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Abstract: Continuous drive friction welding was employed to join the acronautic aluminum alloy 2024. Parametric optimization and
microstructural characterization were investigated. Results show that friction pressure is the most significant factor influencing the
tensile strength of joints. To obtain a high joint efficiency, the combination of moderate friction pressure, less friction time and higher
upset pressure is recommended. The optimized joint efficiency from Taguchi analysis reaches 92% of base metal. Under the
optimized experimental condition, the interfacial peak temperature is calculated analytically in the range of 779—794 K, which is
validated by experimental data. Fine recrystallized grains caused by the high temperature and plastic deformation are observed in the
friction interface zone. The grain refinement is limited in the thermo-mechanically affected zone, where most of matrix grains are
deformed severely. The extensive dissolution and limited re-precipitation of strengthening phases result in a lower microhardness in
the friction interface zone than that in the thermo-mechanically affected zone.
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1 Introduction

The aeronautical grade aluminum alloy 2024
(AA2024), as an age-hardenable alloy, has been
increasingly used in the fabrication of light weight
structures, owing to its high specific strength, excellent
corrosion resistance and good fracture toughness [1].
Excellent mechanical properties can be attributed to the
precipitation of strengthening phases, such as Al,Cu ()
and AlL,CuMg (S) upon solid solution and artificial
aging [2]. To join the aluminum alloy, the conventional
fusion welding usually results in the dissolution and
growth of strengthening precipitates in the weld during
the thermal cycle. It is difficult to obtain a sound welded
joint owing to the occurrence of solidification cracks,
coarse grain porosities, and slag inclusions in the fusion
welding of aluminum alloys [3—5]. In contrast, owing to
the technical advantages of solid-state welding such as
refined microstructure and no solidification, friction

welding techniques such as rotational friction welding
(RFW), friction stir welding (FSW) and linear friction
welding (LFW) have been introduced and used to join
the various aluminum alloys [6]. These three friction
welding techniques have been used to weld the
axisymmetric, the plate-shaped, and the non-
axisymmetric workpieces, respectively. As the most
conventional friction welding, RFW is the emphasis of
this study. RFW is quite suitable to join the axisymmetric
workpieces. During process, one workpiece is rotated
and in contact with another workpiece under the axial
force. Heat generated by friction between two contact
workpieces softens the interfacial materials, and
simultaneously hot plasticized materials are extruded out
from interface. There are two mainly driving modes of
workpiece rotation [7]. One is the continuous driving
mode, which means that the rotation maintains at the
constant speed, and another one is the inertial driving
mode, which is implemented by a rotational flywheel
with rotational inertia. Once the required burn-off is
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reached, or the rotation speed decreases to a certain
value, a forged force will be applied on the stationary
workpiece and maintained to consolidate a sound joint.

To date, it is reported that RFW has been
successfully welded the various aluminum alloys.
LIENERT et al [8] reported that the inertia friction weld
could effectively join the SiC-reinforced aluminum
alloys with little loss in hardness and tensile properties.
KIMURA et al [9] described the effects of friction
welding conditions on joining phenomena during the
friction stage, after lucubrating the friction torque
changing curve. They also concluded that the joining
mechanism of AA7075 friction welding was similar to
that of low carbon steel. Also, KIMURA et al [10]
investigated the optimized process parameters during the
AAS5052 friction welding. The joint which existed in the
soften region at the periphery, had approximately 93%
joint efficiency and fractured in base metal (BM). RAFI
et al [11] identified the optimum combination of process
parameters in RFW of AA7075 by designing experimental
parameters. Recently, YAMAMOTO et al [12] found that
the fatigue limit of sound friction welded joints of
AAG6061 was slightly lower than that of BM. All joints
fractured in heat affected zone (HAZ). SAHIN et al [13]
found that the refining of grain size resulted in a
significant in hardness and mechanical
properties of friction welded near-nanostructured AA5086.
In addition, some authors aimed to optimize the
welding parameters in RFW of aluminum alloys using
numerical simulation. DONATI et al [14] investigated
the thermal field in RFW of AA6082, which was used for
analysis of welding quality. SINGH et al [15,16] reported
the weld ability of semi-solid processed aluminum
alloys via high temperature flow behavior in RFW. The
tensile strength of joint was higher than that of BM.
DARSIN et al [17] found that a long friction time
resulted in the soften in the weld zone of friction
welded 6xxx series aluminum alloy. Recently, RFW for
pipe of aluminum alloy was studied by WANG et al [18].
DALI et al [19] found that the heat input had an evident
impact on the joint appearance in RFW of spray forming
AAT055.

