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Abstract. Weldability of aluminum-steel joints has been studied mainly to avoid the 
formation of IMC. Nowadays, there are two ways to control the effect of FexAly in welding: 
1) the elimination of IMCs or 2) the generation of a thin and homogeneous layer of these 
phases. In this way, the present work explores the first route, manufacturing joints 
aluminum-steel using solid state welding process. In order to evaluate the effect of the 
welding parameters, temperature measures were carried out during the process as well as the 
microstructural evaluation using optical microscopy and SEM. Finally, the welded joints 
were subject to tensile strength tests to evaluate their mechanical behavior and try to stablish 
the nature of the interfacial bonding between both metals. The microstructural 
characterization of the joints does not reveal the formation of IMCs; this is attributed to the 
low temperature reached during the process, lower than 545 °C. The welded joint failures 
in the TMAZ, in the low hardness zone, product of the over aging of the precipitates β”. 
The nature of the bonding in the interface is not clear yet, but it is considered that the atomic 
diffusion trough the interface and adhesive bonding favors the joint. 
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1. Introduction 
 

In the transport industry, the efficient use of fuel has 
become a premise for the sector, redirecting the design 
and construction process to improve the performance of 
vehicles, impacting variables such as weight, since it is a 
representative variable of fuel consumption [1], [2]. For 
decades, the use of materials such as aluminum and steel, 
seeking the weight reduction of the vehicles, has been a 
focus of multiple researches, mainly in the automotive 
industry[3]–[5]. Aluminum-stainless steel joints are of 
great interest for purposes of light weighting and 
corrosion protection in industry applications [6], [7]. 

Austenitic stainless-steel SAE 304 is frequently used in 
engineering applications subjected to low stress operating 
conditions, and mild corrosive environments such as 
motor vehicles, railway applications, processing, and 
reaction vessels and storage tanks [8]. On the other hand, 
AA6061 is a structural aluminum with a high mechanical 
performance, due to the precipitation of Mg2Si 
compounds, through aging treatments. This material is 
employed in automotive parts and ultra-high vacuum 
(UHV) chambers [9]. This is why the merging of these 
materials is important in different means of transport and 
chemical reactors. 

The most important challenge when bonding 
dissimilar aluminum-steel systems is the formation of 
FexAly type intermetallic compounds (IMC); however, 
their brittle character results in detriment of important 
mechanical properties such as tensile strength and ductility 
[10], [11]. Another challenge is to face, the lack of prior 
expertise in welding significantly make difficult the 
consolidation process to obtain dissimilar welded joints. 

But, the desire of overcoming the strength problems 
due to the formation of compounds started the 
competition for the effective control of the IMCs, where 
different solutions had the purpose of complete 
suppression of IMCs using non-conventional joining 
methods such as laser beam welding (LBW), diffusion 
welding (DFW), and ultrasonic welding (USW) with 
promising results by reducing the amount of IMCs [12], 
but without complete elimination of them. Other 
employed techniques with the same objective, involve the 
solid-state welding by heating the elements using friction 
(friction welding, FRW). Rotary friction welding (RFW) is 
a solid-state welding method, where heat is produced by 
rubbing components together under load. In this process, 
one of the workpieces is held stationary while the other 
rotates, making the workpieces surfaces soften and leading 
them bond together [13]. In RFW there are three phases 
[14]: i) heat-up stage, ii) burn-off stage, and iii) forging 
stage. Three parameters control the character of a weld: 
rotation speed, heating time and axial force [15]. These 
parameters determine the amount of energy input to the 
weld and the rate of heat generation at the interface. Some 
important parameters for RFW include rotation speed 
(rpm), upset pressure (N), friction time (second), burn-off 
length (mm), and workpiece surface, etc. There are two 
process variants: continuous-drive friction welding 

(CDFW), also termed direct-drive friction welding, and 
inertia friction welding (IFW). The difference between 
these two methods is the means of supplying energy to the 
welding interface: in CDFW, the moving element is linked 
directly to a unit being propelled by a motor which 
provides rotation at a constant speed during the whole 
process. In the case of IFW, the moving piece is 
connected to a flywheel, which is accelerated to a 
predetermined speed and then detached from the motor 
when the welding starts [16]. 

There are numerous papers concerning the fabrication 
of aluminum-stainless steel joints made by CDFW, where 
the effect of the parameters in microstructural changes 
and the mechanical behavior of the welded joints are 
assessed. For instance, Fukumoto et al. [17], report that the 
thickness of the formed IMCs depends on the friction 
time. On the contrary, a more recent work by Kankanala 
et al. [18] determined welding parameters that led to 
stronger welded joints in comparison to H30 aluminum. 

