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Investigation of the fatigue response of friction stir-welded (FSWed) joints is especially important in the
design and manufacturing of components with exposure to cyclic loading. In this study, cyclic response of
FSWed pure copper joints is investigated in the low-cycle fatigue regime. Microstructural characterizations
revealed that FSW introduced a severely deformed microstructure in the nugget zone (NZ). Fatigue re-
sponse was determined at a strain ratio of 0.1 by varying the total strain amplitude from 0.1 to 0.6%. Cyclic
softening was observed for the low strain amplitude of 0.1%, whereas hardening was detected at higher
strain amplitudes. The hysteresis loops demonstrated symmetricity along with noticeable linear behavior
after the reversals. Typical fractures occurred in the heat affected zone (HAZ) rather than the NZ or the
base metal due to grain coarsening of the HAZ. Improved cyclic properties of the NZ along with
stable behavior up to 1000 cycles at a total strain amplitude of 0.3% were attributed to its fine and
homogeneous microstructure. Moreover, fracture surface analysis demonstrated a ductile behavior rep-
resented by dimples in the sample strained at 0.1% in contrast with a brittle fracture surface of the sample

fatigued at 0.5% strain amplitude.

Keywords cyclic response, fracture, friction stir welding,
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1. Introduction

As a tough, malleable, and ductile metal along with its good
conductivity of heat and electricity, pure copper has been
widely used for manufacturing various devices including
integrated circuit boards, power transmission lines, and electric
motors (Ref 1). On the other hand, recently, multiple applica-
tions in evaporators and heating coils push forward progressing
the welding of pure copper (Ref 1, 2). Furthermore, diffusion of
oxygen at high welding temperature throughout fusion welding
significantly deteriorates the desired mechanical properties of
copper joints (Ref 3, 4). Friction stir welding (FSW), as a solid-
state joining approach, has been employed to eliminate the
negative effects of conventional welding methods and enhance
the strength of the joints (Ref 5-7). During FSW, the frictional
heat generated from the bottom surface of the shoulder and pin
increases the temperature of material below the melting
temperature. Besides, plastic deformation by stirring the
material around the pin leads to the formation of joints (Ref
8-10). From the microstructural perspective, decreasing the
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volume fraction of porosities, elimination of cracks, and
segregations has made FSW an appropriate selection for joining
copper as well as light alloys such as magnesium and aluminum
alloys (Ref 11-18).

The effect of FSW parameters such as traverse and
rotational speed, plunge depth, and dimensions of the tool on
the microstructure and mechanical behavior of copper joints
under static loading has been previously reported in the
literature (Ref 19, 20). Primary works discovered that the
welding heat input for copper is higher than that of aluminum
alloys (Ref 21), while further works were able to recognize the
range of welding parameters for obtaining defect-free joints
(Ref 22). For instance, Salahi et al. (Ref 23) studied the
potential welding envelope for copper joints, distinguishing the
impact of different welding parameters and reported elevated
hardness values in the NZ due to the significant grain
refinement. Although finer microstructure can be reached in
the NZ by decreasing the heat input, the risk of defect
formation increases (Ref 24, 25). Using response surface
methodology, a comprehensive work was also performed to
find the parameter range maximizing the tensile strength of
pure copper joints (Ref 26).

Concerning the mechanical properties of joints under cyclic
loading, few studies can be found on the fatigue behavior of
FSWed aluminum alloys and its composites in the high-cycle
fatigue (HCF) regime (Ref 27, 28). Hrishikesh et al. (Ref 28)
reported that the HCF behavior of FSWed A16061 at different
stress ratios is mainly related to the welding parameters and
microstructure of various FSW regions. While the HCF regime
is mainly controlled by the level of stress, the low-cycle fatigue
(LCF) is governed by the ductility which is highly sensitive to
the process parameters affecting the microstructure (Ref 29).
An attempt to investigate the LCF properties of AZ91D
magnesium alloy was performed using the Basquin and Coffin—
Manson equations (Ref 30). In the case of pure copper, LCF
investigations have mainly emphasized the microstructure
evolution of samples (Ref 31-33). Cyclic softening was
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reported in severely deformed copper at high strain ranges due
to a remarkable decrease in the dislocation density making it
easier for dislocations to move during cyclic deformation (Ref
34). Systematic investigations in the past decade have revealed
the dislocation evolution mechanism during LCF of pure
copper. The process may involve the formation of loop patches,
persistent slip bands (PSBs), cells, and finally misoriented cells
(Ref 35-38).

