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A B S T R A C T   

The feasibility of welding a CuAlBe SMA by continuous drive friction welding was evaluated. The metallurgical 
state (annealed/quenched) before welding and frictional pressure (5 and 10 MPa) were varied and their effects 
on joint quality were analyzed. Static tensile tests, microhardness, thermal analysis by DSC, and optical mi
croscopy were carried out to characterize the welded joint. The results indicated joints of excellent thermo
mechanical quality. The welding zones are well-defined, narrow, and have a very refined microstructure 
compared to the base metal. The phase transition temperatures along the welded assemblies were not changed 
when welding was performed on the quenched samples, except in the welding zone of the sample welded with 10 
MPa. Maximum tensile strength was obtained by using maximum friction pressure during welding of the 
annealed alloy (quenching after welding). To fill the gap in bibliographical research in this field of study, this 
work innovatively presents the possibility of welding Cu-based SMAs by rotary friction, including the welding of 
quenched parts without the need for subsequent heat treatments and without compromising the shape memory 
effect.   

Introduction 

The industrial production of mechanical components may require 
welding at some manufacturing stage. Complex geometries such as 
turbine blades can be obtained by welding (Li et al., 2016), avoiding 
complex and costly machining operations. Welding techniques that 
produce the union through forming a molten pool, such as TIG, MIG/
MAG, laser (Oliveira et al., 2018), etc., generally produce defects 
characteristic of metal solidification. These defects include porosity, 
oxide inclusions, and hot cracks to large distortions caused by residual 
stresses (Oliveira et al., 2017). Furthermore, the highly localized heat 
input produces large thermally affected zones, which, depending on the 
type of material, can produce major microstructural changes and me
chanically compromise the joint. 

When high reliability of the welded joint is required with minimal 
microstructural changes, whether in the welding zone (WZ) or in the 
thermally affected zone (TAZ), the use of rotary friction welding (RFW) 
may be an option (Li et al., 2016; Vairis et al., 2016; Shinoda et al., 
1992). Easy to automate, its variants allow welding in the solid state and 
can be adapted for welding a wide range of dimensions and materials. 
The presence of a narrow WZ is one of the main advantages of this 

technique. (Vairis et al., 2016; Fukumoto et al., 2010; Ramesh Kumar 
et al., 2023; Rehman et al., 2021a, 2021b; Vyas et al., 2022; Preuss et al., 
2004; Taheri et al., 2019; Damodaram et al., 2013; Zhang et al., 2022; 
Turner et al., 2012; Karadge et al., 2008). However, the choice of 
appropriate process parameters for each type of material, such as rota
tion, friction pressure, forging pressure, welding time, etc., is extremely 
important (Li et al., 2016; Vairis et al., 2016; Shinoda et al., 1992; Uday 
et al., 2010; Shinoda et al., 1999). 

RFW can be divided into two variants: continuous drive (CDFW) and 
inertial variant (IFW). In CDFW, the thermal input required for welding 
and the high rates of deformation are obtained by a motor/reducer 
system. With limited power, this process is generally used to weld small 
cross-sections. In IFW, the energy required for welding is stored in a 
flywheel in the form of kinetic energy, released both in thermal energy 
and plastic deformation in the WZ until the system stops (Li et al., 2016; 
Uday et al., 2010). The process CDFW is basically controlled by rotation 
speed (ω) and friction pressure (Pf) which play an important role in the 
quality of the joint. It can be said that the increase in ω causes greater 
heat generation and shorter welding time. Similarly, Pf is directly related 
to the rate of flash formation, which is the part of the material that flows 
due to high temperature and pressure. In industrial practice, these 
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variables are selected together to result in a smaller TAZ. 
The average rate of heat generation during welding of a cylindrical 

sample of radius R can be estimated by the equation q̇˙ = (2/3)πR3µPf ω 
where µ is the friction coefficient at the interface. If more precise values 
for q̇˙ are required, the coefficient µ, considered constant in the previous 
equation, must be admitted as a function of important parameters in the 
process (Li et al., 2016). In the mechanics of materials, friction welding 
(FW) can be considered a forging process involving high deformation 
rates at high temperatures, with the highly deformed region having a 
narrow width. The microstructural analysis of friction-welded compo
nents indicates the presence of three distinct regions depending on the 
deformations and temperatures to which they were subjected during 
welding. Briefly, they can be defined and characterized as (1) welding 
zone (WZ), a well-defined region subject to solid-state transformations 
and characterized by a refined microstructure of recrystallized grains; 
(2) thermomechanically affected zone (TMAZ), region subjected to 
moderate/low plastic deformation, temperature, and dynamic recrys
tallization in appropriate conditions; (3) base metal (BM), region sub
jected to low-temperature levels where no microstructural or 
mechanical changes are observed due to low thermal input (Li et al., 
2016; Oliveira et al., 2017; Uday et al., 2010; Prabu et al., 2023). 

