of Al (W/mK)

0 55.40 202.50
100 51.90 206.00
200 48.50 214.60
300 45.00 228.20
400 41.50 249.20
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stage. When the rotational speed is stopped in the

third phase, upsetting occurs repeatedly under tre-

mendous pressure. The pressure is still the same until

the axial pressure is removed in the last step. The

group of operational parameters such as friction

pressure (300 kPa), friction time (6 s), forging time

(8 s), forging pressure (500 kPa), and rotational speed

(1600 rpm) are preferred for the friction stud welding.

Experiments are carried out in a direct-drive friction

stud welding machine with a programmable logic

controller. During the process of friction stud weld-

ing, the online temperature measurement has been

carried out using a noncontact infrared thermometer

connected to a computer via a data logger as shown

in Fig. 1. Interactive software \Data Temp MX

(v 1.12)" is used to generate thermal pro¯les during

the welding process in real-time. During the process,

Al acts as a sliding component and MS acts as a ro-

tating component. The diameter and length of the

workpiece for both the material are 12 and 45mm,

respectively. A successful welded Al–MS specimen is

shown in Fig. 2.

3. Thermal Modeling of Friction Stud
Welding

Friction stud welding is a thermal energy process.

Despite the fact that there are several thermal models

for FW approaches, there is none for the friction stud

welding method. The generation of heat °ow at the

interfacial region of the two di®erent metals is pre-

dicted by a mathematical model. Heat loss via radi-

ation is expected to be small, and heat transmission

from the tip of the short, narrow cylindrical work-

piece is assumed to be nil.

3.1. Need for modeling

Because the entire process takes place in such a short

amount of time, the heat transfer analysis is the most

signi¯cant part of the friction stud welding process

study. A thorough understanding of the workpiece's

heat transfer mechanism can aid in forecasting the

welding operation's thermal cycles. It can also be used

to anticipate the hardness, strength, and weld quality

of the weld zone. Furthermore, when modeling ma-

terial °ow, a known temperature distribution is crit-

ical for computing temperature-dependent viscosity.

By changing the input power, the temperature

Fig. 1. Experimental set-up for online temperature measurement.

Fig. 2. Friction stud welded Al–MS specimen.
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distribution across the interface can be altered to a

large extent. The work required to break down me-

tallic connections created at the friction surface gen-

erates heat in friction stud welding. As metallic bonds

break down, the temperature of the metal at the

welding joint's interfacial region rises. This minimizes

the amount of energy required to break down freshly

established connections, causing heat to be generated

where the contact to be disrupted. Many researchers

were able to explain the di®erential heat °ow calcu-

lations for the appropriate boundary settings by

employing heat conduction theory, ensuring that

expectations are simpli¯ed, and assessing the many

steps of the process. Cheng evaluated the tempera-

ture distribution of steel during FW using a ¯nite

di®erence approach.29,30 Despite all of this research,

there is currently no adequate heat °ow model for

friction stud welding. This state is caused by a com-

plicated set of responses resulting from the interac-

tion of several variables that are di±cult to account

for in a mathematical simulation of the process.

Rykalin's in¯nite rod assumption is used in all

existing thermal models. Rykalin's model analyzes a

long rod with a constant heat source. Starting when

time (t) is 0, heat is released at a steady rate. Rykalin

considers the welded joint to be an in¯nitely long rod.

Although this assumption is valid for the FW process,

it is less so for the friction stud welding process, be-

cause the stud to be welded is not the same as a

typical component to be welded. The stud is usually a

thin cylindrical rod with a small diameter and length

that resembles a pin ¯n. As a result, an appropriate

thermal model for the friction stud welding process

must be developed, with certain adjustments. The

joining of dissimilar metals is studied in this paper,

and the studs are just treated as a short¯n in the

thermal analysis.

3.2. Analytical modeling of heat
generation

The frictional heat was calculated using the following

analytical approach, assuming that the force distri-

bution remained constant. First, in the friction sur-

face, a micro-annulus with an inner radius r and a

width dr is de¯ned as shown in Fig. 3. The constant

pressure acting on the entire surface is given by p. The

area of the micro-annulus is dA ¼ 2�rdr. Trans-

forming the pressure equation into a di®erential

characterization of the area dA, the following equa-

tion is obtained for the di®erential force, dF , acting

on the area dA.