Although few studies could be found on the LCF behavior
of FSWed aluminum and magnesium joints (Ref 30, 39), there
has been a lack of effort devoted to investigating the subject of
FSWed copper joints. Importance of the cyclic deformation
characteristics of joints as well as the absence of fatigue studies
in the field of FSWed copper joints motivated the authors to
investigate the subject. The current experimental study is
conducted to exhibit the ambient LCF properties, and the
mechanical behavior is discussed in light of cyclic hardening
with changing strain amplitudes.

2. Experimental Procedure

2.1 Joint Fabrication and Microstructural Characterizations

Commercial purity copper plates with the nominal compo-
sition, shown in Table 1, and the dimensions of 150 mm x 100
mm x 4 mm were exposed to FSW with a tool rotational speed
of 600 rpm and traverse speed of 45 mm/min utilizing a vertical
CNC milling system. The schematic of the welding process
used in the present study is demonstrated in Fig. 1. To reach a
uniform structure with desirable hardening, copper plates were
annealed in the furnace at 700 °C for 1 hour before FSW (Ref
23, 40). A high carbon steel cylindrical threaded tool was used
with the shoulder diameter of 12 mm and the pin diameter and
length of 5 and 3.6 mm, respectively. The FSW process was
performed by controlling the plunge depth to be 0.3 mm with a
tilt angle of 3°.

The samples for microstructural analysis were cut from the
cross section of the joints perpendicular to the traverse
direction. Specimens for optical microscopy (OM) were
prepared by grinding, polishing, and etching by utilizing a
mixture of distilled water, nitric acid, and acetic acid (7,2,1).
OM and scanning electron microscopy (SEM) were employed
to characterize the microstructural evolution and fracture
surfaces, respectively.

2.2 Mechanical Characterization

Vickers microhardness tests with 1000 gf load were applied
for determining the hardness on the cross-sectional area.
Hardness profiles for the joint were prepared along the mid-
thickness of the plate at an interval of 0.5 mm. Hardness
measurements were used to quantify the cyclic behavior which

can also be quantified by a non-dimensional parameter, 42 =

Welded Zone

Fig. 1 Schematic of the FSW process including the geometry of
tensile (7) and fatigue (F) samples

(Hl;iH’) where H; and Hy represent the hardness of the material
before and after LCF testing (Ref 34).

Tensile tests were done at room temperature employing an
Instron mechanical testing frame under a constant strain rate of
0.05 s~'. Dog-bone-shaped tensile specimens with a gage
length of 15 mm and width of 3 mm as well as fatigue samples
with a gauge length of 12 mm and width of 3 mm were electro-
discharged machined from the welded plates, as illustrated in
Fig. 1. The specimens were ground to achieve a smooth surface
finish.

Following a similar method as those for the tensile tests,
fatigue specimens were machined perpendicular to the welding
direction. Total strain-controlled experiments were conducted
with the strain ratio of R =— 1 and at the frequency of 0.1 Hz.
A sinusoidal waveform was employed at a strain amplitude
range of 0.1 to 0.6%.

3. Results and Discussion

3.1 Microstructure and Monotonic Properties

The schematic of a cap-like welding zone after FSW is
shown in Fig. 2(a). Four recognizable zones can be identified in
the microstructure of FSWed pure copper (Fig. 2b-¢), i.e., the
NZ with severely deformed and nearly equiaxed grain structure,
the thermo-mechanically affected zone (TMAZ) with elongated
grains along the flow line, the heat affected zone (HAZ) with
slightly larger grains and the BM (Ref 21, 41).