Based on the need to obtain more efficient and sustainable 
manufacturing routes, the use of FW of SMAs is widely studied. How
ever, its use remains restricted to NiTi SMAs whether in joints of similar 
or dissimilar materials (Shinoda et al., 1992; Fukumoto et al., 2010; 
Rehman et al., 2021a, 2021b, 2021c; Shinoda et al., 1999; Mani Prabu 
et al., 2017; Mani Prabu et al., 2019; West et al., 2021). After appro
priate heat treatment, SMAs present shape memory effect (SME) thanks 
to a reversible martensitic transformation. In free-stress conditions, a 
thermal cooling can convert austenite into martensite at a starting 
temperature Ms and an ending temperature Mf (called direct trans
formation - exothermic). The reverse transformation (M → A), endo
thermic, starts at temperature As and ends at Af (Montecinos and 
Cuniberti, 2008). The behavior of these transformations is strongly 
dependent on the chemical composition, microstructure, and processing 
history as the latter introduces microstructural defects in the material 
(Dunne et al., 2004; Roca et al., 2017; Kaouache et al., 2004; Cuniberti 
et al., 2009). At the end of processing, if the transition temperatures 
have been considerably altered, the component may become unusable 
due to the loss of its functional characteristics. 

Microstructure and residual stresses tend to interfere with phase 
transition temperatures (PTTs) (Roca et al., 2017; Sun et al., 2014; 
Mazzer et al., 2017). Thus, some simple thermodynamic parameters can 
be used to detect changes in the behavior of the martensitic trans
formation depending on the material’s processing history. Thermo
mechanical cycles imposed during processing tend to introduce 
crystallographic defects (vacancy and dislocations) that delay the 
transformation. This delay is related to the elastic energy stored in the 
vicinity of these defects (da Silva Andrade et al., 2021; Mazzer et al., 
2015). High values of (|Af – As| or |Mf - Ms|) indicate a high density of 
defects while hysteresis (As - Mf) is related to the surface energy dissi
pated in the transformation. Thus, more refined microstructures tend to 
present higher values of (As – Mf) due to the high density of grain 
boundaries (Roca et al., 2017; da Silva Andrade et al., 2021; Zu et al., 
2002). 

In this sense, this work aimed to study the feasibility of welding a 
CuAlBe SMA by CDFW, something not yet presented in the literature. 
After welding and appropriate characterizations, the technique may be 
considered viable if the joints have tensile strength compatible with BM 
and do not present significant variations in microstructure and PTTs. 
Welding the quenched alloy opens the possibility of producing compo
nents using CuAlBe SMAs in a more ecological and viable way, making 
heat treatment steps in large parts easier. Furthermore, if SME is desired 
in some parts of a device or machine element, only the parts of interest 
can be joined by FW. Therefore, systems for seismic damping (Ozbulut 

et al., 2007) and fixing (de Oliveira et al., 2017; da Paz et al., 2022) can 
be manufactured by WF using simpler and more sustainable routes. 

To assess the joining efficiency, this study conducted exploratory 
scanning calorimetry analysis to evaluate PTTs, microstructural anal
ysis, microhardness testing, and tensile tests. Two values of Pf and 
metallurgical states (annealed and quenched) were applied before 
welding, and their effects were evaluated. The investigation into weld
ing in the quenched state is particularly significant, as it offers the po
tential for manufacturing complex geometry components by welding 
smaller parts, thus facilitating more manageable and cost-effective heat 
treatment procedures. 

Experimental procedures 

Cu-11.8Al-0.45Be (wt.%) SMA was obtained from high-purity copper 
and aluminum and the master alloy Cu-10Be (wt.%). The melting took 
place by induction (Make: INDUTHERM, Type: MU400), without at
mosphere control and in a graphite crucible, followed by pouring from 
1200ºC into a SAE1020 steel mold, as indicated in Fig. 1(a). All ingots, 
Fig. 1(b), were chemically homogenized for 4 h at 850ºC (Make: SP 
Labor, Type: 8P-1200DM/C) without atmosphere control. 

After chemical homogenization and still at 850ºC, the ingots were 
divided into 3 groups according to the cooling conditions and the 
sequence adopted for welding and quenching, as described below. 1st 
group (called Quenched After Welding [QAW]) - slow cooling (~ 
0.75ºC/min) inside the furnace to room temperature (~25ºC) → welding 
→ quenching; 2nd group (called Welded After Quenched [WAQ]) - 
quenching in water (850ºC → 25ºC) → welding; and the 3rd group - 
quenching in water (850ºC → 25ºC) no welding (a condition called 
Reference). 