dF ¼ pdA ¼ 2p�rdr: ð1Þ
Since dF is equivalent to the equal and opposite

normal force acting on dA, the di®erential frictional

force, dFfric can be speci¯ed as

dFfric ¼ �dF ¼ 2�p�rdr; ð2Þ
where � is friction coe±cient. It is known that the

tangential velocity, VT , at any point on the element is

the same

VT ¼ r!; ð3Þ
where ! is the angular velocity

! ¼ 2�N

60
; ð4Þ

where N is the rotational speed. The di®erential

power that is exerted to rotate the annulus area dA is

dP ¼ dFfricVT ¼ 2�p�r2!dr: ð5Þ
The heat °ux (qÞ generated by friction at the annulus

is given as

q ¼ dP

dA
¼ �pr!: ð6Þ

3.3. Simple pin ¯n model

The proposed basic pin ¯n model for the friction stud

welding process is given in Fig. 4. All existing thermal

models are compatible with the FW process because

they are based on Rykalin's in¯nite rod assumption.

Fig. 3. (Color online) Micro-annulus heat generation
model.
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The stud, however, is a thin cylindrical rod with a

small diameter that resembles the shape of a pin ¯n,

and the existing models are insu±cient for the friction

stud welding process. The joining of Al and MS is

taken into account in this study, and the studs are

merely treated as a short¯n in the thermal analysis.

The component is modeled as a narrow cylindrical

rod with an adiabatic end and no axial shortening in

the friction stage, comparable to a pin ¯n.

3.4. Finite di®erence-based pin ¯n model

The pin ¯n model is integrated into an FDM tech-

nique to perform transient analysis. Thermal resis-

tance–capacitance formulation can be used to solve

the explicit technique of formulation for the FDM.

The resistance–capacitance formulation was chosen

because it was simple to adjust to changes in thermal

properties as a function of temperature. The following

equation governs the ¯nite di®erence equations for

unsteady–state conduction problems:

@ 2T

@ 2x
¼ 1

/
@T

@t
: ð7Þ

Forwarding, backward and central operators can

be used to estimate the time derivative. The explicit

technique is used to solve forward di®erence approx-

imations for ¯nite di®erence equations. The temper-

ature (Ti)nþ1 is calculated as a result of an explicit

evolution. The net energy transfer into the node is

zero during steady-state conditions, but it must be

demonstrated as an increase in the element's internal

energy under unsteady–state situations. Each volume

element (�V ) acts as a small \lumped capacity" and

the solid's behavior during a temporary process is

determined by the interaction of all the elements. The

thermal e®ect might be computed for each node by

providing appropriate inputs of material attributes

such as density (�), speci¯c heat (c), and thermal

conductivity (k). It may be essential to measure new

values of thermal capacitance (Ci) and thermal re-

sistance (Rij) for each iteration, depending on the

nature of the problem and the level of precision re-

quired. Figure 5 depicts the FDM of the friction stud

welding process. The stud is a thin cylindrical rod

with a tiny diameter, and heat generation at the in-

terface is expected to be constant. The list of the steps

involved in the FDM of the friction stud welding

process is given in the following.

Step 1: Construction of the grid for each node

The grid construction for every node in FDM is

shown in Fig. 6. The node numbers are taken as 0, 1,

2, 3, 4, 5 and 6. The distance between two nodes is

taken as �x and it is measured from the length of the

specimen. The total length of each specimen is 45mm.

Node 0 is a central node, nodes 1, 2, 4 and 5 are the

interior nodes, nodes 3 and 6 are the exterior nodes.

Step 2: Thermal resistance and capacitance

formulation

Fig. 5. (Color online) Finite di®erence model of friction
stud welding.

Fig. 4. Simple pin ¯n model for friction stud welding process.
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The thermal resistance and capacitance are calcu-

lated by the following equation. Thermal resistance

and capacitance for the interior nodes are calculated

by the following expression:

TRmþ ¼ TRm� ¼ �x

kA
; ð8Þ

TR1 ¼ 1

hð�d�xÞ ; ð9Þ

TCi ¼ �c�V ; ð10Þ
where TRmþ and TRm� are the thermal resistance of

interior nodes in the forward and backward direction,

TR1 is the thermal resistance of interior nodes due to

convection, �x is the distance between two nodes, k

is the thermal conductivity of the material, A is the

area of the specimen, h is the convective heat transfer

coe±cient, d is the diameter of the specimen, � is the

density of the material, c is the speci¯c heat of the

material and �V is the volume of the element.

Similarly, the thermal resistance and capacitance

of the exterior nodes are calculated by the following

expression:

TRmþ ¼ 1

hA
; ð11Þ

TRm� ¼ �x

kA
; ð12Þ

TR1 ¼ 2

hð�d�xÞ ; ð13Þ

TCi ¼
�c�V

2
: ð14Þ

The nodal resistances in various situations are shown

in Table 3.