The microhardness profile throughout the cross section of
the welded sample is illustrated in Fig. 3. The average
microhardness of the BM was measured to be 102 HV after
at least three tests from different zones with a standard
deviation lower than 3%. The hardness of the weld zone is
lower than the BM which is in agreement with previous results
mentioning aluminum alloys and pure copper (Ref 41, 42). The

H competition between thermal exposure and grain refinement in
Table 1 Chemical composition of pure copper
B, % Sb, % Zn, % Mn, % Al, % Fe, % Ni, % Al, % Si, % Cu, %
0.002 0.001 0.041 0.006 0.006 0.006 0.08 0.006 0.007 Balance
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Fig. 2 (a) Cap-like welding zone in the pure copper microstructure demonstrating (b) the NZ (c) the TMAZ, (d) the HAZ, and (e) the BM
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Fig. 3 Graph representing the average microhardness of the base
metal along with the microhardness distribution across the weld line

NZ can affect the hardness of the joint. On the one hand, the
occurrence of grain refinement is supposed to enhance the
strength and hardness of NZ. On the other hand, high heat input
during FSW deteriorates the hardness of the joint. In the present
study, the softening stemmed from thermal exposure could not
be completely compensated by the obtained level of grain
refinement. Also, the lowest hardness is observed in the HAZ
as related to the growth of a coarse-grained microstructure,
exposed to excessive heat input.

Tensile properties of the BM and the FSW joint samples are
illustrated in Table 2. The ultimate tensile strength values of
joint samples are almost the same as the BM samples which can
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be attributed to the microstructural refinement during the
process (Ref 43). Lower elongation of the joints can be
attributed to the higher density of defects, e.g., dislocations,
porosities and grain boundaries introduced during severe plastic
deformation (Ref 44). These microstructural defects are sources
for the initiation of cracks consequently causing a reduction in
the ductility. Despite lower elongation, the joints show higher
yield strength values in comparison with the BM. These
observations can be supported by other works on FSWed
copper (Ref 26, 43).

3.2 Cyclic deformation response

The stress and plastic strain amplitudes versus the number of
cycles at different total strain amplitudes are demonstrated in
Fig. 4a and b. It is obvious that by increasing the total strain
amplitude, fatigue life decreases, while the stress amplitude
increases. High strain amplitude promotes fatigue crack
initiation and propagation causing an earlier fracture at
relatively lower cycle numbers (Ref 45, 46). At the strain
amplitude of 0.1%, the stress amplitude started to decrease
significantly in cycles higher than 1000 indicating a cyclic
softening. Cyclic softening was also reported at low strain
amplitudes for severely deformed pure copper (Ref 34). It was
mentioned that cyclic softening is due to the interactions
between existent dislocations and introduced dislocations
during cyclic loading. Softening was triggered principally by
a reduction in the defect density in severely deformed copper
and variations in boundary misorientation. It was also stated
that cyclic softening in UFG copper can be due to the
annihilation of dislocations with opposite signs and/or grain
coarsening during cyclic loading (Ref 47, 48). Decrease in the
dislocation density of subgrains or cell interiors can lead to
distinct cyclic softening during LCF testing.
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Table 2 Tensile properties of the base metal and FSW joint at a strain rate of 0.05 st

Sample YS, MPa UTS, MPa Elongation, % E, GPa n K, MPa
Base Metal 86 £ 5 213 £ 8 48 + 0.9 130 £ 2 0.42 £ 0.02 510+ 3
FSW joint 104 + 3 218 £ 3 46 + 1.2 134 £ 3 0.41 £ 0.02 506 + 3
0.7
PN 0.1% —p—
¥ % 0.2% _o—
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Fig. 4 (a) The stress and (b) plastic strain amplitudes versus the number of cycles at various total strain amplitudes for the FSW joint samples

