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Abstract: In this research effort, we explore the use of a donor material to help heat workpieces
without wearing the tool or adding more heat than necessary to the system. The donor material
would typically be a small piece (or pieces) of material, presumably of lower strength than the
workpiece but with a comparable melting point. The donor, a sandwich material, is positioned
between the tool head and the material to be welded, where the tool initially plunges and heats up
in the same manner as the parent material that is intended for welding. The donor material heats
up subsequent to tool penetration due to friction and as a result heats up the material beneath it.
This preheating technique softens the harder parent material, which helps to minimize tool wear
and produce better weld performance. The goal is to investigate the use of the donor material as a
preheating technique that minimizes wear and tear on the tool head without negatively impacting
the structural properties of the weld. To demonstrate the donor material concept, a combination of
Cu-Al, Cu-1045 Carbon steel (CS), and Al-1045 CS sets of donor and parent materials were used in the
simulation, in addition to control samples Al-Al and CS-CS. We simulated two thicknesses of donor
material 25 and 50% of the parent material thickness, respectively. The simulation suggests that the
donor material concept generates phenomenal results by reducing the temperature and axial forces
for the friction stir welding of aluminum AA6061 and carbon steel 1045. It also assists downstream
during welding, resulting from frictional mechanical work which is converted into stored heat.

Keywords: friction stir welding; donor material; material processing

1. Introduction

Friction stir welding (FSW) is a relatively simple process by which a spinning tool head
plunges into two adjacent workpieces [1,2]. Scientists have continuously developed various
techniques to improve aspects of the friction stir welding of dissimilar materials [3–8]. A
tool head establishes contact with the material intended for welding, resulting in generating
frictional forces. These frictional forces create enough heat to plastically deform the material
and enable it to be moved along the joint line to weld the workpieces together in the solid
phase. FSW has been used successfully in the industry to weld aluminum and thin metal
sheets. It has also been popular in heavy industries such as aerospace and shipbuilding.
The wear on the tool head has limited the use of FSW for long weld lines and deep weld
penetrations [9,10]. The process of FSW mainly consists of three stages: plunge, dwell,
and welding stages. In the plunge stage, a high hardness non-consumable rotating tool
penetrates the plates intended for welding. In the dwell stage, the tool head penetrates the
metal and rotates, whereas the welding stage is the stage which, upon completion, will
result in a final welded plate [1,11–15]. The plunge and welding stages in FSW processes are
particularly significant since most of the elastic/plastic/thermomechanical deformations
and the material experiences phase transformation occur due to the excessive heat and
stresses generated during deformation in the plunge stage. Study of the highly dynamic
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plunge stage is challenging due to excess deformations and high strain rates resulting
from the tool head piercing the test specimen. Increasingly, it is becoming of great interest
to successfully friction stir weld high-strength alloys such as steel and titanium-based
alloys. This process requires a methodical understanding of the plunge stage [16–18].
Experimental and numerical research are increasingly becoming imperative to investigate
material processes during these two stages. There are few investigations that focus on
the welding stage [19–22], and not many experimental or numerical studies focus on the
excessive deformation caused by the thermo-mechanical nature of the plunge and welding
phases. Some FEM-based numerical modeling simulate either the welding stage [23] or the
dwell and the welding stages [24], but not the plunge and the welding stages. Khosa (2010)
constructed a physically based coupled thermomechanical model to investigate FSW and
friction stir spot welding (FSSW) during the plunge stage [25]. The numerical simulation of
the plunge stage is hindered by the excessive mesh distortion which often results in the
premature termination of the program [26].