The methodology used in this work aims to evaluate the thermo
mechanical behavior of the material welded under different metallur
gical states: quenched (the alloy already has the SME) and annealed (the 
SME will be obtained after quenching the welded assembly) and 
compared with the results obtained for the unwelded alloy (called 
Reference). After identification, the ingots to be welded were conven
tionally machined in the form of cylinders with dimensions Ø11.6 mm x 
30 mm, as indicated in Fig. 1(c). The surfaces to be welded were 
machined by turning using strictly the same machining parameters and 
the use of lubrication/cooling. The objective of extreme care in 
machining the surfaces was due to the coefficient of friction between the 
surfaces being dependent on the surface roughness (Sedlaček et al., 
2009) and being altered by the cutting parameters (Qehaja et al., 2015; 
Abburi and Dixit, 2006; Del Sol et al., 2019). 

The system used in this work to weld the samples by CDFW was 
obtained by adapting a milling machine (Make: SINITRON, Type: ISO 
30), as shown in Fig. 2. The motor shaft is released to move vertically 
with a constant rotation speed of 1500RPM, Fig. 2(a). The compression 
forces are produced by a lever system. A known weight is positioned at 
position L10 of the lever to produce friction pressure of 10 MPa and 

Fig. 1. SAE 1020 steel metallic mold (a), ingot in the "as-cast" condition (b), 
and pre-machined ingots before the welding stage (c). 
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moved to position L5 to produce 5 MPa, as indicated in Fig. 2(b). The 
formation of the flash results in the shortening of the samples and the 
displacement of the shaft downwards, resulting in a small rotation in the 
lever. Thus, the compression force can be considered constant until the 
beginning of shortening, this force decreases then slightly in the final 
welding step as shown in the diagram in Fig. 2(c). Tests carried out 
before carrying out this work indicated reductions in the compression 
force not greater than 20 %. 

Two values of Pf were evaluated during welding, 5 MPa and 10 MPa, 
resulting in axial compression loads of ~540 N and ~1080 N, respec
tively. The parameter established for taking the time required for 
welding was the prior “slippage” of the equipment’s belt transmission 
system during welding. After the assembly is welded, the drive shaft is 
stopped abruptly. In the end, four conditions were evaluated: Welded 
After Quenching with Pf = 10 MPa – [WAQ-10], Welded After 
Quenching with Pf = 5 MPa – [WAQ-5], Quenching After Welded with 
Pf = 10 MPa – [QAW-10], and Quenching After Welded with Pf = 5 MPa 
– [QAW-5]. 

For each studied condition, a sample was evaluated by optical mi
croscopy (OM) and Vickers microhardness. The welded assembly was 
machined in the form of a cylinder with Ø 10 mm and then ground until 
reaching the diametral longitudinal plane, as shown in Fig. 3(a). After 
this, the samples were properly metallographically prepared and 
attacked in an aqueous solution of ferric chloride (10 g of FeCl3⋅6H2O in 
90 ml of distilled H2O) and analyzed by OM (Make: OLYMPUS, Type: 
BX41M). The aluminum support shown in Fig. 3(a) aims to ensure 
perpendicularity during microhardness and OM analyses. The average 
grain size (GS) was measured using the linear intercept method. XRD 
analyses (BRUKER, Type: D8 Discover) were carried out in 20–100º 
2theta (step 0.033º) using Cu-Kα radiation (λ = 1.5418 Å) with 40KV 
and 40 mA. The regions analyzed were the WZs with ~ Ø6mm. 

To evaluate the Vickers microhardness (Make: SHIMADZU, Type: 
HMV-2) profile along the WZ and TMAZ, indentations were made (load: 
4.9 N, time: 15 s) at every 1 mm and in 3 lines (L1, L2 and L3). The 
length of each line measures 30 mm and the spacing between lines was 
2.5 mm (position x = − 15 mm to x = 15 mm), as indicated in Fig. 1(a). 
Uniaxial tensile tests (Make: SHIMADZU, Type: AUTOGRAPH AG – X 
10KN) were carried out at a temperature of 25ºC, loading speed of 0.5 
mm.min− 1, and preload of 20 N on 5 samples with the configuration 
indicated in Fig. 3(b). The displacements were measured exclusively by 
the testing machine itself, without additional extensometry. 

Only conditions [WAQ-10] and [WAQ-5] were evaluated by differ
ential scanning calorimetry – DSC (Make: SHIMADZU, Type: DSC-60), to 
evaluate the behavior of martensitic transformation after welding. For 
each condition, samples with Ø 4.5 mm x 1.5 mm (~170 mg) were taken 

from the positions: x = 0 mm (WZ), x = 5 mm, and x = 20 mm, as shown 
in Fig. 3(c). The thermal analysis was carried out under an N2 atmo
sphere with a flow rate of 50 ml/min, and a heating/cooling rate of 
10ºC/min in the temperature range of 50 to 480ºC, in two cycles. The 
second cycle was considered for analysis. 

Results and discussion 

Analysis of the time for welding and axial reduction 

Fig. 4 shows the characteristics of flash obtained during CDFW. After 
a thorough visual inspection, it was not possible to verify any differences 
between the characteristics of the flash depending on the metallurgical 
state or the level of pressure applied. To achieve this, we chose to 
determine the total reduction in length generated during welding, since 

Fig. 2. Samples fixed on the motor shaft and static support (a), lever system to 
obtain the desired friction pressure (b), and behavior of welding parameters 
over time (c). 

