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Abstract
Ultrasonic additive manufacturing (UAM) is an advanced joining technique that utilizes ultrasonic vibrations to bond lay-
ers of metal foil together. UAM offers several benefits over traditional manufacturing methods, including enhanced design 
flexibility and reduced material waste, and its potential applications in various industries such as aerospace, automotive, 
and biomedical engineering are being actively explored. The study employs a nanoindentation apparatus to investigate the 
effect of the UAM process on the local mechanical properties of the bonded interface, along with changes in microstructure, 
which were investigated using scanning electron microscopy and electron back-scattered diffraction. The results revealed 
a significant correlation between material hardness and local plasticity. EBSD has revealed that the grain size distribution 
of Al far from the interface contains 57% of the grains less than 3 µm in size, while at the interface this number rises to 
approximately 78%, indicating that the average grain size decreases as it approaches the interface. This result is consistent 
with nanoindentation results that demonstrated a gradual change in the hardness of Al foil far from the interface to close to 
the interface (the maximum penetration depth near the interface was 500 nm less than far from the interface). Both EBSD 
and nanoindentation disclose the effect of work hardening close to the interface, which is related to dislocation accumulation 
with a density of 8.6 × 10

−10
cm

−2 beneath the interface. The consistency of hardness and Young’s modulus with the pole 
figures and microscopic images demonstrated that plasticity flow and fine grain distribution would only occur in the vicinity 
of the interface in the softer metal region. Although the harder metal did not exhibit plasticity or recrystallization, the hard-
ness, and Young’s modulus map indicated the formation of a layer of small grains close to the interface on the aluminum 
side owing to strain hardening and dynamic recrystallization.
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1 Introduction

1.1  Ultrasonic additive manufacturing (UAM) 
technique

Ultrasonic additive manufacturing (UAM) is a technique that 
employs ultrasonic energy and pressure to generate oscillat-
ing shear strain between the faying surfaces and produces a 

metallurgical bond [1–3]. The UAM process, initially devel-
oped by White in 2003 [4, 5], is the method for fabricating a 
three-dimensional metal component by alternating additive 
and subtractive processes.

For the UAM of metallic materials in solid state, two 
fundamental conditions must be met: (i) generation of clean 
surfaces at the atomic scale with no barrier layers and (ii) 
nascent metal-to-metal contact between these clean surfaces 
[6]. Due to friction and shear deformation at the interface 
caused by ultrasonic vibration, microscale metallurgical 
bonding could be formed [7]. During additive operations, 
thin foil tape layers ( ∼ 150�m ) are joined with one another 
on a substrate via a solid-state technique that employs ultra-
sonic oscillations (20 kHz) at high strain rates (up to 105 
s−1 ) without melting the layers. The ultrasonic vibrations are 
applied via a sonotrode, which is a cylindrical rolling horn 
[8]. Down force and ultrasonic oscillations both contribute 
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to the plastic flow of the material, as well as the destruction 
and redistribution of surface oxide layers and impurities, 
hence facilitating a clean mating surface for solid joints [9, 
10]. As it moves ahead, the sonotrode simultaneously exerts 
a downward pull on the foil (in the z-direction) and scrapes 
laterally (in the y-direction) (Fig. 1a, b). The sonotrode’s 
ultrasonic vibrations cause the localized surface asperities 
to bend plastically and the surface oxides at the interface 
of the foils to disintegrate. This process produces two sur-
faces that are atomically pristine and adhere at temperatures 
much below their respective melting points (the layer-by-
layer Al6061-Cu110 foils depicted in Fig. 1c are the actual 
manufactured part for this study which is produced by the 
UAM method) [8, 11].

The comparatively brief fabrication durations and moder-
ate processing temperatures offer several advantages to this 

kind of production, such as versatility (producing compos-
ites by layer-by-layer process), low heat input (does not need 
high temperature for bonding), repairability (easy repair of 
damaged part), and the capability to engineer materials with 
directional properties. UAM has been utilized for purposes 
such as joining dissimilar or difficult-to-weld metals [12, 13] 
and embedding fragile materials such as ceramics or sensors 
[8, 14]. Typically, when dissimilar metallic foils are bonded 
together by UAM, a bilayer consolidation strategy consist-
ing of a harder foil on top of a softer foil is utilized [15, 16]. 
It has been demonstrated [7, 17] that the softer foil can be 
severely deformed to have a large area of intimate contact 
with the harder foil and to occupy the surface micro-valleys 
of the harder foil. Because the harder foil makes direct con-
tact with the sonotrode and engraves a coarser surface, the 
roughness of the surfaces of the harder foil that make direct 