Guerdoux and Fourment used Forge3D modeling software to model all phases of FSW,
utilizing an arbitrary Lagrangian–Eulerian (ALE) built-in formulation. They concluded that
the modeling of the resulting forces could be possible once the contact conditions between
the tool head and the workpiece are calibrated and identified [27]. They also concluded
that preliminary comparisons between the simulations and experimental results indicated
that the numerical model was able to replicate the chief phenomena occurring in FSW [27].
Tool temperature profile and forces were accurately captured at a steady welding state,
for different welding speeds, using Forge3D simulation software by Assidi et al. [28]. The
numerical simulations used an arbitrary Lagrangian–Eulerian (ALE) formulation. Hossfeld
used the coupled Eulerian–Lagrangian (CEL) formulation in Abaqus/Explicit to simulate
FSW of two separate plates mimicking actual tool geometries [29–31]. Hossfeld also con-
cluded that the ALE and CEL approaches are competitively similar and computationally
intensive depending on the level of detail, requiring up to several days of computational
time to complete a few seconds of the complex FSW process [29,31]. Bagheri et al. used
smoothed particle hydrodynamics (SPH) and graphics processing units (GPUs) to investi-
gate the temperature history, strain, and stress distributions during conventional as well as
submerged FSW (SFSW) [25]. In addition to the coupled thermo-mechanical simulation
models, pure CFD models were successfully used to model actual FSW tool geometries.
These investigations generally focus only on the analysis of the steady state of the process
during the welding stage [26,32,33]. Hossfeld elucidated that using CFD, it is difficult to
simulate the entire FSW process, i.e., the plunge, dwell, and welding stages, in a single
continuous simulation model due to systematic constraints and the complexity of the
problem [20]. In this study, we explore a donor material which is to be positioned between
the tool head and the workpiece to assist in heating the workpiece without causing severe
wearing of the tool head or adding more heat than necessary to the system. The donor
material would typically be a small piece (or pieces) of material, one that presumably is
of lower strength than the workpiece but that has a comparable melting point. The donor
material heats up after tool penetration due to friction and subsequently heats the material
beneath it. This preheating technique softens the high-strength parent material, helping to
minimize tool wear and produce better weld performance. Our goal is to investigate the
use of the donor material as a preheating technique that minimizes wear and tear on the
tool head without negatively impacting the structural properties of the weld.

2. Simulation Motivation

To mitigate the severe wear and tear conditions of the FSW tool head due to contact
friction between the tool head and the material to be welded, we demonstrate use of the
donor material concept introduced by [18,26–32]. The donor material concept, which is
heat management, focuses on understanding the fundamental interface mechanisms that
influence interactions between the tool pin, tool shoulder, and surrounding material flow
in the workpiece. A donor material whose hardness and melting point are relatively lower
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than the counterparts of the workpieces is selected first before starting the FSW process. A
groove is prepared at the beginning of the weld line to hold the insert of the donor material.
Before beginning the welding process, first, the tool pin spins and plunges into the softer
donor material. This plunging process generates a plastic work zone with a plastic flow
surrounding the tool. We hypothesize that the plastic work zone stays with the tool pin and
serves as a pre-heating mechanism that can soften the nearby material of the workpieces
ahead of the tool pin during plunging and traveling. This plastic flow can shield from the
contact friction between the tool surface and the high-strength workpieces. Thus, once
the plastic zone is established, the combination of preheating and plastic flow reduces the
amount of energy and the frictional forces required to advance the tool pin. We aim to
understand better the thermo-mechanical mechanisms involved in creating the plastic work
zone and the resulting heat generated from the process. The proposed efforts specifically
involve numerical modeling of the entire FSW process, plunge, and weld stages, analyzing
the plastic zone, and studying the resulting heat distribution throughout the workpiece. To
demonstrate the donor material concept, a combination of Cu-Al, Cu-1045 Carbon steel
(CS), and Al-1045 CS sets of donor and parent materials were used in the simulation in
addition to controling samples Al-Al, and CS-CS. Table 1 lists the donor–workpiece material
combinations, and Table 2 lists their corresponding properties. The donor material is quoted
first followed by a hyphenate, and then the material to be welded (parent material) next,
i.e., for Cu-Al, Cu is the donor material while Al is the parent material. We simulated two
thicknesses of donor material, 25% and 50% of the parent material thickness, respectively.

Table 1. Donor–workpiece combinations.

Material Combination Donor Workpiece Abbreviations Notes

Aluminum–aluminum No donor Aluminum Al-Al Control samples

1045 carbon steel–1045
carbon steel No donor 1045 carbon steel CS-CS Control samples

Copper–aluminum Copper Aluminum Cu-Al Donor–workpiece

Copper–1045 carbon steel Copper 1045 carbon steel CS Donor–workpiece

Aluminum–1045 carbon steel Aluminum 1045 carbon steel Al-CS Donor–workpiece

Table 2. Temperature-dependent material properties for Al2024-T3, Cu, and 1045 mild steel.