More recent friction processes such as the friction stir 
welding (FSW) also report the formations of these 
deleterious phases, despite the low heat input. 
Soundararajan & Kovacevic [19] and Tanaka et al. [20] 
point out that the thickness of the IMCs is proportional 
to the heat input. Also, for FSW, other authors studied the 
effect of variables such as welding speed [21] and rotation 
speed [22]–[24]; however, Torres & Ramírez [25], [26] 
achieve the elimination of IMCs, without reaching the 
increase in the strength in the welded joint. The works of 
Chen et al. [27], [28] were crucial to establish the 
importance of the IMCs in the metallurgical character of 
the joint, and the requirement of forming IMCs with small 
and homogeneous thickness, which allows the solid 
continuity (metallurgical joining) for a better response to 
the mechanical stress. This conjecture opens another path 
in which the IMCs must be controlled but not suppressed 
in the welded joint. About this subject, the convenience of 
IMCs in the joint, persists because of authors such as Xue 
et al. [29] and Zhang et al. [30] remark the necessity of 
compound formation to guarantee the metallurgical 
joining although Wang et al. [31] defend the position in 
which the effect of the IMC is counterproductive, 
specifically, when these compounds show thicknesses 
higher than 10 µm. 

To understand the IMCs formation, the starting point 
is the Al-Fe phase diagram, shown in Fig. 1a, in which is 
possible to observe the different types of IMC generated 
in such system. Broadly, it is possible to classify the AlxFey 

compounds in two groups: rich in Al, and rich in Fe. The 
first group, known as brittle compounds, is the type FeAl2, 
Fe2Al5, and FeAl3; while the second group shows a more 
ductile behavior, AlFe3 belongs to this group. There also 
exists other types of metastable IMC such as the FeAl6 and 
Fe2Al9 that are often formed during the fusion welding 
process [32]. 

When the type of welding process is considered, the 
compounds FexAly can be classified as of the formation 
mechanism (Fig. 1b): a) the ones formed in the solid state 
welding process from the diffusion of the Fe in the Al, and 
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b) the ones produced in liquid state processes through the 
dissolution of solid Fe in liquid Al, which promotes the 
formation of compounds rich in Fe [33]. 

Regardless of the formation mechanism, iron diffusion 
in aluminum is higher than aluminum diffusion in iron, 
favoring the formation of fragile compounds FexAly. In 
the case of union processes in solid state, it is important 
to highlight that Chen & Kovacevic [12] stablished that 
the kinetics in the formation of IMCs involved two stages: 
1) growth of supersaturate region due to the atoms 
migration, and 2) the reaction of the supersaturate region 
to transform in the IMC. From these observations, it can 
be stablished a sequence for the IMCs formation in solid 
state as follows: i) the enrichment and saturation of 
aluminum with iron; ii) the formation of separated 
particles of FeAl3 in the aluminum region; iii) the 
coalescence of particles forming a thin and uniform layer 
of FeAl3 in the interface; iv) the nucleation of the Fe2Al5 
phase from the FeAl3; v) the thickening of the FeAl3 and 
Fe2Al5 layer in the aluminum and steel direction 
respectively, and vi) the growth of the Fe2Al5 at expense 
of the FeAl3 compound. In the formation of IMCs from 
liquid, it is clear that the molten metal is aluminum, due to 
its lower fusion temperature. 

The kinetics in the formation for these compounds has 
been proposed by Agudo et al. [35] suggesting a sequence 
of formation as follows: i) aluminum fusion; ii) surface 
wetting of the steel by the melted aluminum; iii) 
dissolution of the solid metal (steel) in the liquid 
(aluminum); iv) diffusion of the aluminum atoms in the 
iron; v) initial formation of  Fe2Al5 from an iron matrix 
rich in aluminum; and vi) heterogeneous solidification of 
FeAl3 from the Fe2Al5 due to the iron diffusion. 

This work seeks to evaluate the weldability of the 
aluminum-steel system, manufactured by the continuous 
drive friction welding (CDFW) process, trying to 
understand how the parameters of the process affect the 
obtaining of consolidated welded joints, and how the 
absence of compounds has an impact in the mechanical 
behavior and the interfacial joining mechanism between 
the species. On this basis, the aim is to contribute to the 
discussion on whether it is possible to guarantee a 
metallurgical bonding when conducting the joint, without 
the presence of IMCs, which casts doubts on whether this 
process can be considered welding. 
 

 
 

 
 
Fig. 1. a) Phase diagram for the system Al-Fe, adapted from Bouche et al. [34]. b) IMCs formation mechanism. 

 
 

 
 
Fig. 2. Scheme of the methodology used for the obtaining of solid state welded joints using the CDFW process. 
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2. Methodology 
 

In this project, aluminum-stainless steel welded joints 
were fabricated, using solid state welding in a variant 
process of FRW denominated continuous drive friction 
welding (CDFW). Different welding parameters were used 
with the objective of evaluating their effect in the heat 
input, the defect formation, and the mechanical behavior 
of the joint. The sequence used for the fabrication and the 
welded joint characterization are shown in Fig. 2. 
 
2.1. Obtaining of the Welded Joints 
 

In the case of CDFW, the starting point is the 
obtaining of consolidated joints, since a common factor 
after the process is that the welding joint presents failures 
in the joining, manifested in the fragility of the welded 
assembly. To obtain consolidated joints, preliminary 
welded joints were fabricated, denominated group 1, 
employing aluminum AA1100 and austenitic stainless steel 
AISI-SAE 304. Due to its higher fusion temperature 
(657 °C) and low mechanical resistance (110 MPa), the use 
of AA1100 was considered for this stage, in order to avoid 
heat generation and plasticization of the metal, which 
could cause defects formation, mainly voids. This is why, 
when avoiding voids formation with this material, it is 
possible to reach equal results in a great variety of 
aluminum alloys. 