Fig. 3. Configuration adopted for evaluation of the Vickers microhardness 
profile and OM analysis (a), uniaxial tensile test samples, dimensions in (mm) 
(b), and positions evaluated by DSC (c). 

Fig. 4. Cu-11.8Al-0.45Be SMA welded by CDFW and flash characteristics.  
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the volume reduced by the shortening of the initial samples (cylindrical 
geometries) corresponds to the volume of the flash formed. 

Table 1 shows the average time required for welding and the average 
final length measured in 10 samples for each condition studied in this 
work. The data indicates that Pf = 10 MPa produces the shortest welding 
times despite not producing the largest axial reductions. This behavior 
can be explained by the higher rate of heat generation at the union 
interface as friction forces increase, resulting in high and sudden heating 
in a narrow region of the interface (Li et al., 2016; Oliveira et al., 2017; 
Uday et al., 2010; Prabu et al., 2023). The small volume of superheated 
material flows plastically under the action of the compressive load and 
results in a less pronounced flash. 

For the [WAQ] condition, the use of Pf = 5 MPa resulted in an 
average welding time of ~2.5x compared to Pf = 10 MPa, while for the 
[QAW] condition this value was ~1.8x. Table 1 shows that the welding 
time is not strongly influenced by the metallurgical state for the case of 
Pf = 10 MPa, while for Pf = 5 MPa the annealed alloy presents a 
reduction of ~25 % in the welding time compared to the quenched alloy. 
We suggest three characteristics that contribute to explaining this 
reduction in welding time between conditions [QAW-5] and [WAQ-5].  

1. The annealed samples present a microstructure composed of α 
(ductile) and γ2 (brittle) phases after slow cooling from the betati
zation temperature (850ºC) (Canbay et al., 2021; Kök et al., 2018; 
Ponweiser et al., 2011; Zhang et al., 2023). This produces a tribo
logical condition with a higher µ compared with martensitic samples. 
As heat generation is directly proportional to µ, higher heat gener
ation rates are produced in the [QAW] condition. The difference in 
microhardness of the annealed (209.9 ± 5.7 HV) and quenched 
(181.7 ± 11.0 HV) alloy supports this hypothesis. Fig. 5 shows the 
microstructures and microhardness profile resulting from welding 
martensite (quenched alloy) / (α + γ2) (annealed alloy) by CDFW 
(Pf=10 MPa). 

2. Ongoing and not yet published results show that the thermal con
ductivity of the annealed sample seems relatively lower than the 
conductivity of the quenched sample. This hinders the conductive 
flow of heat through the sample, resulting in higher temperatures in 
the lower conductivity sample [QAW] compared to the higher 
thermal conductivity sample [WAQ].  

3. As the samples in the [WAQ] condition already have SME before 
welding, the heating generated by friction between the faces of the 
samples thermally induces the reversible martensitic transformation 
(M→A). This endothermic transformation (ΔHM→A = 57 MJ/m3) 
starts around 180ºC (see item 3.4) for almost all samples. As the 
heating rates produced during welding are very high, contrary to 
what occurs in a DSC analysis, it is assumed that the transformation 
must occur quickly, with rapid energy absorption and an abrupt 
decrease in local temperature. This cooling would contribute to an 
increase in welding time in the [WAQ] condition compared to the 
[QAW] condition. 

For the same Pf, the greatest shortenings were observed for the 
[WAQ] condition. We can justify this behavior using the hypothesis that 
heat diffuses easily through martensitic samples [WAQ] due to their 
greater thermal conductivity and this results in a superheated volume 
that will flow more easily under the action of Pf (Li et al., 2016; Uday 
et al., 2010). For the same metallurgical state, Pf = 5 MPa produces 
greater shortening by allowing the overheating of a larger volume of 

material since the welding time required for welding is considerably 
longer compared to Pf = 10 MPa. 

Analysis of the welding zone by XRD 

The electron/atom ratio (e/a) is a parameter widely used to predict 
the type of martensite to be obtained depending on the atomic fractions 
and valence of the elements that make up the alloy. It is established that 
values of e/a lower than 1.45 result in a monoclinic 18R martensite 
while values greater than 1.49 imply a hexagonal 2H martensite. Thus, 
e/a values between 1.45 and 1.49 result in the coexistence of phases 18R 
and 2H. As e/a approaches 1.45 or 1.49, the proportions of 18R and 2H 
tend to increase, respectively (Canbay et al., 2021, 2020). Despite being 
calculated based on the real concentration of each element in the alloy, 
e/a = 1.4949 calculated from the nominal composition 
(73.92Cu-23.41Al-2.67Be (at.%)) suggests the predominance of 
martensite of type 2H in our case. The diffractograms for all conditions 
studied including the alloy slowly cooled in the furnace to room tem
perature (annealed sample - Sample A) are shown in Fig. 6 for com
parison purposes. 