Material Thermal Conductivity
[W/mK]

Density
[kg/m3] E [GPa] v Inelastic Heat

Fraction
Specific Heat

[J/kg ◦C]

Al2024-T3 [33] 121 2770 73 0.34 0.9 875

Cu [34] 386 8960 124 0.34 0.9 383

1045 Steel [35] 49.8 7850 205 0.29 0.9 486

3. Material Modeling

The selection of an appropriate constitutive law to reflect the interaction of flow stress
with temperature, plastic strain and strain rate is essential for modeling the FSW process.
For this reason, the temperature- and strain rate-dependent elastic-plastic Johnson-Cook
law is selected for this model. The constitutive law in this case, calculates the flow stress as
a function of temperature and strain rate up to the melting point or solidus temperature.
For Al 2024, the solidus temperature is set to 502 ◦C. Johnson-Cook is a thermomechanical
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constitutive model which integrates temperature and stresses with friction control. The
Johnson–Cook constitutive law is given by:

σ =
[

A + B
(

εpl
)n]1 + C ln

 .
ε

pl

.
ε0

(1 − θ̂m), (1)

and
.
ε

pl
=

.
ε0e(

1
C (R−1)) for σ ≥ σ0, (2)

θ̂ is the nondimensional temperature defined as

θ̂ =


0 f or θ < θtransition

(θ − θtransition)/
(

θmelting − θtransition

)
1 f or θ > θmelting

f or θtransition ≤ θ ≤ θmelting (3)

σ is yield stress at nonzero strain rate;
.
ε
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is the equivalent plastic strain rate;

.
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and C are material parameters measured at or below the transition temperature, θtransition;
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)
is the static yield stress; R

(
.
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pl
)

is the ratio of the yield stress at nonzero

strain rate to the static yield stress; θ̂ is the nondimensional temperature, defined as a
function of the melting and the transition temperatures, θmelt and θtransition. A, B, C, n, and
m are material parameters that are measured at or below the transition temperature. The
material parameters for Al 2024-T3 are adapted from Schmidt and Hattel (2005) [33]. The
Johnson-Cook model material parameter are listed in Table 3.

Table 3. Johnson–Cook Rate Dependent parameters.

Material A [MPa] B [MPa] C n m Solidus
Temp. [◦C]

Transition
Temp. [◦C]

.
ε

Al2024-T3 369 684 0.0083 0.73 1.7 502 25 1

Cu 90 292 0.025 0.31 1.09 1083 25 1

1045 Steel 553 601 0.013 0.234 1 1440 25 1

4. Simulation Details

The numerical modeling of FSW poses a challenge due to the high strain rates and
temperatures involved in the process, resulting in a complicated problem involving non-
linear material behavior. Simulation of the entire FSW process was performed using
an elasto-plastic constitutive law, available in Abaqus finite element code [36]. Abaqus
possesses the capabilities of handling non-linear problems, and we adopt the built-in
Johnson-Cook material law in the present simulation. Abaqus explicit solver, combined
with the coupled Eulerian–Lagrangian (CEL) formulation, is used in modeling of the FSW
problems posed in this research. The model consists of a deformable workpiece and a rigid
stir welding tool to ensure that all generated heat from friction will transfer properly to
the bottom workpiece through the Cu donor material, provided that no heat will escape
to the tool head. The deformable workpiece dimensions are 100 mm × 100 mm × 20 mm,
and the donor material dimensions are 15 mm × 15 mm × 5 mm for the 25% donor and
15 mm × 15 mm × 10 mm for the 50% donor. The rigid stir welding tool has a 30 mm
diameter. The pin has the same height and diameter dimensions, those being 10 mm and a
7◦ taper angle, respectively.