Step 3: Determination of temperature

For the calculation of nodal temperature by iteration,

the following stability criterion is employed:

�� � TCiP
1

TRij

" #
min; ð15Þ

where �� is the stability criteria, TCi is the thermal

capacitance and it is calculated by using Eqs. (10)

and (14). TRij is the thermal resistance of the ith and

jth node. For each node the formulation of
P

1
TRij

isX 1

TRij

¼ 1

TRmþ
þ 1

TRm�
þ 1

TR1
: ð16Þ

The temperature distribution with various time

increments is calculated by the following explicit

formulation technique:

T pþ1
i ¼ ��

TCi

qi þ
X T p

j � T p
i

TRij

� �
þ T p

i ; ð17Þ

where T pþ1
i is the temperature of the ith node for a

future time, T p
i is the temperature of an ith node in

the present time, T p
j is the temperature of a jth node

in the present time, TRij is the thermal resistance of

the ith and jth node and it is calculated by Eq. (16).

�� is the stability criteria determined by Eq. (15),

TCi is the thermal capacitance, calculated by using

Eqs. (10) and (14), qi is the heat generation, deter-

mined by Eq. (6).

4. Results and Discussion

4.1. Experimental results

Figure 1 depicts the investigative setup for online

temperature measurement. The noncontact infrared

thermometer's spot size can be focused on the weld

joint interface. Figure 7 shows the computed data

during the research shown against time using Data

Temp MX. A large amount of heat is created in the

interfacial area during friction stud welding process.

A noncontact type infrared thermometer is used to

calculate temperature changes during the process at

the interfacial district. A data recorder is incorpo-

rated into the infrared thermometer, which is con-

nected to a dedicated computer for online

measurement. During the experimentation, the ro-

tating speed, friction pressure, friction time, forging

Fig. 6. Construction of the grid in FDM.

Table 3. Resistance for nodes.

Physical situation TRmþ TRm� �V

Interior node 1=k 1=k ð�xÞ2
Convection boundary 1=h�x 1=k ð�xÞ2=2
Exterior corner, convection 2=h�x 2=k ð�xÞ2=4
Interior corner, convection 2=k 1=k 3ð�xÞ2=4
Insulated boundary 1 1=k ð�xÞ2=2
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pressure and forging time were all adjusted at

1600 rpm, 300 kPa, 6 s, 500 kPa, and 8 s. Figures 7(a)–
7(c) show the measured data for specimen 1, speci-

men 2 and specimen 3 plotted against time using

Data Temp MX. The determination of peak tem-

perature at the interface is critical during the friction

stud welding process because it has a signi¯cant im-

pact on the production of °ash, heat-a®ected zone

and welded joint strength.31 A noncontact type in-

frared thermometer with a time period of 0.03125 s

was used to take online temperature measurements at

the joint interface. The experimental peak

(a)

(b)

(c)

Fig. 7. (Color online) The experimental temperature pro¯le of Al–MS. (a) Specimen 1, (b) specimen 2 and (c) specimen 3.
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temperature of friction stud welded Al–MS specimens

is mentioned in Figs. 7(a)–7(c). It is observed that

specimen 1 (interface distance x ¼ 0) contains the

highest temperature (429�C) and the results of tem-

perature with respect to time are reduced subse-

quently (202�C and 116�C) for another specimen (2

and 3) that contains x ¼ 5 and 10mm interface.

Therefore, it is concluded that the highest tempera-

ture is found in the zero interface of the Al–MS

sample during the friction stud welding process.

4.2. E®ect of size of stud, the rotation
speed of the spindle, friction
pressure, and coe±cient of friction
on heat generation

Figure 8(a) shows the e®ect of the size of the stud on

heat generation. If the size of the stud is increased, the

heat °ux is also increased corresponding to the

rotational speed from 800 rpm to 1600 rpm.

Figure 8(b) shows the e®ect of speed of rotation on

heat generation. If the rotational speed is increased,

the heat °ux is also increased corresponding to the

frictional pressure from 200 kPa to 1000 kPa. Fig-

ure 8(c) shows the e®ect of friction pressure on heat

generation. If the frictional pressure is increased, the

heat generation is also increased corresponding to the

rotational speed of the spindle. Figure 8(d) shows the

e®ect of the coe±cient of friction on heat generation.

If the coe±cient of friction is increased, the heat °ux

is also increased corresponding to the rotational speed

from 800 rpm to 1600 rpm.