To the author’s knowledge, there has not been
published available information on RFW of AA2024,
and the corresponding microstructure evolution in the
weld. Therefore, the joint of AA2024 is produced by the
continuous driving friction welding (CDFW) in this
study, which is hoped to fill the scarcity on the RFW of

increase

Table 1 Chemical composition and mechanical properties of AA2024

aluminum alloys. One of the objectives is to optimize the
welding parameters to improve weld strength of the
continuous driving friction welded (CDFWed) joints of
AA2024 by utilizing the design of experiments (DoE).
The other is to investigate the microstructural evolution
and its influence on properties. In this study, the Taguchi
L9 orthogonal array and analysis of variance (ANOVA)
are used to systematically investigate the effects of
welding parameters on process. The microstructure is
examined by the optical microscopy (OM), and scanning
electron microscope (SEM) with energy dispersive X-ray
spectroscopy (EDS). Additionally, the peak temperature
in the weld zone is studied analytically.

2 Experimental

2.1 Welded materials

The as-rolled AA2024 bars with 12 mm in diameter
and 60 mm in length were used in this study. The actual
chemical composition of the BM was determined using
the optical emission spectrometry (OES) as listed in
Table 1. The OM image of AA2024 is shown in Fig. 1.
Some deformed a-Al matrix grains can be observed. The
average size of matrix grain is approximately (8+2) pum.
Moreover, the block or rounded-shaped particles
precipitate around the grain boundary along the rolled
direction. These particles such as AL,Cu (6) or Al,CuMg
(S) precipitation provide the high strength and hardness
for the a-Al matrix.

2.2 Continuous drive friction welding

A PC-controlled CDFW machine was used to join
the AA2024 bars. Welding parameters such as friction
pressure (Py), friction time (¢;) and upset pressure (P,)
can be controlled precisely and rotational velocity is kept
constant at 2200 r/min. Before welding operations, the
contact surface of workpieces has been polished and
cleaned by acetone. The schematic of the RFW of
aluminum alloy bars is presented in Fig. 2. To obtain a
sound joint with high joint strength, the welding
parameters varied in large ranges, which are friction
pressure of 20—60 MPa, friction time of 4—12s, and
upset pressure of 70—110 MPa, respectively. In-process
temperature in joint made by optimal welding parameters
was recorded. As shown in Fig. 2, the thermal cycles at
different initial positions from friction interface (i.e. 2.5,
3.5, 5 and 6.5 mm) were measured by an array of K-type
thermocouples.

Measured chemical composition/wt.%

Tensile strength/

Si Fe Cu Mg Mn Zn

Al MPa Microhardness (HV 5)

0.5 0.2 4.5 1.5 0.6 0.3

Bal. 502 120
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Precipitated
particles

Fig. 1 OM image of AA2024

ata recorder
N I
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Initial location of thermocouple
Fig. 2 Schematic of RFW of aluminum alloy bars with preset
thermocouple

2.3 Taguchi experimental design

To investigate the effects of welding parameters on
joint strength, the Taguchi analysis, as an efficient DoE
method, could improve the performance of the product,
process and system with a significant slash in
experimental time and cost [20]. Three categories of
quality characteristics are defined in the signal/noise
analysis (S/N ratio), i.e. the larger-the-better, the nominal-
the-better and the lower-the-better [21]. In this
experimental process, the joint efficiency, which is the
ratio of tensile strength of welded joints to that of the
BM, is considered as the response. To maximize the
response, the S/N ratio (¢) was chosen according to the
category of “the larger-the-better”, and can be expressed
as

4, =—101g(%2z-}j (1)

where Yj; is the value of the ith quality characteristics in
the jth experiment, and »n is the number of the
experiments. To simplify the investigation and consider
the actual situations, the Taguchi L9 orthogonal array
was selected for evaluation of the effects of three
welding parameters. Three specimens are prepared at
each experimental level. Table 2 shows the experimental
layout of L9 orthogonal array factors and levels. In

addition, the ANOVA has been carried out to evaluate the
effect significance of welding parameters. The
contribution of each process parameter to response was
also calculated using ANOVA method.