At intermediate strain amplitudes of 0.2% and 0.3%,
dominant hardening was observed following the stress plateau
region. At an early stage, FSW joints showed a remarkable
increase in the stress amplitude along with a gradual decrease
in the plastic strain amplitude at high strain amplitudes of 0.5%
and 0.6%. Comparing the current results with previous
literature for pure copper, it is implied that the FSW process
has a slight effect on the cyclic deformation behavior of pure
copper joints (Ref 29, 34, 35). However, Huang et al. (Ref 35)
observed the hardening effect at the total strain amplitudes of
0.1, 0.2, and 0.3% in the mid-life cycle for coarse-grained pure
copper. Also, the hardening effect was observed for the strain
amplitudes ranging from 0.2 to 0.6% in the current study. At a
strain amplitude of 0.1%, a slight decrease in plastic strain
amplitude is obvious after 1000 cycles. The same trend is
evident for strain amplitudes of 0.2 and 0.3%. With the increase
in strain amplitude to 0.4%, plastic strain amplitude begins to
decrease at the early cycles of 10 and the same trend is
recorded for the sample failure. A gradual decrease in plastic
strain amplitude in relatively high strain amplitudes can be
attributed to the decrease in the corresponding stress values,
significantly influencing the strain values (Ref 23). Further-
more, as represented in Fig. 4, a ductile to brittle transition can
be observed above the strain amplitude of 0.4%. Also, the
respective damage mechanisms are addressed in Section 3.5. At
the highest strain amplitude of 0.6%, an abrupt reduction in
plastic strain amplitude is observed at early cycles which can be
imputed to the sudden failure of the sample at the early stages
of cycling (Ref 23).

Cyclic deformation response, quantified by a relative
hardening/softening value of AH/H;, is exhibited according
to the number of reversals to failure in Fig. 5. Starting from 200
cycles, a gradual increase in hardening can be observed up to
about 20000 cycles. A higher number of cycles to failure leads
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Fig. 5 Relative hardening (AH/H;) versus reversals to failure for
the FSW joint samples

to abrupt softening. The degree of softening for a high number
of reversals to failure (low strain amplitude 0.1%) has a striking
resemblance to the previous works on cold-rolled and annealed
pure copper samples (Ref 34, 49). In these studies, the concept
of never truly saturation (stress flowing) was described along
with the occurrence of softening at the beginning of cyclic
deformation due to low total strain amplitude (Ref 49, 50).
The cyclic behavior of pure copper at low strain amplitudes
could be interpreted by the threshold stress corresponding to a
certain strain amplitude below which the dislocation motion is
not effective enough to re-organize the original substructure.
(Ref 51). However, at high strain amplitudes the movement of
dislocations is adequate to produce sustainable deformation and
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hence could explain the relative hardening observed at a low
number of reversals to failure (high total strain amplitude). The
study of Vinogradov et al. (Ref 52) also claimed that severely
deformed copper would present a lack of cyclic softening, but
rather a relative hardening.

3.3 Hysteresis Behavior

The effect of cyclic loading on the mechanical properties of
the joints was investigated using the hysteresis loops for the
mid-life cycles of the BM and FSW joints at the constant strain
amplitude of 0.2% are shown in Fig. 6. Hysteresis loops of the
joints are comparatively larger, change in a wider range, and
therefore present higher stress range for the FSW counterpart in
the same strain amplitude. A relative concavity is seen for both
samples (BM and FSW) in both ascending and descending
phases. Small amount of linear loading and unloading portions
were observed after the reversals followed by a major nonlinear
response. The nonlinear features in the hysteresis loops have
been attributed to the effect of deformation twinning in
magnesium and aluminum alloys (Ref 39, 53). Although
twinning is not common for coarse-grained pure copper, the
severely deformed microstructure could be responsible for the
activation of unexpected deformation modes (Ref 38). It is
expected that the effect of inhomogeneous microstructure on
the mechanical properties would accelerate the operation of
new slip modes.