Once the joint is made, it is subject to manual impact 
test in order to evidence its consolidation. From the 
preliminary joints, the geometry and some welding 
parameters are defined and the final welded joints (group 
2) were made, employing alloys AA6061-T6 and AISI-
SAE 304. The chemical composition of the base materials 
used are presented in the Table 1. 

Subsequently, the final joints are evaluated using visual 
inspection, of which those with the adequate 
characteristics are selected for obtaining different replicas 
for their microstructural, mechanical, and thermal 
characterization. 

The welding process approaches to the CDFW, where 
one of the elements of the joint remains fixed while the 
other rotates at constant speed [36]. The elements are 
placed in contact and pressure is added during specific 
time, allowing the heating and plasticization of the metal; 

later the rotation is suppressed, followed of a second load 
during an additional time [37]. The elements to be welded 
present a butt joint configuration, with cylindrical 
geometry and a diameter of 19 mm. The aluminum piece 
is placed in the mobile element, while the steel place is 
placed in the fixed element (Fig. 3a). Since the device used 
did not allow controlling the degree of the axial load, a 
fundamental parameter in the CDFW process, the 
geometry of the elements of the joint were modified as 
countermeasure, using a punch/die system: the first one 
made out of stainless steel and the second one of 
aluminum (Fig. 3b). The change to a punch/die system 
aims to control the burn-off length, during the second one 
of the three stages of the process. This allows to control 
the amount of plasticized material that will be pressured 
in the forging stage. The length of the punch is always 
bigger (6 and 8 mm) than the depth of the hole (3 mm), 
restricting the burn-off length to 3 and 5 mm. The amount 
of plasticized material is related to the size of the flash, but 
also seeks to fill any possible void in the welded system. 
The dimensions of the elements are shown in Fig. 3b, 
where the adjustment between the diameter of the punch 
axis and the die hole is of the type clearance fit. The die is 
fixed in the mobile element through a ring as it is shown 
in Fig. 3a-c. 

In this case, the heat-up starts with the contact between 
the frontal surface of the punch and the bottom of the die. 
Once the material is plasticized the burn-off stage begins, 
and the material is deformed until it reaches the section 
change in the diameter of the punch. Finally, the rotation 
is stopped, and the additional load of the forging stage is 
applied. 

Despite that the parameters generally controlled are 
speed, friction time and pressure [14], in this work the 
CDFW will be made controlling the heat input with the 

rotation speed (), the friction time (t) and the burn-off 
length (L). The variation of the parameters is shown in 
Table 2 for both groups. In group 2, a constant burn-off 
length of 5 mm was used based on the results reached 
with group 1. 

Based on these parameters, 18 combinations were 
generated for group 1, and two replicates were made for 
each parameter. For group 2, 6 combinations were 
generated, and three replicates were made for each of 
them. Details are shown in Table 3. 

 
 
Table 1. Chemical composition (wt. %) for the alloys AA1100, AA6061-T6 and the stainless Steel AISI-SAE 304. 
 

 Si Cu Mn Fe Zn Mg C P S 

AA1100 0.95 0.15 0.05 0.95 0.1 - - - - 

AA6061 0.65 0.30 0.1 0.35 0.04 0.95 - - - 

SAE 304 0.70 0.20 0.15 - - - 0.08 0.04 0.03 
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Fig. 3. a) Set up for CDFW, b) joint configuration, and c) solid state welding process (CDFW). 
 
Table 2. Preliminary parameters to obtain compounds by means of CDFW. 
 

 Group 1 Group 2 

Burn-off length (mm) 3 5 5 

Friction time (s) 5 10 15 15 50 

Speed (rpm) 835 1320 2000 1200 1750 2300 

 
 
Table 3. Different parameter combinations for the generation of testing bodies for groups 1 and 2. 
 

Group 1 Group 2 

Sample 
Burn-off 
length 
(mm) 

Friction 
time (s) 

Speed 
(rpm) 

Sample 
Burn-off 
length 
(mm) 

Friction 
time (s) 

Speed 
(rpm) 

1-1 

3 

5 

835 2-1 

5 

15 

1200 

1-2 1320 2-2 1750 

1-3 2000 2-3 2300 

1-4 

10 

835 2-4 

50 

1200 

1-5 1320 2-5 1750 

1-6 2000 2-6 2300 

1-7 

15 

835 

 

1-8 1320 

1-9 2000 

1-10 

5 

5 
835 

1-11 1320 
1-12 2000 

1-13 
10 

835 
1-14 1320 
1-15 2000 

1-16 
15 

835 
1-17 1320 
1-18 2000 
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2.2. Temperature Measure, Microstructural and 
Mechanical Characterization 

 
Temperature measures were performed during the 

welding in both processes, using a K type (cromel-alumel) 
thermocouple, with a data acquisition and signal 
processing system composed by an amplifier MAX6675 
and an Arduino Mega 2560 with a sampling time of 180 
ms. For the CDFW process a thermocouple was placed in 
the punch, in 10 mm from the joint with a depth of 10 
mm. Temperature measures were performed with the 
parameters of group 2. Different tests were conducted to 
obtain three measures for each parameter. Since the 
temperature measure was taken at 10 mm from the 
interface, a simulation was performed that allowed to 
estimate the temperature in the interface SAE 304-
AA6061. The methodology for the numerical simulation 
begins with a solid three-dimensional model of the punch 
(SAE 304) and its meshing into small tetrahedrons, which 
allow to calculate thermal phenomena by means of Ansys 
2019 R1®, for which border conditions are defined as 
follows: interface temperature (A “red”), the convection 
faces (B “yellow”) and the thermal properties of ASI 304 
steel, as shown in Fig. 4. 