Fig. 6 indicates that the slowly cooled alloy is effectively composed 
of (α + γ2) as predicted by the CuAl equilibrium diagram (Chentouf 
et al., 2010; Pushin et al., 2022). The reference presents 2H-type 
martensite with a small amount of (α + γ2) not identifiable in optical 
microscopy analyses. The presence of equilibrium phases probably 
comes from the slower cooling in the central region of the samples 
during quenching and where the X-ray diffraction analyses were carried 
out. The samples quenched after welding (QAW) also presented equi
librium phases in negligible proportions. In the case of samples welded 
after quenching [WAQ], the intensity of the peaks referring to the α and 
γ2 phases is higher, suggesting the presence of a greater quantity of both 
phases concerning the reference and [QAW]. XRD analyses were carried 
out in a Ø 6 mm region on the WZ. Due to the great difference in textures 
in this region, the determination of the volumetric fractions of these 
phases was not calculated. 

Chentouf et al. (2010) evaluated the precipitation of (α + γ2) in the 
Cu-11.4Al-0.52Be alloy (wt.%) subjected to aging at 350ºC. The authors 
observed that precipitation only started after 140Ks. Kuo et al. (2006) 
only observed precipitation of α and γ2 from 20 h onwards at 200ºC in 
the Cu-10Al-0.8Be alloy (wt.%). Compared to the time intervals studied 
by Chentouf et al. and Kuo et al., the welding time for all conditions 
evaluated in this work is negligible. Therefore, it is possible that the 

Table 1 
Time required for CDFW welding and shortening after welding.   

WAQ-10 WAQ-5 QAW-10 QAW-5 

Time for Welding (s) 17 ± 1 43 ± 20 18 ± 4 32 ± 14 
Final Length (mm) 56.8 ± 2.3 55.0 ± 1.5 57.5 ± 2.3 56.9 ± 1.9 
Shortening (%) 5.3 ± 3.9 8.3 ± 2.4 4.2 ± 3.8 5.1 ± 3.1  

Fig. 5. Microstructures and microhardness profile for the dissimilar joint ob
tained by CDFW (Pf = 10 MPa) for a quenched and annealed Cu-11.8Al- 
0.45Be alloy. 
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precipitation of the equilibrium phases in the [WAQ] condition was 
caused by the exposure of the material to high temperatures, which 
accelerates precipitation. Cuniberti et al. (2009) show that the nucle
ation of the γ2 precipitates begins between (557 – 580ºC) followed by the 
growth stage and an increase in their volumetric fraction. 

As the temperature behavior during the welding of the samples was 
not monitored, it is not possible to say which were the maximum tem
peratures reached and the time spent at these temperatures. However, it 
is possible to ensure that the exposure time to high temperatures is a few 
seconds (limited to the welding time) and, this slows down the growth of 
precipitates and the increase in the volumetric fraction in the martens
itic matrix. 

Analysis of the welding zone by optical microscopy 

Fig. 7 shows the WZs for all conditions studied in this work. The 
black lines enhance the visualization of the WZ, which has an hourglass 
shape. This geometry results from the non-uniform temperature 

distribution along the welding surfaces and is caused by an increasing 
heat generation due to the increase in tangential speed from the center 
to the edge (Stang ~ 900 mm/s) (Li et al., 2016). The thickness of the WZ 
for the [QAW] was larger compared to the [WAQ] due to the recrys
tallization and grain growth in the WZ promoted by the supply of energy 
during the pre-quenching stage (850ºC for 1 h). 

Despite the small irregularities in the WZ geometry shown in Fig. 7, it 
appears that the [WAQ-10] sample has a smaller WZ thickness (~300 
µm) compared to the [WAQ-5] condition (~750 µm) measured in the 
center of the region (narrowest region). However, when measured on 
the edges of the samples (wide: ~10 mm), the thicknesses of the WZs 
presented values close to 2.88 mm for [WAQ-10] and 3.14 mm for 
[WAQ-5]. For the [QAW] conditions, the WZ was more uniform and 
measured ~5.9 mm for [QAW-10] and ~ 6.0 mm for [QAW-5]. The 
results obtained are consistent with the results of Ates et al. (2007) and 
Grant et al. (2009) who found that the width of the WZ increases with 
increasing Pf and ω in a particular way depending on the type of mate
rial. Grant et al. (2009) also state that low friction pressures make the 
extrusion stage of the plasticized material difficult and result in nar
rower WZ. 

Fig. 8 shows the microstructures of the WZs for all conditions stud
ied. Fig. 8(a) and (b) show the WZ / BM interface for the [WAQ] con
ditions and a narrow TMAZ, easily identified by the severely deformed 
grains. Comparison between Fig. 8(a) and (b) makes it clear that Pf = 10 
MPa produced a wider TMAZ compared to using 5 MPa. It was not 
possible to determine by OM the precise widths of the TMAZ for the 
[WAQ] and no trace of this region was found in the [QAW] condition, 
Fig. 8(c-d). 