Figure 7 illustrates the hysteresis loops for the FSW joints at
various total strain amplitudes, ranging from 0.1 to 0.6%.
Starting from 0.1%, the cyclic response displays a hysteresis
behavior. Approximately symmetrical and clockwise-rotation
hysteresis loops are detected at high strain amplitudes of 0.3,
0.4, 0.5, and 0.6%. Similar hysteresis characteristics were
formerly observed in ECAE processed pure copper (Ref 29).
The area of a hysteresis loop indicates energy dissipation and
loss per cycle (Ref 54). Accordingly, the area of hysteresis
increases with a rise in strain amplitude, attesting considerable
energy dissipation per cycle as connected to more severe
dislocation activity, plastic deformation, and eventually causing
crack nucleation (Ref 55).
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Fig. 6 Hysteresis behavior for the mid-life cycles of the BM and
FSW joint samples at the constant strain amplitude of 0.2%
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Fig. 7 Hysteresis behavior for the FSW joint samples at various
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Table 3 Strain-controlled fatigue parameters for the BM

and FSW joint

LCF parameters FSW joint BM
Cyclic strain hardening exponent, n’ 0.57 0.53
Coefficient of cyclic strength, K’, MPa 802 821
Coefficient of fatigue strength, a} , MPa 645 573
Fatigue strength exponent, b —0.32 —0.24
Fatigue ductility coefficient, &, % 0.1458 —0.18
Fatigue ductility exponent, ¢ — 041 — 0.45

3.4 Fatigue life and fatigue parameters

Using the Basquin and Coffin-Manson relationships (Ref
30, 53, 56), it can be inferred that the total strain amplitude
consists of elastic and plastic amplitude regions which can be
expressed by the following equations:

Ao, As,  As, o/ (2Ny)
2 2 2 E

+ sf(2Nf)C (Eq 1)
where E is the elastic modulus, Ny, a}-, and b are the number of
cycles to failure, fatigue strength coefficient, and fatigue
strength exponent, respectively. Also, %‘j/ and c represent the
fatigue ductility coefficient and the fatigue ductility exponent,
respectively. The elastic strain amplitude is attributed to the
Basquin’s equation and the plastic strain component is inter-
preted by the Coffin—Manson relation, where the strain
amplitude values are derived from the mid-life cycles.

Generally, it is assumed that only plastic strain would have a
significant role in the softening/hardening behavior of fine-
grained materials (Ref 30). Thus, the cyclic stress-strain
response can be explained by the following equation (Ref 53,
56):

A_:K<A_>

2 2 (Eq 2)
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Fig. 8 Cellular substructure with embedded veins in the HAZ after
fatigue loading at 0.1% strain amplitude

where K’ is the cyclic strength coefficient, ' is the cyclic strain
hardening exponent, Ag/2 and Ae,/2 are the stress amplitude
and plastic strain amplitude of the mid-life cycles, respectively.
The expected fatigue life parameters are summarized in Table 3,
and the monotonic strain hardening exponent (n) can be
compared with the cyclic hardening component (n’) obtained at
the same strain rate of 0.05 s'. Accordingly, the cyclic
hardening exponent value is higher than the former, indicating
significant hardening in loading with reversals as compared to
that in monotonic straining. The cyclic strength coefficient K’ is
nearly the same for the FSW joint samples and the BM samples
while the values for fatigue strength and ductility coefficients
(0'} and 8}) are higher for the former indicating higher cyclic
strength and ductility. It should also be noted that these findings
are representative of the joint samples fabricated by the specific
processing parameter set used herein.