Table 2 Experimental parameters of Taguchi L9 orthogonal

array
Level P¢/MPa P,/MPa /s
1 20 70 4
2 40 90 8
3 60 110 12

2.4 Mechanical
examination
Tensile tests are carried out in a 100 kN electro-
mechanically controlled universal testing machine
(SANS, WDW-100D) under an engineering strain rate
of 0.0005 s at room temperature. It is noted to mention
that all tensile tests are conducted within one day after
welding, which is as far as possible to avoid the natural
aging. Figure 3 shows the schematic of dimensions of
tensile sample. Cross-sectional samples for micro-
structural examination were prepared following the
standard metallographic procedures. Specimens were
polished and etched using the Keller’s reagent. The OM
and SEM with energy dispersive X-ray spectroscopy
were used to examine the microstructure for the nine
welded samples. Besides, fracture morphology of joint at
optimal welding parameters was also observed. Micro-
hardness measurements in the weld were performed
using a load of 4.9 N, applied for 15 s. Measurements

properties and microstructure
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Indentation interval: 0.2 mm
Fig. 3 Schematic of dimensions of tensile samples (a) and
indentation locations used for hardness measurement (b)
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were carried out from the friction interface to the base
metal zone on the cross-sectional surface and the
indentation locations is schematically shown in Fig. 3(b).
The constant indentation interval of 0.2 mm was used in
the measurements

3 Results and discussion

3.1 Optimization of welding parameters

Table 4 shows the results of response for each
welding parameter combination in Taguchi L9
orthogonal array. It is clearly seen that the joint strength
of all joints is lower than that of the BM. Among the
experimental joints, the maximum joint efficiency is
approximately 88%, which is obtained at P;=40 MPa,
t=12 s, and P,=90 MPa. The minimum joint efficiency is
approximately 29%, which is obtained at P;=20 MPa,
t=4 s, and P, =70 MPa. It is well known that the RFW is
divided into two distinct stages: friction stage and upset
stage. As stated by LI et al [22], the plastic flow occurred
at high temperatures caused by sufficient heat at the
interface. As the rotation speed is constant, heat input
into the joints is dependent on the friction pressure and
heat time. In this study, the lowest weld strength at
Pe=20 MPa, =4 s, and P,=70 MPa can be attributed to
the insufficient friction heat input at the interface caused
by low friction pressures. Compared to the joint at P;=
20 MPa, t=4 s, and P,=70 MPa, the tensile strength of
joint at P;=20 MPa, #=12 s, and P,=110 MPa achieved
76%. This indicates that a sufficient friction time is also
important to improve the joint efficiency. A sufficient
quantity of heat could not be produced for welding at
low friction time. However, as a sufficient heat is
achieved at high friction pressure, the increasing friction
time is not desired to obtain a sound joint for aluminum
alloy owing to the occurrence of the softening of weld
zone. For example, a low joint efficiency is found
at P=60 MPa, =12 s, and P,=70 MPa. Excessive heat

Table 3 Orthogonal array for L9 with response (raw data)

Sample Py P,/ tf Joint efficiency/%

No. MPa MPa s R, R, Ry  Average
1 20 70 4 25.7  27.89 32,67 28.75
2 40 70 8 8645 8386 8227 84.20
3 60 70 12 52,19 5418 5239 5292
4 20 90 8 48.80 5339 57.17 53.12
5 40 90 12 9143 86.25 86.65 88.11
6 60 90 4 7112 7251 76.69 73.44
7 20 110 12 76.69 76.69 7331 75.56
8 40 110 4 7072 7550 71.51 72.58
9 60 110 8 87.85 90.64 83.86 8745

Ry, R, and R; represent the raw data of three duplicate trails

inputs under long heating time may coarsen the refined
grains at the interface or near region and then result in
the deterioration of joint properties. As the process
reaches the upset stage, the plastic metals are extruded
out subsequently under higher upset pressures. When
comparing the joint efficiency of joint at P=60 MPa,
t=12 s, and P,=70 MPa to that at P=20 MPa, =12 s,
and P,=110 MPa, the joint efficiency increases from 53%
to 76%. The further extrusion under suitable upset
pressure can consolidate the uniformity of thermo-
mechanical coupled region. The plastic deformation zone
will be narrowed, which can improve the joint efficiency.
3.1.1 Analysis of variance

The experimental results are transformed into
mean and S/N ratio, which are used to assess the
influence of process parameters on the response. Table 4
lists the mean and S/N ratio calculated for each
parameter at three levels. The values in the last row of
Table 4 mean rank, which help to assess which parameter
has the greatest effect on the response. The order of
importance of the welding parameters for two main
effects is: friction pressure > upset pressure> friction
time (Table 4). The greatest variations of both mean joint
efficiency and S/N ratio are observed for friction
pressure, revealing that this welding parameter has the
most important influence on the joint efficiency. Upset
pressure has a lower relevant influence and friction time
shows the lowest influence of all welding parameters.