The absence of a TMAZ in the [QAW] condition is due to the com
plete recrystallization of this region during the pre-quenching stage (1 h 
at 850ºC). Several studies show that short time intervals are sufficient to 
recrystallize the microstructure of plastically deformed alloys. Pedrosa 
et al. (2022) showed that the 1800s at 850ºC were sufficient to obtain a 
recrystallized microstructure of the hot-rolled CuAlBeNbNi alloy. 
Ozbulut et al. (2007) obtained recrystallization of the Cu11.8Al0.5Be 
alloy at 180 s upon heating to 700ºC. Freudenberger et al. (2010) stated 
that 1000s at 300ºC were sufficient to recrystallize the alloys CuAl5 and 

Fig. 6. X-ray diffractogram patterns of the Cu-11.8Al-0.45Be alloy welded by CDFW.  

Fig. 7. Macrographs of base metal and samples welded by CDFW.  
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CuZn25 while Moghaddam et al. (2013) obtained total recrystallization 
of the alloys Cu-11Al5.6Mn and Cu-11.8Al-3.7Ni-1Mn in 15 s and 50 s, 
respectively. 

The difference in GS in the WZs between the [QAWs] conditions is 
not easily seen by looking at Fig. 8. However, the use of the linear 
intercept method to calculate the GS (Moghaddam et al., 2013) in the 
WZ indicated an increase of ~26 % between [QAW-5] (492.1 ± 137.5 
µm) and [QAW-10] (619.9 ± 86.2 µm). The increase in GS to a higher Pf 
value is associated with the exposure of sample [QAW-10] to a longer 
grain growth period compared to condition [QAW-5] during the 
pre-quenching stage (1 h at 850 ◦C). 

The large number of dislocations generated during heating/cooling 
and severe plastic deformation introduce deformation energy into the 
material, favoring the recrystallization stage of the WZ (Andrade et al., 
1994; Huang and Logé, 2016). The formation of numerous misoriented 
grains resulting from the rupture of grains from the base metal during 
welding also promotes recrystallization (Feng and Ma, 2009) and leads 
to microstructure refinement. Thus, the nucleation of new grains initi
ates more rapidly in samples subjected to higher Pf values. The GS of 
10.8 ± 1 µm [WAQ-10] and 12.7 ± 1 µm [WAQ-5] confirms this 

hypothesis. 
Fig. 9(a) shows the microstructure in the WZ for the [WAQ-10] case 

and Fig. 9(b) shows the interface WZ / plastically deformed martensitic 
grain that constitutes the TMAZ. This interface measured around 16 µm 
and extended on both sides along the entire WZ. The microstructure of 
the WZ obtained at 1000x magnification indicated in Fig. 9(b) shows the 
considerable difference between the GS on the two sides. The micro
structure of the BM in our work (see Fig. 7.) can be considered extremely 
coarse and non-uniform concerning the microstructure of the WZs and 
when compared with the GS of CuAlBe alloys found in some works 
(0.04, 0.20, 0.50, 0.90 and 2.2 mm) (Montecinos and Cuniberti, 2014), 
(0.012 mm) (Roca et al., 2017), (0.5 mm) (Montecinos and Cuniberti, 
2008) and (2 mm) (VHC de Albuquerque et al., 2010). This coarse 
microstructure is due to the absence of grain refiners and slow solidifi
cation in the metallic mold used. 

Vickers microhardness 

Fig. 10 shows the average microhardness (HV) profile measured 
along the welded samples, passing through the WZ (x = 0) (see Fig. 3 

Fig. 8. OM images of the WZs for conditions [WAQ-5] (a), [WAQ-10] (b), [QAW-5] (c), and [QAW-10] (d) obtained from the central region of the WZ.  

Fig. 9. Microstructure by OM of WZ (a) WZ/TMAZ interface (b). Condition [WAQ-10]. 1000x magnification.  
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(a)). For the [QAW-10] condition, the four practically uniform HV 
values (around x = 0) were measured within the WZ. The HV value of 
the 4 points (198 ± 16 HV) was slightly higher than the HV value 
measured in the reference (192 ± 11 HV) due to the smaller GS in the 
WZ. Several studies (Damodaram et al., 2013; Rehman et al., 2021c; 
Montecinos and Cuniberti, 2014; Bahador et al., 2019; Sampath, 2005; 
Silva et al., 2023) show the correlation of GS and HV. This relationship is 
given by the Hall-Petch relationship: σY = σ0 + Kd− 1/2 where σY is the 
yield stress of the material with grain size d. K and σ0 are 
material-dependent constants. In our case, the difference in HV between 
MB and WZ implies that the dependence of σY on GS is not high. 