In order to determine the reliability of the numerical 
results, a mesh study has been performed, allowing to 
determine a relative error between the control variable and 
the number of elements composing the solid 
discretization. Five simulations were made, allowing to 
stablish a relative error of 0.08%, with a mesh of 39,920 
tetrahedral elements and 0.844 maximum obliquity. 

The microstructural characterization of the joint was 
made using optical microscopy (OM) and scan electron 
microscopy (SEM). Chemical composition profiles were 

obtained at the interface using X-Ray energy dispersive 
spectrometry (X-EDS). To reveal the microstructure of 
the welded joints, a chemical etching was carried out using 
hydrofluoric acid in solution at 1 % for 5 minutes. The 
mechanical properties of the joint were evaluated through 
tensile strength test in which the geometry of the samples 
for test as well as the parameters for the performance of 
the test were selected based on the standard ASTM E8. 
Tensile tests were conducted in the joints of group 2, as 
well as three replicates for each parameter. 
 

3. Results and Discussion 
 
3.1. Preliminary Welded Joints (“Group 1”) 
 

Welded joints were obtained in the system 
AA1100/SAE 304 through the solid-state welding process 
DCFW. Once the joints were manufactured, it was 
possible to determine that all the joints show solidity by 
not breaking under impact. Nevertheless, in the 
preliminary test it was frequent the presence of voids in 
the welded joints in the corner of the punch joint (Fig. 5a-
b). This due to the restrictions generated by the geometric 
alteration in the flow of plasticized material.  

The burn-off length is not a dominating factor in the 
formation of free defect joints, because the discontinuities 
are present in welded joints with low speed and short 
friction time, being more significant the speed effect. As it 
is explained by Sahin et al. [38], a lower speed reduces the 
heat input and with it the level of plasticization of the 
material. So, the restriction imposed by the diameter 
change in the punch accentuates the effect of low plasticity 
and fluidity of the material. 

 
 

 
 
Fig. 4. Configuration of the thermal simulation showing the boundary conditions. 
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Fig. 5. Voids in the welded joint AA1100/SAE 304 in: a) sample 1-1 (3 mm, 5 s, and 835 rpm) and b) sample 1-13 (5 
mm, 10 s, and 835 rpm). Flash in: c) sample 1-1 (3 mm, 5 s, and 835 rpm), d) sample 1-3 (3 mm, 5 s, and 2000 rpm), e) 
sample 1-16 (5 mm, 5 s, and 835 rpm), and f) sample 1-18 (5 mm, 15 s, and 2000 rpm). 
 

The effect of rotational speed and friction time in the 
plasticity and fluidity of the material its evident when the 
quantity of flash is evaluated, as it is shown in Fig. 5c-f. 
The welded joints made with a high heat input (high 
rotational speed and friction time) present higher 
formation of flash without voids, according to the data 
presented by Seli et al. [39], who achieved to relate the 
maximum temperature reached in the surface with the 
formation of flash. Other authors such as Rafi et al. [40] 
asseverate that the adequate quantity of flash is a sign of 
an appropriate heat generation, promoting enough plastic 
deformation to prevent voids in the joint, as well as oxides 
and pollutants in the contact surfaces. Parameters of 
higher heat input, besides its present’s high formation of 
flash, not reported voids inside the welded joint (Fig. 5e-
f). 

It is clear that high rotation speeds favor the increase 
in the quantity of flash due to a major quantity heat 
introduced in the system, which also increases the volume 
of plasticized material as well as its fluidity [41]. The 
relationship between the rotational speed and the heat 
input is presented by Li et al. [16], who stablish a 
mathematical approach Eq. (1). 
 
  (1) 
 
where q is the heat value during the RFW, R is the piece 
radius, μ is the friction coefficient, PN is the axial pressure 
applied and ω as the rotational speed. 

However, also Li et al. [16], stand out the appearance 
of two elements regarding the temperature in the contact 
surface and the flash shape: 1) experimentally, the 
maximum temperature in the interface is generated 
between 1/2>R>2/3; 2) the axial load affects the form of 
the flash and the plasticized zone of the joint. It is in this 
point where the influence of the friction time is important 
because despite of having no evidence of its effect in the 
preliminary joints, Uday et al. [15] emphasize the 
importance of this variable in the thermal stabilization in 
the interface because as is indicated before, the 
temperature variates in radial direction, which generates 
different conditions of plasticized material. Thus, with an 

increase in the friction time, the higher temperature 
homogenizes a major volume of material, increasing the 
possibility to plasticize more material, growing the size of 
the flash (Fig. 5d-f). 