Table 4 Main effects of welding parameters on joint efficiency
(mean and S/N ratio)

Mean/% S/N ratio
Level
Py P, te P; P, t
1 52.67 55.00 5833 3378 34.04 34.59
2 81.00 71.67 7433 38.14 36.92 3722
3 7133 7833 7233 36.89 37.85 37.00
Difference 28.33 2333 16.00 436 3.81 263
Rank 1 2 3 1 2 3

The comparison of mean effect and S/N ratios of
joint efficiency is shown in Fig. 4. In the investigated
range, the plot of upset pressure suggests an increase in
this parameter to obtain joints with a higher strength,
while the plots of friction pressure and friction time
indicate a slight reduction in the joint efficiency above
the intermediate levels. According to the analysis above,
the optimal welding parameter level combinations are the
2th level friction pressure, the 3rd level upset pressure
and the 2th level friction time.

The ANOVA is performed to investigate the
importance of each welding parameter in terms of
variance and contribution on joint efficiency. Tables 5
and 6 list the ANOVA results for joint efficiency of mean
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Fig. 4 Comparison of mean and S/N ratio of joint efficiency:
(a) P (b) Py; (©) £

and S/N ratio, respectively. Herein, the F>3.5 means that
the change of the design parameters has a significant
effect on the quality characteristic. The results indicate
that the studied welding parameters are highly significant
factors influencing the joint efficiency in the order of
friction pressure, upset pressure and friction time.
Moreover, friction pressure has the highest contribution
both in terms of mean and S/N ratio. However, the
contribution of friction time is less than that of total error
contribution, indicating that friction time contributes
least to the joint efficiency.

Table 5 ANOVA results of mean joint efficiency

Degree of Sumof  Mean Contribution/
Source F
freedom square square %

P; 2 3930 1965 23.96 39.35

P, 2 2560 1280 15.61 25.04

tr 2 1439 719.5 8.11 13.32
Error 20 1641 82.05 22.29
Total 26 9570 100.0

Table 6 ANOVA results of S/N ratio for joint efficiency

Source Degree of Sum of Mean Contribution/
freedom square square %
Py 2 23.7877 11.8939 26.47  40.67
P, 2 17.8849  8.9425 199 27.99
te 2 10.0361 5.0181 11.17 15.05
Error 20 8.9865  0.4493 16.29
Total 26 60.6953 100.0
According to the statistical analysis, the

understanding of the effects of welding parameters on the
tensile strength of CDFWed AA2024 joints can be
obtained. In this investigated experimental range, friction
pressure becomes a crucial controlled factor in the
CDFW of AA2024, which plays a dominant role in
obtaining high heat efficiency at interface. As a result,
plastic deformation occurs in a short time, accompanied
with increasing axial shortening length. In addition, a
suitable friction time is also important. In particular, too
sufficient friction time will be detrimental to improve the
joint efficiency due to the coarse grains and
strengthening phase caused by extensive heat. A higher
upset pressure can usually improve the joint efficiency,
which can be attributed to the more uniform interfacial
microstructure and narrower plastic deformation zone.
Therefore, when welding AA2024 as well as other hard
Al alloys, moderate friction pressure (40 MPa) with
higher upset pressure (90—110 MPa) is considered to be
more favorable to improve joint efficiency. Meanwhile,
friction time can be selected at the low level (4—8 s) as it
will be beneficial for minimizing the overall axial
reduction and material wastage, and improving
processing efficiency.
3.1.2 Confirmation tests

The obtained optimal parameter combination is
P=40 MPa, P,=110 MPa and #=8 s, which is not among
the original design combinations. This is related to the
multifactor nature of the Taguchi experiment design
employed. The optimum joint efficiency was predicted at
the significant levels of crucial parameters. Based on the
ANOVA and contribution analysis, the selected factors
are all significantly high. However, the contribution
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indicates that the friction pressure and upset pressure are
the crucial factors. Similar results are obtained by
LAKSHMINARAYANAN and BALASUBRAMANIAN
[23] and VIJIAN and ARUNACHALAM [24] on
optimization of process parameters using Taguchi
analysis. The optimal joint efficiency can be predicted at
the significant levels of significant parameters. Hence,
the estimated mean of the response joint efficiency can
be expressed as

A=Py+Py—M 2)

where 1 is joint efﬁciency,g is the average joint
efficiency at the second level of friction pressure, 40
MPa; E is the average joint efficiency at the third level
of upset pressure, 110 MPa; M is the average joint
efficiency of all levels of three welding parameters.