[QAW-5] condition does not present the same uniformity in HV 
values in the WZ, probably due to greater dispersion in GS. Condition 
[QAW-5] presents a coefficient of variation of 27.94 % for GS while 
[QAW-10] has practically half this value (CV = 13.91 %). The high 
elastic anisotropy ratio of Cu-based SMAs (Xie et al., 2015) contributes 
to the dispersion in the values of mechanical properties, including HV in 
the WZ and BM. [WAQ-10] presented a region approximately ±8 mm 
wide around the WZ with high HV values and high dispersion in relation 
to the BM. As there is no noticeable difference in the GS of the BM in this 
region (see Fig. 7), the presence of (α + γ2) and residual stresses may 
have affected the microhardness behavior in the vicinity of WZ. There
fore, we will consider this region as a TMAZ. The slight reduction in HV 
in the sample [WAQ-5] compared to sample [WAQ-10] may be a 
consequence of a softening phenomenon caused by prolonged heating 
during welding (Priymak et al., 2020). 

Martensitic transformation behavior 

Only the [WAQ] condition was subjected to thermal analysis by DSC 
to evaluate the influence of CDFW on the martensitic transformation 
behavior. Samples [QAW] were not evaluated by DSC due to the com
plete recrystallization of the WZ as discussed in the previous section. The 
PTTs and the forward and reverse martensitic transformation curves of 
the (reference), [WAQ-10], and [WAQ-5] conditions are shown in 
Table 2. 

The values of hysteresis (As - Mf), (Ms - Mf), and PTTs at positions x =
5 and x = 20 mm of the sample [WAQ-10] were not changed by CDFW. 
Small differences can be attributed to inaccuracy in obtaining PTTs 
using the tangent method. The high microhardness values in the ±8 mm 
region (see Fig. 10(a)) attributed in part to possible residual stresses and 
precipitation of (α + γ2) were not sufficient to alter the behavior of the 
martensitic transformation at the x = 5 mm position. The increase in the 
density of crystallographic defects (mainly dislocations) can be quali
tatively evaluated by the values of (Ms - Mf) and T0. T0 = ½(Ms+Af) is the 
temperature at which the Gibbs free energy of the forward and reverse 
transformations is equal to zero (da Silva Andrade et al., 2021). The high 
values of T0 and (Ms – Mf) for the reference and [WAQ-10, x = 0] 
compared to the other conditions studied in this work indicate the strong 
presence of microstructural defects. 

For the reference condition, the defects arise from sudden cooling 
during quenching (Dunne et al., 2004; Mazzer et al., 2015; Sampath 
et al., 2020). For [WAQ-10, x = 0], the high density of defects arises 
from the severe plastic deformation and the intense heating/cooling 
cycle in this region (Huang and Logé, 2016; Feng and Ma, 2009). 
[WAQ-10, x = 0] presents values of (Ms - Mf) approximately 2.3x higher 
than that obtained for [WAQ-10, x = 5] and ~2.5x for [WAQ-10, x =
20]. The lower Mf and As temperatures in this condition, Fig. 9(a), are 
justified as the stored elastic energy due to these defects acts as a barrier 

Fig. 10. Vickers microhardness profile along the position x=− 15 mm to x = 15 mm for [WAQ] and [QAW] conditions.  

Table 2 
Phase transition temperatures (ºC) and kinetic parameters of Cu11.8Al0.45Be (% 
wt.) SMA welded by CDFW.  

Sample Position 
(mm) 

As Af Ms Mf T0 (As - 
Mf) 

(Ms - 
Mf) 

Reference – 191 234 204 154 219 37 50 
[WAQ- 

10] 
x = 0 163 210 181 89 196 74 92 
x = 5 190 207 187 147 197 43 40 
x = 20 190 211 184 147 198 43 37 

[WAQ-5] x = 0 186 208 183 147 196 39 36 
x = 5 193 209 187 150 198 43 37 
x = 20 190 208 183 144 196 46 39  
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to forward transformation and serves as a driving force for reverse 
transformation (Mazzer et al., 2017). Therefore, it is not possible to 
attribute the broadening of the transformation peaks observed in 
[WAQ-10, x = 0] to precipitation from the γ2 phase since Cuniberti et al. 
(2009) show that even for a volumetric fraction of γ2 of ~14 % the 
change in the PTTs is irrelevant (ΔMs ~ 5ºC). Furthermore, the same 
authors demonstrate that an increase in the volumetric fraction of γ2 
tends to elevate the start and end temperatures of the direct and reverse 
transformations. In this study, only Mf and As were observed to decrease 
to lower values compared to the other conditions. 