 
3.2. Final Welded Joints (“Group 2”) 
 

Once the preliminary joints were manufactured 
without defects, the final welded joints were obtained in 
the Al6061-T6/SAE 304 system. The parameters of high 
rotational speed and friction time (1200 to 2300 rpm, and 
50 s) proved to be effective in the production of defect 
free welded joints; these parameters were taken into 
consideration for the manufacturing of AA6061-SAE 304 
joints (Table 2). The results were satisfactory, as it is 
observed in Fig. 6a, where neither of the cases evaluated 
show formations of voids or discontinuities in the welded 
joint (Fig. 6b). 
 

 
 

Fig. 6. AA6061/SAE 304 welded joint using CDFW 
process in sample 2-5 (5 mm, 1750 rpm and 50 s), 
followed by the preparation sequence of the samples for 
the tensile test. b) Section view of the sample showing 
absence of voids. 

 
It should be noted that despite the differences in the 

welding parameters used in each group, in the case of the 
group 2 the formation of flash was higher than the one 
achieved in the group 1. This is in concordance with the 
work of Fukumoto et al. [17]. They explained based on the 
high strength of the AA6061-T6 allowing high axial load; 
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therefore, increases in heat generation rate resulting in a 
temperature increase. 
 
3.3. Microstructural Characterization 
 

On the other hand, the evaluation using OM did not 
allow identifying the formation of IMC (Fig. 7), in any of 
the welding groups or parameters evaluated. The joints 
agree in the formation of the two typical regions [16]: weld 
center zone (WCZ), and thermo-mechanically affected 
zone (TMAZ). The WCZ is characterized by the 
refinement of the grain due to the continuous dynamic 
recrystallization (CDRX) of the aluminum, because of the 
high deformation of the material at high temperature [42], 
[43]. The TMAZ corresponds to the zone characterized 
by the deformation bands showing geometric dynamic 
recrystallization (GDRX) in the most deformed grains 
near to the WCZ [42], [44], [45]. The heat affected zone 
(HAZ) could not be characterized using OM since the 
effects of temperature, mainly in the AA6061-T6, are 
measurable using micro-indentation due to the effect of 
the over-aging of the Mg2Si precipitates [46], [47]. The 
absence of IMC in both cases, contrast with the reports 
presented by different authors, even though these exists 

discrepancies regarding to the type of compound. While 
authors like Aritoshi & Okita [48], and Muralimohan et al. 
[49] remark the exclusive formation of Fe2Al5, on the 
other hand Seli et al. [39] argue the presence of FeAl3. 
Otherwise, Fukumoto et al. [17] reports the formation of 
both IMC, likewise Kawai et al. [50] describe the presence 
of IMC, but without specify its nature. 

Due to evidences shown previously, other 
observations were conducted using SEM, which confirm 
the absence on IMC in the welded joints (Fig. 8). One of 
the possible causes of the no formation of the IMC would 
be the continuous erosion of the surface of the SAE 304 
due to the plasticized aluminum, which can prevent the 
nucleation and growth of the IMCs. The surface abrasion 
in both systems is significant, as it is proved by Rao & 
Hazlett [51]. However, Wei et al. [52] ruled out this 
possibility in Al-Cu joints, using FRW welded process, 
suggesting that the nucleation and growth of the IMCs 
(Al2Cu and Al4Cu9) is produced by the rapid interdiffusion 
of the species during the forge stage, in which the rotation 
is suspended, be given that the diffusion coefficient is 
three and seven times higher than those reported in 
literature and determined under thermal equilibrium. 

 
 

 
 
Fig. 7. Micrograph using OM for the welded joint interface by FRW. a) Welded joint AA1100/SAE 304, sample 1-11 
(5 mm, 5 s and 1320 rpm) observing at the interface, the WCZ and the TMAZ; b) detail of the interface in the joint 
AA6061/SAE 304, of the sample 2-5 (5 mm, 50 s and 1750 rpm). 
 
 

 
 
Fig. 8. SEM micrographs of the interface for joints AA6061-SAE304, sample 2-2 (5 mm, 15 s, 1750 rpm), close to the 
middle part of the sample radium, near half of the sample radium. Etching with fluoridric acid at 1%. 
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The absence of IMC in this kind of welded systems is 
also confirmed by Chernenko [53], who attributes this 
condition to the low temperatures reached during the 
process (360-450 °C), despite of noting the formation of 
a reaction layer in the welded interface. Lee at al. [54] 
highlighted how this reaction layer increases in a 
proportional way with the friction time, increasing in the 
boundaries of the interface. Meshram et al. [55] agree with 
the statement that not always IMCs are formed in 
dissimilar systems but the presence of atomic 
interdiffusion along the interface form the reaction layer. 
The results of temperature measures in the joints to 
evaluate the effect of temperature in the absence of IMCs 
in the welded joints using CDFW are shown in Fig. 9a; the 
average temperature values recorded in the thermocouple 
vary from 243 a 521 ºC, being 544 ºC the maximum 
recorded in the third repetition of the sample 2-5. 