Substituting the values of various terms in Eq. (2), then,
1=81.63%+78.53%—68.46%=91.70% 3)

Three confirmation validated experiments are
conducted using the optimal parameters to verify the
improvement in joint efficiency. The friction pressure,
upset pressure and friction time are set to be 40 MPa,
110 MPa and 8 s, respectively. The average joint
efficiency of friction welded AA2024 is found to be
92.03%, which is quite close to the predicted optimal
joint efficiency.

3.2 Characterization of weld microstructure
3.2.1 Temperature measurement in weld zone

In consideration of the significant influence of high
temperature on the microstructure, the thermal cycles
during the CDFW of AA2024 at optimal welding
parameters were measured in this study. As shown in
Fig. 5, thermal cycles show that materials at different
distances from interface experience different heating and
cooling rates. A larger heating rate exists in the region
closer to interface. In this study, an initial heat rate of
(96+31) K/s is recorded at the initial distance of 2.5 mm
from the interface, which indicates that a very sharp
temperature rise is observed in the weld region owing to
the nature of process. However, as the friction time
exceeds 5 s, it is found that the slope of thermal profile at
the initial distance of 2.5 mm decreases. This may be due
to the fact that the thermal equilibrium is reached at the
friction interface. It is also found that the temperature at
the initial distance of 2.5 mm shows a rapid increase
when the process reaches the upset stage. To consolidate
the bonding, two AA2024 bars are held together under
upset pressure of 110 MPa, which is higher than friction
pressure of 40 MPa. This results in the further increase of
axial shortening from 3.5 to 4.6 mm in a short time at
upset stage. At the beginning of this stage, a modest
temperature increase from 753 to 776 K can be observed

800F  -776K o
700
é 7731
780 K L+a+S
a 600 ot grsty
= 623 4.5
cnn 0 10 20 30 40
S00 w(Cu)/%
- — Position 1, d,=0.4
400 T Position 2, d/=13 mm
Position 3, d;ZZ.R mm
— Position 4, d;=4.5 mm
300 1 1 1 1 1
0 10 20 30 40 50 60

t/s

Fig. 5 Temperature profiles at various locations from interface
during welding process

owing to the adiabatic heating from plastic deformation
work of the materials. As reported, the adiabatic heating
has a significant effect on the temperature rise under
higher strain rates. GOTEZ and SEMIATIN [25]
proposed an analytical equation to calculate the
temperature increase (A7) during deformation, which is
expressed as

AT = 0.9577j odel(pe,) “)

where # is the adiabatic correction factor,jcrdg is the
area under the uncorrected stress—strain curve, p is the
density, and c, is the specific heat capacity. The factor of
0.95 is the fraction of mechanical work transformed to
heat. The values for p and ¢, are 2700 kg/m’, and
1100 J/(kg-K) for AA2024, respectively [26]. The # has
typically been taken to vary linearly with lge [27], i.e.
n values are equal to 0.0, 0.25, 0.5, 0.75, and 1.0 for
strain rates of 0.001, 0.01, 0.1, 1, and 10, respectively.
The steady state flow stress of AA2024 is described
as [28]

1/n 2/n 12
o=t (g] + 1+(£j O]
Q) A A
where the Zener—Hollomon parameter Z is given by

Z = éexp (R_QTJ (6)

where the material parameters of ay, n, O, and In 4 are
0.016 MPa ™!, 427, 149 kJ/mol, and 19.6 s, respectively,
and R is the gas constant. In fact, the strain rate should be
known to determine the flow stress at the temperature of
753 K. As studied by GRANT et al [29], it was
reasonable to assume that the steady state strain rate
could reach the magnitude from 107" to 10's".
Therefore, according to Egs. (4) to (6), the calculated
change in temperature is 10—-24 K, indicating a good
agreement between the analytical and observed values.
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Thus, it is reasonable to presume that the temperature
increase at the beginning of upset stage is due to plastic
deformation work. In addition, the cooling rates at four
distances are calculated as nearly 105, 50, 36 and 30 K/s
in 3 s of cooling time, which shows that the cooling rate
decreases with the increase in distance from the friction
interface. At the end of friction stage, the interface
materials cool very rapidly due to the flash formation and
heat dissipation into the surrounding materials.