Fig. 1  Schematic representa-
tion of the UAM process. a The 
action of the sonotrode exerting 
a downward force on the foil 
and scraping laterally. b The 
result of this process, where sur-
face asperities bend plastically 
and surface oxides disintegrate, 
producing atomically pristine 
surfaces that adhere at tempera-
tures below their melting points. 
c A real manufactured part 
and the layer-by-layer bonded 
Al6061/Cu110 foils via the 
UAM process
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contact with the upper and lower surfaces of the soft foil dur-
ing consolidation is significantly different. Consequently, the 
two surfaces of the soft foil experienced varying degrees of 
deformation, and two varieties of interfaces can be formed. 
The difference in interfacial texture and bonding hardness 
between the two types of interfaces between dissimilar met-
als have received little attention at this point.

Figure 2 shows the side view of the UAM machine, and 
the ultrasonic horn which can have a textured surface to 
engage the metal foil. Ultrasonic vibrations, generated by 
transducers attached to the sonotrode, scrub the foil against 
the substrate (much like friction welding), creating a solid-
state (no melting) bond between the metal foil and lower 
substrate, i.e., baseplate or previous foil.

Important UAM mechanisms include oxide fracture under 
pressure and plastic deformation of surface asperities via 

shear [18]. Oxide dispersion permits nascent metal surfaces 
to interact and form metallic connections, whereas surface 
asperity deformation promotes dynamic recrystallization of 
the interface microstructure [19, 20]. The result is a limited 
weld zone on the order of 10–20 µm in width with bulk tem-
peratures far below the melting point of the metal [21]. It is 
commonly accepted that localized slip and sublayer plastic 
deformation are desired, and that interfacial slip is respon-
sible for breaking down surface oxides, allowing nascent 
metal interaction at asperity contact points. As plastic defor-
mation of asperities is one of the primary mechanisms of the 
UAM process, it is more difficult to treat tougher materials 
because they require more energy to deform and collapse 
surface asperities. High oscillation amplitude and/or normal 
force will be necessary to attain a high bonding density [9, 
10]. In addition, certain material combinations, particularly 

Fig. 2  The UAM machine. a 
Side view. b Close view of the 
ultrasonic horns
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those involving pure metals, are hampered by oxide layer 
interference. UAM exhibits mechanical strength anisotropy 
based on the build direction and resulting layer orientation, 
a characteristic shared by most AM processes. Post-process 
heat treatments that boost bonding strength through the con-
trolled formation of intermetallic compounds or the relaxing 
of residual stresses and promotion of inter-diffusion [2, 10] 
can reduce anisotropies.

1.2  Literature review and objectives of the present 
research

Since UAM is a low-temperature technique, it is advanta-
geous for joining dissimilar metals that tend to create inter-
metallic [15]. As a result, a variety of dissimilar metals, 
including Al–Ti [15, 22–24], Al–Cu [8, 19, 25], Al–Ni 
[26, 27], and Steel–Ta [17], were joined using the UAM 
technique. Cu/Al laminate metal composites (LMCs) were 
increasingly utilized in modern engineering due to their 
superior thermal conductivity, electroconductivity, imped-
ance, and corrosion resistance [28]. However, it has been 
reported that fusion welding Al and Cu is challenging due 
to the formation of intermetallic compounds at the inter-
face, necessitating the use of solid-state welding techniques 
[29, 30]. In a study, Johnson et al. [31] cast doubt on the 
idea of oxide fracture and dispersion, samples of Aluminum 
3003 were analyzed using a scanning electron microscope/
focused ion beam (SEM/FIB) instrument to generate ion 
beam-induced secondary electron micrographs (IBISEMs). 
A persistent surface oxide layer existed between the welded 
foils, according to the results of this approach. It was pos-
tulated that mechanical interlocking and bonding between 
aluminum and  Al2O3 were responsible for bond formation in 
UAM structures [25, 31]. Many obstacles must be overcome 
before aluminum and copper can be bonded successfully. 
Above 120 °C, intermetallic compounds can occur between 
aluminum and copper, and these compounds often have low 
strength, brittleness, and high electrical resistance [32]. 
Therefore, joining aluminum and copper by fusion weld-
ing methods is very challenging [33, 34]. Because of the 
need to avoid the liquid phase when joining these materials, 
solid-state methods are an obvious choice. However, there 
are solid-state processes that can generate intermetallic at 
the interface without exceeding the melting point, even if 
they operate at much higher temperatures. Few studies [8, 
25, 34] have attempted to join aluminum and copper using 
UAM. Using transmission electron microscopy (TEM), 
Sietins et al. [35] identified the concentration profile and 
Al–Cu compounds for a Cu/Al LMC fabricated by UAM. 
Later, Fujii et al. [36] reported that in the vicinity of the 
Cu/Al interface bonded by ultrasonic welding, severe shear 
deformation occurred parallel to ultrasonic oscillations. 
Particularly, Zhou et al. [7] investigated the diffusion and 