The simulation was analyzed using friction times from 
15 to 50 s to obtain results such as the one shown in Fig. 
4b, standing out a temperature of 558 ºC in the interface, 
while for the thermocouple was 544 ºC, the highest 
recorded value in the experimental measures. The 
simulation results show that the temperature in the 
interface vary from 249 to 534 ºC, with a maximum of 558 
ºC. These values are higher than those observed by Alves 
et al. [56], who developed welded joints using IFW 
between AA1050 and AISI 304 and determined 
temperatures from 370 °C to 430 °C at 0.2 mm from the 
interface. 

From the analysis of the results, it can be observed how 
the low rotational speed and the friction time affect 

directly the temperature in the joint, whereas to reach high 
temperatures, the influence variable is the speed. It is 
normal that the temperature increases with the rotation 
speed, but it is also normal that temperature decreases at 
high rotation speeds, since sliding velocity is reached 
under these circumstances, and the friction coefficient 
between surfaces reduces significantly, reducing as well 
the heat quantity and the maximum temperature at the 
interface [14]. This can be seen in Fig. 9 when comparing 
the temperature reached between samples 2-5 and 2-6 
(1750 and 2300 rpm, at a friction time of 50 s), where 
temperature decreases due to the high plasticization of the 
metal, which entails a reduction in the friction coefficient 
and limits the temperature rise. Besides, as pointed out by 
Alves et al. [57], the drastic rise in the temperature happens 
during the first 10 s of friction and additional time is not 
relevant in heat generation. 

As in solid state the kinetics in the formation of IMCs 
involves the growth of a supersaturate region, due to the 
atoms migration, and the transformation of that region 
into IMC, when there are differences between the 
diffusivity of the species, like in the Fe-Al system, the 
growth is favorable in the aluminum side, because the 
mobility of the Fe over the Al is better than in the opposite 
case. This effect is clearer in the X-EDS results (Fig. 10), 
in which there is no IMC formation but there is presence 
of a minimum region of Al with traces of Fe. The presence 
of IMCs in the diffractogram is clearly shown by the steps 
in the curve, as seen in the results provided by Pourali et 
al. [58] and Hincapié et al. [59], contrary to the constant 
drop in the Fe and Al composition shown in the interface. 

 
 

 
 
Fig. 9. Results in the temperature measure in welded joints in the group 2 using CDFW, with burn-off length of 5 mm, 
and different parameters of rotation speed and friction time. 
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Fig. 10. Representative profile of chemical composition variation measured using X-EDS at the interface of the welded 
joint, sample 2-5 (5 mm, 50 s, 1750 rpm). The dotted line belongs to the al-Fe interface. 
 

Despite the lack of unanimity about the formation or 
not of IMC in processes of solid-state welding such as 
FRW, many of the current results in literature point to the 
presence of FeAl3, in the aluminum side, and Fe2Al5 in the 
steel side, where the transformation begins with the 
formation of the FeAl3 phase from an aluminum region 
rich in iron, and the growth of the Fe2Al5 at expense of 
the FeAl3 compound [33]. This IMC generation 
mechanism requires longer periods of time in order to 
favor the species atomic exchange, as well as the reaction 
and formation of the compound. This was demonstrated 
by Nicholas & Crispin [60] in an experiment to aluminum 
and steel joints using diffusion welding with a pressure of 
50 MPa for a period of 30 minutes (Fig. 11). Equation (2) 
allows to determine the IMC thickness according to the 
temperature. This result indicates that in the range of 
temperatures measured experimentally (243 and 521 °C) it 
is possible the formation of an IMC layer with a thickness 
of 15 µm, if and when the process time is 30 minutes. 
Clearly, this time is not imaginable in the CDFW process, 
to promote the IMCs formation. 

Based on these results, it is possible to argue that for 
the samples manufactured in the group 2, as temperature 
and time processing are relatively low, the atomic mobility 
and the reaction of the enriched layer are restricted, 
preventing the formation of IMCs in solid state, which is 
in concordance with Chernenko [53] is observations. 

However, there is a doubt related to the reports about 
the presence of IMCs in welded joints using FRW. In 
order to explain this, it is necessary to approach with 
another possible mechanism, with a different principle 
regarding the friction processes such as the solid state 
metallurgical joining; as it is considered by Uday [15] 
despite the FRW processes are assumed as solid state, 
under some circumstances it is probable the formation of 
a small quantity of liquid. 

Considering the liquid formation in the interface, now 
the formation of IMC assuming the kinetics of 
construction in the fusion welding processes should be 
taken into account (Fig. 1b), in which the aluminum melts 
while the steel keeps in a solid state. In these cases, Fe2Al5 
and FeAl3 compounds are normally observed at the 
interface, the first with a bigger size growing in the steel 

direction while the second with less thickness, in the 
aluminum direction [32], [34]. The absence of FeAl and 
FeAl2 is attributed to a low growing rate comparing the 
results with Kobayashi & Yakou [61], who verified the 
formation FeAl only at temperatures higher than 1000 °C.  