The measured peak temperatures at the different
measured locations are listed in Table 7. Temperature at
initial distance of 2.5 mm from interface shows the
highest temperature. It can be inferred that the peak
temperature and cooling rate may be little higher in the
friction interface region. The interface temperature
cannot be measured directly by thermocouples because
of the severe plastic deformation at the friction interface.
However, the peak temperature at the friction interface is
calculated approximately by heat transfer analytical
methods. As reported in Ref. [30], based on a
one-dimensional transient-heat-conduction analysis, the
temperature at different distances (d.) from interface
as a function of time (¢) is

2
t PCpasial
T(daxiahtf):TO_"ZQf ,kpz nexp[— p4ka:a
P

s daxial 1—erf daxial P CP (7)
k 2 N\ K

where Ty, ¢y, k, and erf are respectively the room
temperature, average heat input, thermal conductivity,
and error function. Here, k is 188 W/(m'K) for AA2024.
The average heat input in the CDFW as reported by LI
et al [22] is expressed as

2
g = HBwor @®)

where u, Py, w and r are the average friction coefficient,
normal pressure, angle velocity and radius of bar,
respectively. Herein, the average friction coefficient of
0.12 is used according to the Ref. [31]. The values for
Py, @ and r are 40 MPa, 230 r/s and 6 mm, respectively.
To ensure the accuracy of Eq. (7), initially, the
temperature calculated by Eq. (7) at four different
distances are compared with the measured results from
the thermocouples. The results show a good agreement
between the analytical and measured values. On this
basis, interfacial temperature at the d,;»=0 after friction
time of 8 s is estimated to be 769 K. Owing to the
temperature rise of 10—-24 K caused by plastic
deformation, the peak temperature at the interface can be
estimated as 779—794 K, which is very close to or even
higher than the ternary eutectic temperature 780 K of
Al—Cu phase diagram [32].

Table 7 Peak temperature at different distances from friction

interface

Initial (final) distance =~ Measured peak Calculated peak
from interface/mm temperature/K temperature/K

7(5.5) 652+11 658

5(3.5) 698+5 687

3(1.6) 755+8 720

2.5(0.1) 776+4 725

0 Tin>776 779-794

Tine represents the interface temperature

3.2.2 Microstructures in weld zone

The typical joint appearance of CDFWed joint of
AA2024 at P=40 MPa, =8 s and P,=110 MPa is shown
in Fig. 6. It is seen that the cracking phenomenon
occurred in the flash, which is attributed to that the low
ductility materials are extruded out rapidly under upset
pressure. Although the crack may propagate to the flash
root, no crack phenomenon is observed at the friction
interface. As shown in Fig. 6(b), the cross-section of
joint exhibits  different
characteristic zones as well as that of joints for other Al

clearly microstructural

Interface

2 mm

Fig. 6 Typical appearance of friction welded AA2024 joint:
(a) Joint; (b) Cross-section
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alloys [9-11]: friction interface zone (FIZ), thermo-
mechanically affected zone (TMAZ), and heat affected
zone (HAZ). Due to the high thermal conductivity of Al
alloys, the areas of plastic deformation zone and HAZ
are wider than those of joint of other metals [33]. In
addition, it is also found that the asymmetric flash is
exhibited at both sides of friction interface, which
indicates that two Al alloy bars experience different
thermomechanical conditions during CDFW.

The typical microstructures in different weld zones
are shown in Fig. 7. The coupled influences of high
temperature and severe plastic deformation result in the
recrystallization, which causes a significant grain
refinement in the FIZ (Fig. 7(a)). It is seen that the
matrix grain in the FIZ is equiaxed and refined as shown
in Fig. 7(a). The particles disperse more evenly along

Refined
grains

Dispersed
particles

grain boundaries compared with those in the base metal
(BM). As a result, the joint efficiency of interface has
been improved owing to the grain refining and the
second phase strengthening. In TMAZ, some fine grains
are observed while most of them retain the size and
morphology as those in BM. This shows that the grain
refinement is limited in TMAZ due to the insufficient
recrystallization caused by relatively low temperature.
The matrix grains in TMAZ are deformed severely under
the effects of the plastic flow. Figures 7(c, d, e) clearly
show the direction of plastic deformation in the different
regions of TMAZ. A large number of flow lines form in
TMAZ, which are caused by the rearrangement of
strengthening particles. In addition, the matrix grains in
HAZ are coarsened slightly owing to the thermal
influence.