The sample [WAQ-5, x = 0] indicated in Fig. 11(b) does not present 
any anomaly in the heating/cooling curves as observed in [WAQ-10, x =
0]. It is assumed that prolonged heating during welding contributed to 
reducing the density of dislocations produced during welding (Priymak 
et al., 2020; Mazzer et al., 2017; Kaouache et al., 2004). It is worth 
noting that the difference in welding time between both conditions is 
greater than 2.5x. The increase in grain boundary density also modifies 
the martensitic transformation behavior (Roca et al., 2017). The 
parameter (As - Mf) qualitatively indicates the influence of the surface 
energy of the grain boundaries on the direct and reverse trans
formations. Thus, the increase in this parameter for the condition 
[QAW-10, x = 0] compared to [QAW-5, x = 0] can be attributed to a 
refined microstructure in [QAW-10, x = 0] that results in a greater 
number of grain boundaries per unit volume in the WZ. 

Quantification of rupture stresses and strains 

Table 3 shows the average values of rupture stress (σrup) and strain 
(εrup) for all conditions evaluated in this work. Among all the welding 
conditions, none of the samples ruptured in or near the WZ, indicating 
that the extremely refined grains contribute to increasing joint strength 
(Montecinos and Cuniberti, 2014; Sutou et al., 2005). The reference 
presented the lowest values for σrup, with an εrup close to that of the 
welded samples. As the samples do not present microstructural homo
geneity and were subjected to unknown stress and temperature fields 
during CDFW, the detailed analysis of the behavior under tension be
comes a difficult task and, therefore, will not be addressed in this work. 

[QAW-10] presented the highest σrup and deviation in relation to the 
reference, around 25 % higher. This behavior is associated with the 
presence of a very refined microstructure (VHC de Albuquerque et al., 
2010) that occupies approximately 20 % of the total length of the 
sample. [QAW-5] showed an increase of ~15 % in the σrup compared to 
the reference. High anisotropy and high GS are important characteristics 
that justify this behavior (Xie et al., 2015; Cissé and Asle Zaeem, 2021). 

For conditions [WAQ-10] and [WAQ-5], deeper investigations need to 
be carried out, but the residual stresses along the TMAZ and the presence 
of extremely refined grains in the WZ may be responsible for the increase 
in the order of 18 and 13.4 %, respectively, in the σrup in relation to the 
reference (da Silva Andrade et al., 2021; Montecinos and Cuniberti, 
2014). 

The stress-strain curve for each condition is shown in Fig. 12. The 
first stage of loading can be understood as the elastic response of the 
martensite whose yield strength corresponds to the last stress value over 
the linear region. The reference presented the lowest yield strength and 
σrup probably associated with high GS, crystallographic defects, and high 
elastic anisotropy (Xie et al., 2015). The second linear part of the loading 
is directly linked to the reorientation of martensite variants and plastic 
deformation. 

The sample welded in the martensitic state [WAQ-10] presents a 
slope of the second linear part of the curve slightly higher than that of 
the reference and considerably greater than that of the [QAW] condi
tion. The presence of plastic deformation tends to increase the slope of 
this part of the curve (Montecinos and Cuniberti, 2008; Moghaddam 
et al., 2013). Therefore, the higher HV values between ±8 mm and the 
greater slope of the second linear part of the curve (stress x strain) in the 
sample [WAQ-10] reinforce the hypothesis of residual stresses close to 
WZ in this condition. However, the presence of γ2 can also interfere 
minimally with the increase in the slope of the curve, but this will only 
be relevant for high volumetric fractions of this phase (Cuniberti et al., 
2009). 

Conclusions 

The microstructural and thermomechanical characterizations were 
carried out on the Cu11.8Al0.45Be SMA welded by continuous drive 
rotary friction with different process parameters. It was found that the 
increase in friction pressure and the metallurgical state is fundamentally 
important in reducing the time required for welding. At the two friction 
pressures studied in this work, it is possible to verify the maintenance of 

Fig. 11. DSC thermograms for [WAQ-10] (a), and [WAQ-5] (b) at x = 0 (WZ), x 
= 5 and x = 20 mm. 

Table 3 
Rupture stress (σrup) and rupture strain (εrup) of Cu-11.8Al-0.45Be (wt.%) SMA 
welded by CDFW.   

Reference WAQ-10 WAQ-5 QAW-10 QAW-5 

σrup 

(MPa) 
247.1 ±
25.8 

291.6 ±
44.0 

280.1 ±
35.5 

308.3 ±
76.0 

283.9 ±
37.1 

εrup (%) 11.2 ± 2.1 11.4 ± 1.1 10.3 ± 1.3 12.2 ± 1.4 11.3 ± 3.2  

Fig. 12. Stress-strain curves for the base metal and samples welded by CDFW.  
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the martensitic transformation throughout the welded assembly, 
including in the welding zone. A slight increase in the tensile strength of 
the welded assembly compared to the base metal without major varia
tions in microhardness was verified. Thus, it is possible to ensure that 
CDFW produces highly efficient joints, even in cases where the parts to 
be welded already have the SME, without compromising the functional 
properties of the material. The small time required for welding and the 
use of simple equipment makes the technique attractive, especially for 
the industrial sector. 
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