The workpiece is meshed using 8-node coupled temperature displacement brick
elements (C3D8RT). The mesh is graded with higher mesh density around the tool plunge
area. This meshing scheme improves the accuracy of the solution around the tool without
tremendously increasing the computational time. The graded meshes are obtained by
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partitioning the workpiece into smaller cells. We tried different mesh densities before
arriving at the final model. We constrained the bottom surface of the workpiece to prevent
bending. We also constrained the sides such that there would be no deformation along the
boundary other than compression along the tool plunge direction. The tool is considered
a rigid surface with no thermal degrees of freedom and is modeled as a master surface,
whereas the workpiece is a slave in terms of the contact conditions between the two
surfaces. Friction coefficients, µ of 0.3, 0.5, 0.7, and 1.0 between the tool and the workpiece
are used [33], and the penalty contact method is adopted to model the contact interaction
between the two surfaces. The Coulomb friction law is used in most of the proposed
computational solid mechanics-based finite element packages. In these models, constant
or limited ranges for the friction coefficient are employed because the Coulomb friction
model is based on the sliding condition [23]. Due to the usage of the constant values for the
friction coefficient [23,37,38], the Coulomb friction model is limited to the sliding frictional
condition in which the temperature values are low [24]. Frigaard et al. [39] suggested that
the friction coefficient between an aluminum plate and a mild steel tool should be between
0.5 for sticking friction and 0.25 for dry sliding, while Soundararajan et al. [40] varied µ
between 0.4 and 0.5 according to the welding conditions, and that Schmidt and Hattel [33]
used a constant value of µ equal to 0.3. Based on computational solid mechanics modeling,
Jl, S.-d., LIU et al. [41] employed the Coulomb friction law in a DEFORM-3D finite element
package for modeling the inertia welding process. Nimesh et al. used the Coulomb friction
model for modeling dissimilar inertia welding [42]. In the current Abaqus software-based
environment simulation, constant values of coefficients of friction of the Coulomb model of
0.3, 0.5, 0.7, and 1.0 were assumed using the refined mesh model. The current simulation
involved a tool with a rotational speed of 1400 rpm and a tool with a plunge/weld velocity
of 3 mm/s. The simulation results are shown during the plunge and the welding processes
for the Al and 1045 CS plates with no donor material, and subsequent to the placement and
engagement of the Cu donor material for the Al plate and Cu and Al donor materials for
the 1045 CS plate. The simulation results include temperatures and axial forces during the
plunge and the welding processes [43]. Figure 1 identifies a full model and a cross section
of the donor and parent material regions.Metals 2023, 13, x FOR PEER REVIEW 6 of 17 
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5. Simulation Results

The simulation results are presented for the four separate regions identified in Figure 2
for 25% and 50% donor material. Initially, the model was constructed using 2000 elements.
Each element within the donor material region was further dissected into 8 additional
elements, resulting in a total of 19,200 total elements. The mesh for the 2000 elements is
labeled as coarse mesh and the one for the 19,200 elements as fine mesh. The simulations
were performed on the Old Dominion University high-performance computing cluster at
first and later, when it was found that there is no advantage or time savings gained by
using the cluster, the simulations were performed on desktop and laptop computers with
faster processors. On average, the simulations for the coarse mesh took a day and a half to
complete, whereas the ones for the fine mesh lasted between 14 and 18 days. In some cases,
when we used a higher coefficient of friction, the simulations lasted for longer than 20 days.
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The regions include elements that represent the donor material in the plunge zone,
region 1, elements in the donor material which are adjacent to elements in the parent
material and which are denoted by the left interface (LI), region 2, elements in the parent
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material which are also adjacent to the element in the donor material and which are denoted
by the right interface (RI), region 3, and elements in the parent material which are denoted
by down-stream (DS), region 4, as shown in Figure 2. The temperature increases from 0
until it reaches 247 ◦C when plunging into the Al plate with no donor material for 3 s,
whereas the temperature after the placement of 25% Cu donor material reaches 88 ◦C at the
end of the 3 s plunge time, Figure 3.
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Figure 3. Temperature profile for the 25 and 50% Cu-Al donor/parent material in the plunge zone,
region 1.

The 50% donor material reduced the temperature even more, to 72 ◦C. The Cu donor
material has significantly reduced the temperatures in the Al plate from 247 ◦C to 82 ◦C,
and 250 ◦C to 72 ◦C for the 25 and 50% Cu donor material, respectively, during the plunge
stage where it is believed that most of the severe plastic deformation takes place, an essential
outcome of the donor stir material concept. Similar results were also observed for temperature
during the welding stage. The temperature for the fine mesh reaches 133 and 123 ◦C for the
25% and 50% Cu donor materials, as indicated by the filled symbols in Figure 3.