4.3. Validation of the ¯nite-di®erence
model

For validation of the FDM, the temperature pro¯le

generated by the analytical model is compared with

(a) (b)

(c) (d)

Fig. 8. (Color online) E®ect of parameters on heat generation. (a) Stud size, (b) rotating speed, (c) friction pressure and (d)
coe±cient of friction.
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the experimentally measured values. When compared

with the measured data at a distance of 5 and 10mm

from the weld interface, the analytical values show

fair agreement with the experimental values. The

computed temperature pro¯le is not exactly matching

with the experimental data due to some errors, par-

ticularly in the cooling part. This is due to the zero

axial shortening assumption in the FDM. During the

actual friction stud welding process, the °ash would

be expelled out at every instant due to the relative

movement of the rubbing components. But this rel-

ative movement of the two parts is not considered in

the present model and so there is not a perfect match

between the analytical results with the experimental

results (Figs. 9 and 10). However, the trend of the two

pro¯les shown is almost the same.

4.4. Prediction of thermal pro¯les

Using the FDM, the time–temperature pro¯le can be

generated for any instant. Based on the obtained

temperature distribution, the graphs are plotted

between the length of the joint and the temperatures

(Fig. 11). In all the graphs, the pro¯le is broader on

the Al side and narrower on the MS side. This is due

to the change in the thermal properties of the dis-

similar metals. The thermal conductivity of Al is

higher than the thermal conductivity of MS. As a

result, there is a high thermal gradient at the MS.

So, the thermal pro¯le is narrow at the MS and

broader on the Al side. Thus, the knowledge of the

temperature joint distribution could be helpful in

calculating the microstructure evolution, the ther-

mal cycle of the method, and residual stress

formation.

4.5. Numerical simulation

The friction stud welding of Al and MS will be nu-

merically modeled in this study using ANSYS. The

study's goal was to consider temperature changes,

temperature dispersion and heat transmission during

the procedure. Both workpieces are 45 and 12mm in

length and diameter, respectively. The numerical

simulation is run with the properties of the materials

listed in Table 1. Quad 4 node plane 55 was chosen as

the element type in ANSYS. Material properties for

Al and MS have been provided. Meshing was com-

pleted. The components' boundary criteria were

provided. Loads were applied to the components in a

controlled manner. A transient analysis was per-

formed. The outcomes of the problem can be obtained

and plotted in the post-processor after it has been

solved. The numerical modeling of Al–MS joints is

shown in Fig. 12. There are 688 nodes created in this

analysis. Figure 12(a) displays the ¯nite element

model and Figs. 12(b)–12(f) shows a contour plot of

temperature distribution at various times (1–5 s) in

which the temperature dissipation is shown to be

greater in Al than MS due to Al's higher thermal

conductivity.

Fig. 9. (Color online) Time–temperature pro¯les at a
distance of x ¼ 5mm from the interface of friction welded
Al–MS specimen.

Fig. 10. (Color online) Time–temperature pro¯les at a
distance of x ¼ 10mm from the interface friction welded
Al–MS specimen.
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5. Conclusion

In this study, friction stud welding of aluminum and

mild steel combinations is carried out for various process

parameters, such as frictional time, frictional pressure,

rotational speed, forging pressure, and forging time. The

important outcomes of this study are as follows:

. The heat generation at the interfacial area of

the welded components is determined using a

micro-annulus heat generation model. It was found

that the generation of heat is varied by varying the

stud size, rotational speed, friction pressure, and

coe±cient of friction during the process.

. The quality of the welded specimen is a®ected

due to the temperature at the joint interface. So,

the temperature distribution is determined

using the thermal resistance and capacitance

formulation of the FDM at transient conditions

Fig. 11. (Color online) Predicted FDM thermal pro¯le at di®erent time. (a) 0.5 s, (b) 1 s, (c) 1.5 s, (d) 2 s, (e) 2.5 s, (f) 3 s,
(g) 3.5 s and (h) 4 s.
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for 5 and 10mm distance from the welded in-

terface.

. The obtained temperature results are compared

with the experimental results and found that the

mathematical results are in good agreement with

the experimental data on the heating side and

fewer errors on the cooling side because of the zero-

axial shortening assumption.

. ANSYS software was used to perform numerical

simulations for the joining of dissimilar metals. Due

to the thermal properties of the material, the

temperature distribution for aluminum and mild

steel was determined at various time increments,

and it was found that the temperature distribution

is more on the aluminum side compared to the mild

steel side.
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