Based on the kinetics of the IMCs formation in liquids 
(describe in the introduction), an explanation to the 
formation of IMCs in friction welding processes is 
presented by Taban et al. [62], who suggest to the 
formation of a small quantity of liquid at the interface 
promoted by the localized liquation of the aluminum. The 
presence of liquid in the welded joins using CDFW 
process was described by Li et al. [16], and defined as the 
possible cause for the formation of IMC in different 
systems. The AA6061 can present constitutional liquation 
allowing the liquid formation in the partially melted zone 
[63]. For the aluminum, the liquation phenomenon has 
been reported mostly in arc welding processes since the 
liquid quantity is proportional to the heat input [64], [65]. 
In friction processes like FSW, this phenomenon has been 
observed in AA2024 and AA7075 alloys [66], but not in 
the 6000-alloy type, since the first ones present a wide 
range of solidification which promote the liquid presence 
even in low heat input processes. A particular case of 
liquation of AA6061 is presented in dissimilar friction 
welding process with magnesium alloy, due the formation 
of a reaction layer rich in Mg with melting temperatures of 
814 K (541 °C), when the fusion temperature of the 
AA6061 ranges from 580 to 650 °C. In this study, this 
mechanism was not used because the SAE 304 does not 
contain Mg or other elements that significantly reduced 
the fusion temperature of AA6061. Added to the low 
diffusivity in the process, it is not possible the formation 
of a liquid layer; similar phenomenon is presented by Fu et 
al. [67], preventing the presence of compounds using this 
mechanism. 

Another way to explain the formation of liquid in 
friction processes is described by Jiang & Kovacevic [68] 
as a consequence of the aluminum fusion, and this is when 
the welding parameters increase the temperature at the 
interface in such way that the melting point of the alloy is 
exceeded, and the temperature is increased above 613 °C. 
This result is compatible with the IMC formation 
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described by Yilmaz et al. [69] who carried out welding’s 
with pressure control applied between the elements, with 
a pre-heating of the steel shaft of 1000 °C which favors 
the formation of a liquid layer in the interface, obtaining 
metallurgical bonding with presence of FeAl3 compounds. 
As it is shown in Fig. 9, the maximum temperature reached 
was 545 °C (558 °C at the interface) at 1750 rpm and 50 s, 
which is lower than the melting temperature of the 
AA6061 alloy (580 °C). Despite that the measure of 
temperature is performed at 10 mm from the interface, the 
thermal conductivity as well as the process time allows the 
homogenization of the temperature in the element during 
the process, which leads to consider that the melting 
temperature has never been achieved. 

However, there is no doubt about the consolidation of 
the welded joints manufactured with the modified CDFW 
process. This statement is proved with the results achieved 
in the tensile strength test, in which Fig. 12 shows the 
fracture in the welded joints using CDFW. Clearly, the 
failure is produced away from the aluminum-steel 
interface, which implies that the joint strength of the 
welded interface is higher than the one of aluminum. 
 

The fracture is in the aluminum HAZ, which has been 
reported in friction welded joints [70] in the called low 
hardness zone (LHZ). The presence of the LHZ is 

explained having into account that the work pieces are an 
alloy AA6061-T6, were the T6 corresponds to an artificial 
ageing treatment, responsible for the precipitation of 

metastable Mg2Si” (”), which provides the mechanical 
properties of the alloy [71]. At the moment in which is 
submitted to high temperatures, those precipitates begin 

their transformation in more stable Mg2Si’ (’) and Mg2Si” 

(”), in the process called over-aging, that completely 
eliminates the benefits of size, quantity, and distribution 
of the β” reached by the aging thermal treatment [72]. 

As it was registered in Fig. 9, in the HAZ-LHZ the 
temperature reached during the CDFW process oscillates 
between 243 and 521 °C and they are in accordance with 
the tensile strength test results, because with a low 
temperature value, the over-aging is low as well resulting 
in high strength in the welded joint. The moist important 
effect in the strength is caused by the friction time, since 
longer times favor the lost in strength in concordance with 
Yılmaz et al. [69]. The AA6061 alloy with T6 thermal 
treatment (solution heat treated then artificially aged) 
presents a tensile strength of 310 MPa. but in annealing 
state it has a maximum strength of 120 MPa. The results 
showed in Fig. 13 prove the significant strength loss 
having a maximum value of 80 MPa. 

 
 

 
 
Fig. 11. Thickness and temperature relationship for IMC formation, estimated using the equation of Nicholas & Crispin 
[60] for aluminum-steel joints using the diffusion welding process. 
 
 

 
 
Fig. 12. Image of the welded joint, sample 2-4 (5 mm, 50 s, and 1200 rpm), after the tensile strength test. 
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Fig. 13. Results of the tensile strength test of the CDFW welded samples (group 2), with burn-off length of 5 mm, 
different rotation speed and friction time. 
 

The fact that the fracture is out the interface (in HAZ-
LHZ) is also sign of the absence of the IMC, also the fact 
that there are no microcracks to be seen in the OM and 
SEM micrographs, since these are common in IMC higher 

than 10 m [31], and its formation is favored by strength 
concentrators in porosities produced by the Kirkendall 
effect [73]. The higher the thickness of the IMCs, the 
higher the risk of pre-existing cracking, which would favor 
the fracture at the joint interface, as it would the favor the 
advance of the crack through the IMC [74]. 