Deformed
grains

Fig. 7 Typical microstructures in different zones of joint: (a) WZ center; (b) TMAZ center; (c) Flow line at center of TMAZ; (d) Flow
line at 1/2 radius of TMAZ; (e) Flow line at periphery of TMAZ; (F) HAZ
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The precipitated particles play a predominant role in
improving mechanical properties of joint for hard
aluminum alloys [34]. Figure 8 shows the SEM images
of FIZ, TMAZ and HAZ. As presented in Figs. 8(a, b, ¢),
the precipitated particles show three different
microstructural morphologies: ultra-fine  dispersed
particles in FIZ, elongated and coarsened particles in
TMAZ and round particles in HAZ. Compared to BM,
the ultra-fine particles indicate that the dissolution and
re-precipitation of strengthening phases occur at the
friction interface. As proved previously, the
microstructure in FIZ undergoes the peak temperature
higher than 776 K, which is close to or even high than
the ternary eutectoid temperature. Moreover, the actual
ternary temperature at non-equilibrium process may be
lower than 780 K because the materials in FIZ undergo
the high interface stress driving from external force [35].
As a result, the combined effects of high temperature and
plastic flow during process result in the dissolution of
the original precipitates: §—a(Al). At the end of friction

Fig. 8 SEM images of joint in different zones: (a) FIZ;
(b) TMAZ; (c) HAZ

stage, the following reaction process may occur: 6—
a(Al) + L in the local region of FIZ, accompanied by the
ternary invariant reaction for AlI-Cu—Mg: L—a(Al)+6+S.
The results of EDS analysis identify the precipitates as
AlLCu (0) and Al,CuMg (S), as listed in Table 8. TMAZ
adjacent to the friction interface undergoes the relatively
high temperature, which is lower than that in FIZ.
According to the temperature analysis above, the
temperature range in TMAZ was estimated as
673—743 K. As pointed by yellow circle in Fig. 8(b),
only a few particles may experience the process of
dissolution and re-precipitation with high temperature
and plastic flow. However, plenty of particles in TMAZ
retain their original morphology and size in BM owing to
the existing temperature gradient from FIZ to TMAZ.
Under the effect of high strain rate plastic flow, these
precipitates are elongated along the direction of plastic
flow. Besides, as proved by EDS results in Table 8, there
is (Fe,Mn)Al; or (Mn,Fe)Alys phases in TMAZ, which
can reduce the ductility of aluminum alloy [36,37]. In
contrast, there is minimal dissolution of the precipitates
in HAZ during welding. It is seen that the precipitation is
coarse as well as that in BM, as presented in Fig. 8(c).
Processing temperature of HAZ is estimated in the range
of 543—-663 K, which is close to the dissolution or
coarsening temperature of precipitates [38].

Table 8 EDS analysis results at different positions in Fig. 8

Position Content/at.%

Possible phase
No. Al Cu Mg Fe Mn
1 61.82 2425 139 - - S+6
2 64.15 2172 14.11 - - S+0
3 78.80 14.78 6.42 - - S+6
4 8021 8.96 - 7.05 3.75 6+(FeMn)Alys
5 68.51 2372 - 6.10 1.67 6+(Fe,Mn)Alys,
6 67.66 3234 - - - 0
7 75.53 21.25 422 - - 0

3.2.3 Microhardness measurement

Microhardness usually reflects the localized
resistance to plastic deformation of microstructure,
which is mainly affected by the refined grain
strengthening and second phase strengthening [30].
Figure 9 shows the micro-hardness distribution at the
cross-section of optimal joint. The value of
microhardness in the weld is in the range of HV (121+£3)
to (149+2). No softening region is presented in the
CDFWed joint at optimal welding parameters. The
microhardness in the weld exhibited obvious asymmetric
distribution, which indicates that two bars experienced
different thermomechanical conditions.
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Fig. 9 Microhardness distribution of welded joint at optimal
welding parameters