Similarly, for the 1045 steel plate with no donor material, the temperature increases to
330 ◦C at the end of the plunge zone, region 1, whereas the temperature after the placement
of the 25 and 50% Al donor materials on the 1045 steel plate reaches similar levels at the
end of the plunge, 318 and 286 ◦C, respectively. However, the temperature reaches 118 ◦C
upon the placement of the 25 and 50% Cu donor material on the 1045 steel plate, Figure 4.
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It is obvious that plunging into the 25 and 50% Cu donor material reduced the tem-
perature by 64% and 70% in Al plate, respectively. It is also noted that plunging in the 25
and 50% Cu donor material placed on the 1045 steel plate reduced the temperature by 64%,
whereas plunging into the Al donor material had no significant impact on the 1045 steel
plate. The thickness of the Al donor material also had no impact on the 1045 steel plate
and the thickness of the Cu donor material produced similar results for both the Al and
the 1045 steel parent materials during the plunge zone, region 1. We later discovered that
the donor material thickness significantly impacted the results during the welding process,
at LI, RI, and DS, in regions 2,3, and 4, respectively. Since the Cu donor material for both
the Al and the 1045 steel plate reduced the temperature by more than 60%, it is expected
that this temperature reduction will also impact the tool wear and tear, an advantage of
using the donor material. Data from Mandal et al., 2013, in Figure 4 correlate well with the
data in the current study [26]. Next, we investigated the temperature results in regions 2, 3,
and 4, Figure 5. The temperature for the Al plate with no donor material in regions 2 and 3
reached a maximum of 449 ◦C at the end of the welding process, i.e., at 11 s. As expected,
the temperature for DS, region 4 cooled down to 214 ◦C.
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Figure 5. Temperature versus time. The red symbols represent the Al plate with no donor material.
LI, region 2 represents 25% Cu donor material on the Al parent material, RI, region 3 represents the
Al parent material, and DS, region 4 represents the Al parent material.

Similar results were obtained for the 25% Cu donor material placed on the Al plate for
region 2, LI, and region 4, DS. However, the temperature in the Al plate with the donor
material, RI, region 3 is identical to the temperature in the Al plate with no donor material.
at the end of the welding process, i.e., at 11 s. This is an unexpected result, as we anticipate
the temperature in the Al plate after the placement of the Cu donor material to fall to levels
below 449 ◦C It is suspected that, since the specific heat of the Al plate is higher than the
specific heat of the Cu donor material, this resulted in higher temperatures in the Al plate.

The results of the fine mesh for the 25% Cu donor material are consistent with the
results of the coarse mesh in the three regions, LI, RI, and DS, as show Figure 5. This result
indicates that there is no advantage or gain in further refining the mesh for the 25% Cu
donor material. The results of Figure 6 are consistent with the concept of the Cu (donor)/Al
(parent material) as expected. This difference is due to the Cu donor material of Figure 6
being 50% of the Al parent material compared to the donor Cu material of Figure 5, which
is 25% of the Al parent material. Likewise, for the 50% Cu donor material, the results of the
fine mesh indicated similar behavior to that of the 25% Cu donor material.
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A contour plot of the von Mises stresses of the 1400 rpm and 3 mm/s travel speed
fine meshes for the 25% (left image) and 50% (right image) Cu donor/Al base materials
is shown in Figure 7. The stress distribution covers a wide range in the 50% Cu donor
material compared to the 25% Cu donor material.
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25% (left image) and 50% (right image) Cu donor material/Al base material.

The temperature in the 1045 steel with no donor material for the LI, region 2, and the
RI, region 3 at the end of the welding process, i.e., at the end of 11 s is 480 ◦C, Figure 8. The
temperature in the 1045 steel plate in the presence of the Al donor material for the LI at
11 s is similar to the temperature in the 1045 steel with no donor material. Different results
were observed for the 1045 steel with Cu donor material, i.e., the temperature in the RI,
region 3 is higher at 11 s and reaches 390 ◦C. For the LI, region 2 for the 25% Al and Cu
donor materials, the temperature is 480 and 391 ◦C, respectively, which is comparable to
the temperature in the steel plate.