3.5 Fracture Behavior

Fracture surfaces of the fatigued samples were analyzed
using OM and SEM. The FSW joints were mostly inclined to
fracture in the HAZ rather than the NZ. The failure location is
related to grain coarsening and microstructural instabilities in
the HAZ (Ref 29, 57). Fine and homogeneous grains in the NZ
have led to high tensile strength and improved fatigue behavior
transferring the fracture location to a more vulnerable, unsta-
ble region in the HAZ. Fig. 8 shows the resulting microstruc-
ture of HAZ after testing at the low strain amplitude of 0.1%.
The HAZ microstructure has relatively equiaxed grains with
observable misorientations between them. It is suggested that
the formation of secondary slip bands, indicated by white
arrows, could activate new slip systems (Ref 35). It is also
reported that at low strain amplitudes, insufficient plastic strain
may results in the formation of a cellular substructure with
embedded veins (Ref 35, 58).

Fracture surfaces of the FSW joints were also studied after
fatigue loading to help recognize the failure mechanisms by
identifying cracked zones along with the regions of crack
initiation and propagation. Fig. 9 shows the fracture surfaces
for sample fatigued at strain amplitudes of 0.5% and 0.1%. The
fracture surface was generally flat, and no inclined zone was
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observed in the fracture area after fatigue at the strain amplitude
of 0.5% (Fig. 9a-c). Crack initiation and propagation were
observed from multiple origins and along various routes,
respectively, as pointed on the fracture surface of the sample
strained at the amplitude of 0.5% (Fig. 9a and b). It is proposed
that final separation occurs when multiple cracks merge along
the weakest path (Ref 53). As the cracks mostly initiated from
the surface of the samples, this observation can be imputed to
the cyclic slip irreversibility (Ref 59). During cyclic deforma-
tion, few dislocations may arrive at the free surface of the
sample, but they do not return back to the sample for reverse
loading. This causes the formation of defects near the surface of
the component and eventually leads to the initiation of fatigue
cracks. For the aforementioned sample, relatively large cracks
were found within the fracture zone (Fig. 9b and c).

Crack initiation zones are also apparent in the sample
strained at the low strain amplitude of 0.1% (Fig. 9¢). On the
other hand, more dimples are observed in this sample (Fig. 9f)
indicating a relatively more ductile fracture behavior. It is stated
that at low strain amplitudes, a step is formed during fracture by
the collision of two fatigue cracks. This characterizes the
overload detachment by the clash of the two cracks propagated
at different planes (Ref 60). Total fatigue life can be calculated
from the total number of cycles for crack initiation and
propagation. With rise in the strain amplitude, both crack
initiation and propagation lives would be degraded causing a
sharp decrease in the total fatigue life. It is also worth noting
that in the LCF regime, crack propagation dominates the total
fatigue life; as such resistance to fatigue crack growth is known
to be inferior in UFG materials containing high density of
defects (Ref 61, 62).

4, Conclusions

Cyclic deformation characteristics, fatigue life, fatigue
parameters, and fracture behavior of pure copper joints
fabricated by FSW were investigated in the strain-controlled
regime along with monotonic loading response and hardness
properties. The following conclusions can be drawn:

1. Defect-free joints of pure copper were achieved using
FSW producing a nugget zone with nearly equiaxed
microstructure as a result of the severe plastic deforma-
tion. The FSW joints showed relatively high yield
strength with about 20% improvement over the BM and
uniform elongation exceeding 25%.

2. For the employed set of FSW parameters, at the low
strain amplitude of 0.1%, softening occurred while cyclic
hardening was detected at higher strain amplitudes. By
increasing the total strain amplitude, the plastic strain
amplitude begins to decrease at high number of cycles,
and the stress amplitude increases.

3. The cyclic hardening exponent value (r') is higher for the
FSW joint relative to the BM, indicating significant hard-
ening in loading with reversals as compared to that in
monotonic straining. The values for fatigue strength and
ductility coefficients (¢ and &}) are higher for the joint
samples manufactured by the utilized FSW parameters
indicating higher cyclic strength and ductility for the
FSW joint.
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with different magnifications
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