The maximum microhardness appears in the region
of TMAZ. With the increase of distance from interface,
microhardness first increases from FIZ microhardness of
HV (13844) to the maximum of HV (149+2) in TMAZ,
and then gradually reaches the BM hardness value of
HV (1214£3). It is also seen that the microhardness along
the friction interface is non-uniform, which shows a
relatively low value at the center of interface. This can be
attributed to the non-uniformity of microhardness due to
the distribution of temperature and plastic deformation.
As investigated numerically by HYNES et al [33], the
dynamic recrystallization of microstructure at the radius
area was more sufficient than that at the center area.
In addition, the maximum heat generation is produced at

somewhere between (1/2)R and (2/3)R due to the uneven
distributed friction pressure [34]. It is reasonable that the
higher friction heating with severe plastic deformation at
the radius area results in the larger grain refinement
effect.

The higher microhardness in FIZ compared with
that in BM can be attributed to the combined effects of
grain refinement and precipitated particles. Although the
size of re-precipitated strengthening particles in FIZ is
smaller compared with that in TMAZ, the volume
fraction of strengthening phases is reduced extensively
due to the high cooling rate in FIZ. Besides, the
maximum microhardness appearing in TMAZ can be
related to the presence of refined grains and work
hardening effects of plastic deformation. The
microhardness in HAZ is slightly higher than that in BM.
This may be related to the re-precipitation of
strengthening phases, because the cooling rates are
relatively low in HAZ.

3.2.4 Fracture surface

The tensile strength of joint at optimal welding
parameters reaches 92% of that of BM. After tensile
testing, the fractured position of tensile specimen is
shown in Fig. 10. The fractured position is presented in
FIZ and TMAZ. Most of fractured areas distribute in
TMAZ, indicating weak bonding strength in the TMAZ
compared with BM and FIZ. This may be attributed to
the fact that TMAZ experiences high temperatures for
causing coarsening of original strengthening phases or
precipitating of any brittle phases. Figure 11 shows the

Fig. 10 OM images of fractured position of joint at optimal welding parameters after tensile testing
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Fig. 11 SEM images of fracture surface of joint at optimal welding parameters

SEM images of fracture surface of joint at optimal
welding parameters. It can be observed from the fracture
pattern direction in Fig. 11(a) that the crack initiates from
the center of TMAZ. Figures 11(b), (c) and (d) show the
surface morphologies in different regions of fractured
surface, respectively. As is seen, there are a lot of
dimples with various depths and sizes. This phenomenon
shows that the ductile fracture is the predominant facture
mode. Comparing the dimple size with that in other
regions, it is found that the number of dimples increases
as the dimple size decreases with fine grain. The position
of strengthening phases can be the sites of crack
nucleation as proved by the EDS results. As shown in
Fig. 11(c), the trans-granular cracks originate from the
brittle particle, which are in the internal region of dimple.
The results of EDS indicated that the possible brittle
phase may be the (Fe,Mn)Al; phase, which usually
deteriorates the joint ductile.

4 Conclusions

(1) A sound joint of AA2024 is obtained using
CDFW, with the highest joint efficiency of 92% at
optimal welding parameters. Friction pressure is the most
significant factor affecting the tensile strength of
CDFWed joints of AA2024. Combination of moderate
friction pressure (40 MPa), less friction time (4—8 s) and
higher upset pressure (90—110 MPa) is recommended for
CDFW of 12 mm-diameter bars of AA2024.

(2) Peak temperature at the friction interface is

estimated in the range of 779-794 K using a one-
dimensional-heat-conduction analysis. The temperature
increase at the beginning of upset stage is estimated as
9-24 K, which is due to the plastic deformation work,
accompanied with the sharp increase of axial shortening
length.

(3) Owing to the sufficient dynamic
recrystallization, refined grains are observed in FIZ. The
grain refinement is limited in the thermo-mechanically
affected zone, where most of matrix grains are deformed
severely. The obvious flow lines are observed in TMAZ
due to the rearrangement of strengthening phases.

(4) The presence of refined grains and work
hardening effects of plastic deformation result in the
maximum microhardness in TMAZ. The extensive
dissolution and limited re-precipitation of strengthening
phases make the microhardness in FIZ lower than
TMAZ, but higher than the BM. Plenty of dimples
distributed on the fracture surface prove a predominantly
ductile fracture mode.
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