The temperature for the 25% Cu donor material in the RI, region 3 is consistent with the
concept of the donor material for up to 7 s during the welding process, but the temperature
unexpectedly starts to increase and reaches 583 ◦C at the 11 s mark. The temperature in
the DS, region 4 is as expected in the Al, Cu donor materials as well in the 1045 steel plate,
which is almost half of the temperature in the 1045 steel plate in the absence of either donor
material. In Figure 9, the temperature in the three regions for the 50% Al and Cu donor
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materials on the 1045 steel plate is measured as expected. The temperature in the steel
plate in the absence of a donor material is higher than in the presence of a donor material
in the LI, region 2, and RI, region 3 at 11 s, i.e., at the end of the welding process. The
temperature in the DS, region 4 is comparable in all materials. In contrast to the 25% Cu
donor material on the 1045 steel plate, the temperature rises as indicated above, but as the
thickness increases to 50%, the effect disappears.
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The plots of the axial force versus time during the plunge zone, region 1, are shown in
Figure 10 for the Cu-Al donor/parent material and Figure 11 for Al and Cu donor materials



Metals 2023, 13, 164 11 of 15

on 1045 steel plate. We notice that, upon the placement of the Cu donor material on the
Al plate, there is a slight decrease in the forces at the end of the plunge, whereas there is a
significant decrease in the forces in the 1045 steel plate regardless of the thickness of the
donor material. The results of the axial force for the fine mesh in the 25% and 50% Cu
donor material on the Al plate exhibited an enormous drop in the axial force in the plunge
zone, as can be seen in Figure 9.
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6. Comparison with Experiments

Experiments of the Cu-Al donor/base material combinations were conducted, and
more details about the experiments could be found in [44]. While it took about 80 s to
experimentally complete the welding of the aluminum plate, including the plunge and the
walk stages, the simulation of the welding process lasted more than a day and a half to
complete only 11 seconds of the simulations using the coarse mesh. The fine mesh model
took more than two weeks to complete. To perform the simulation for 80 s using the coarse
and fine meshes, it will probably take months to complete the simulation and it is not
practical to do so. However, we decided to overlay the 11 s of the coarse and fine meshes
onto the experimental results as shown in Figure 12. Both the coarse and fine mesh model
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results agree well with the experimental results for the first 3 s during the plunge stage.
The fine mesh model results continue to agree well with the experimental results during
the welding stage for 2 more seconds, while the coarse mesh model results did not agree
well with the experimental results. In general, both the coarse and fine mesh model results
agree with the experimental results for the final 6 s during the welding stage. Therefore,
we found it somehow feasible to compare the experiments and simulations results for only
the 11 s of the simulations.
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7. Effect of Friction

In the simulations, using the new refined mesh model and a coefficient of friction of
0.3, 0.5, 0.7 and 1.0, we present the effect of the coefficient of friction on the temperature
during the plunge stage. The temperature plot of the plunge zone versus time is shown in
Figure 13. The temperature remains the same for up to 1.5 s. Temperature increases with
increase in the coefficient of friction from 0.3 to 1.0. This takes place during 1.5 s until the
end of the plunge stage at 3 s.
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8. Conclusions

We conclude that Cu reduces the temperature significantly when used as a donor
material for the Al plate in the plunge zone, region 1. The thickness of the Cu donor
material has no significant impact when comparing the 25 or 50% Cu thickness.

We also conclude that Cu produced better results than Al as donor materials when
used with 1045 steel plate during the plunge zone, Figures 3 and 4. The Cu donor material
thickness of 25 or 50% produced similar results.

The temperature results in the LI, RI, and DS regions are consistent during the welding
process for the 25 and 50% Cu donor material when used with the Al plate. Similarly, for the
Al and Cu 25% donor materials when used with a 1045 steel plate, the temperature results
are also consistent for all regions except for the Cu donor material in the RI region, and
generally temperature increases past 7 s during the welding process. This effect disappears
when the thickness of the donor material rises to 50%. Finally, we conclude that the axial
force results are acceptable for the 25 and 50% Cu donor material when used with the Al
plate. Similarly, Al and Cu donor materials, when used with the 1045 steel plate, reduced
the axial forces compared to the axial forces in the 1045 steel plate with no donor material.
This is expected to reduce the wear and tear in the tool head and prevent fracture of the
tool head. A comparison between the simulation and experimental results revealed that
the simulation and experimental results agree well with each other. The simulations were
carried for only 11 s, whereas it took 80 s to complete the experiment.

Temperature increases with the increase in the coefficient of friction from 0.3 to 1.0
during the plunge stage from 1.5 to 3.0 s.
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