Unfortunately, it is not possible to determine the 
strength value at the interface. However, it is possible to 
guarantee the formation of a joint, without determining 
the bonding nature. The welding processes are 
characterized by the generation of a metallurgical bonding, 
which entails an atomic exchange between the specimens 
to be joined, thus closing the gap between the elements. 
The mechanisms through which this exchange occurs may 
vary, but they must always achieve the same objective. In 
dissimilar systems such continuity is guaranteed due to the 
presence of an IMC layer, but when the layer thickness 
grows, the welded system becomes brittle [75]. Kaway et 
al. [50] besides having similar results for tensile strength, 
also indicates that a homogeneous layer of IMC with a 
thickness of 0.2 mm guarantees the bonding arguing that 
low thicknesses increases the strength of the joint.  

However, as for the welded joints manufactured in the 
groups 1 and 2, there is no evidence of the IMCs, it is not 
possible to state that the nature of the connection is due 
to welding. Elrefaey et al. [76] used the definition of 
metallurgical binding to encourage the formation of bonds 
using FSW, promoting the formation of compounds using 
a zinc-coated steel.  Girard et al. [77] support the need to 
form a thin layer (< 1 µm) of IMC to guarantee the 
metallurgical continuity of the welded assembly, 
proposing for this welding condition the name of friction 
stir diffusion bonding. Zhang et al. [30] go further 
proposing the friction stir brazing as an alternative method 
for the formation of metallurgical bonding in solid state, 

having into account the application of a zinc layer to 
improve the formation of IMC as it is proposed by 
Elrefaey [76], but trying to get a thin layer of compound 
(< 10 µm) as it is stablished by Girard [77]. 

On the other hand, other line of research suggests that 
the formation of a welded joint is possible without the 
formation of IMCs through other mechanism. Fukumoto 
et al. [17] indicate that the nature of the union is based on 
diffusion bonding in the solid state, which matches with 
the affirmations of Maalekian [14] concluding that the 
diffusion is a primary mechanism contributing to friction 
welding, being notorious in dissimilar systems. Buffa et al. 
[78] describe the use of the mechanism by solid state 
bonding, but they do not explain how they the developed 
this mechanism. 

The metallic bond is possible in this process, since the 
close contact between the plasticized aluminum and the 
solid surface of the steel allows to overcome the surface 
roughness effect and the establishing of the atomic forces 
between both elements. 

All the results shown here contrast with the latest work 
on the matter, conducted by Liu et al. [75], who fabricated 
dissimilar joints of SS304 and AA6061-T6 using IFW. 
Temperatures from 350 to 450 ºC, at 0.5 mm from the 
interface by the Al side, were reached in this work, with 
fracture in the interface due to the presence of IMCs lower 

than 0.5 m, allowing a tensile strength up to 323 MPa 
(94 % of AA6061-T6). Clearly, controlling the size of the 
IMCs layer allowed the high strength of the joint, with 
evident formation of metallurgical bonding, guaranteed by 
the presence of a homogeneous and thin layer (without 
porosities). These results can be attributed to the use of 
high axial friction pressure and the rotational speed of 
140–220 MPa, and 900–1500 rpm, respectively. 
 

4. Conclusions 
 

Successful welded joints were manufactured in solid 
state using the continuous drive friction welding process 
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in dissimilar AA1100/SAE304 and AA6061-T6/SAE304 
systems. In both systems, consolidated welded joints 
(defect free) obtain without the presence of intermetallic 
compounds were verified. 

The observed defects in the preliminary joints are 
caused by voids, generated due to geometrical changes in 
the welded system as well as the low fluidity of the 
plasticized metal, which is related to the quantity of flash 
in the joint. The fluidity and quantity of flash directly 
depends of the heat input controlled by the rotation speed. 
Low rotation speed generates low heat input and results in 
the low fluidity of the plasticized metal, the void formation 
and the low flash generation. The friction time allows a 
homogeneous temperature which results in a better 
quantity of plasticized metal. 

The absence of IMC is due to the low heat input 
generated in this process, which reduces the maximum 
temperature reached (545 °C) and inhibits the compound 
formation in two ways: i) considering the solid state, the 
low diffusivity prevent the formation of a reactive layer 
due to the accumulation of Fe in the aluminum and also 
prevent the FeAl3 formation; and ii) suppressing the 
partial liquid formation, since the temperature at the 
interface never reaches the melting temperature of the 
aluminum or because to the absence of liquation because 
the low heat input does not affect the AA6061 alloy. 

The behavior of the welded joints results adequate, 
since the totality of the joints fails at the 
thermomechanical affected zone in the so-called low 
hardness zone, as a result of the over aging of the Mg2Si” 

(”). 
The strength of the joint at the interface is 

unquestionable, thanks to the results of mechanical tests. 
However, the absence of IMC puts into question the 
metallurgical character of the welded joint. The nature of 
the mechanism presents in the joint at the interface 
remains unclear, but it is considered that the atomic 
exchange through the interface or diffusion bonding 
favors the formation of a stable and stronger bond. The 
metallic bond is possible thanks to the close contact 
between the plasticized aluminum and the solid surface of 
the steel, producing the stablishing of the atomic forces 
between both elements. 
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