intermetallic phase formation at the interface of Al/Cu, as 
well as the recrystallization phenomena caused by the dis-
tribution of shear stress at the interface. Using Al3003 and 
Cu110, Ram et al. [34] conducted a feasibility study on the 
UAM effect on intermetallic phase formation. The SEM 
micrographs revealed an interface that seemed “tight” at 
low magnification and a thin porous layer on the aluminum 
side at high magnification [34]. Notably, the intermetallic 
formation was not seen in images of the interface captured 
by the backscatter electron detector. In another study, Sietins 
et al. [35, 37] reported a very thin layer (less than 10 µm) 
of intermetallic phases at the interface of bonded materials. 
This result implies that UAM could bond foils at tempera-
tures low enough to inhibit brittle intermetallic development.

The study focuses on the UAM process of joining 
Al6061-H18 and Cu-110 foils, which are traditionally chal-
lenging metals to join. By examining the mechanical proper-
ties and microstructural changes in this specific combination, 
the study expands the understanding of UAM’s applicability 
to difficult-to-join metal combinations. Considering the need 
for investigating the mechanical properties at the interface 
and layers (e.g., Al and Cu layers) of the composite struc-
ture, conventional mechanical tests (e.g., tensile testing) 
would not be feasible; rather a small-scale mechanical test-
ing (e.g., depth sensing nanoindentation testing) would be 
very effective in assessing the location-dependent mechani-
cal properties. Based on the literature review, the UAM-
produced Al-Cu structures are less explored and there is no 
study on the assessment of their local mechanical properties 
like hardness and Young’s modulus (e.g., variation in prop-
erties along interface and layers) and associated microstruc-
ture-property correlation. In this regard, the UAM process 
has been used to produce an additively manufactured layered 
composite of Al6061-Cu110 at room temperature, and the 
depth-sensing nanoindentation technique along with elec-
tron backscatter diffraction (EBSD) assessments was utilized 
to study the location-based mechanical properties, micro-
structure, and texture. The effect of the UAM process on 
dynamic recrystallization in the welded interface has also 
been studied.

2  Experimental procedure

On an Al6061-T451 substrate, bilayers of 150 µm thick 
Al6061-H18 printed foils and half-hard printed foils 
Cu-110 were ultrasonically bonded (the graphical dem-
onstration of the experimental procedure is illustrated in 
Fig. 3). The UAM system with subtractive milling capabili-
ties was utilized for the construction. Fabrication param-
eters included a welding force of 3500 N, a welding speed 
of 25.4 mm/s, and a vibration amplitude of 41.55 µm. 
During deposition, the substrate was preheated to 50 °C, 
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as this has been demonstrated to improve plastic flow and 
adhesion [6, 38]. The samples were then mounted and sec-
tioned along the plane of vibration of the sonotrode for 
metallographic analysis. Care was taken to guarantee ade-
quate coolant flow during sectioning to preserve interface 
microstructures. The samples were mounted in epoxy at 
room temperature and then polished with grinding paper 
(1200 grit), followed by diamond polishing with 6, 3, and 
1 µm diamond slurries. Using a Buehler Vibrometer and 
a colloidal silica suspension with a particle size of 0.05 
microns for 4.5 h, the deformation zone from previous pol-
ishing stages was removed. A Leica DM 750P microscope 
was utilized for optical microscopic investigations. EBSD 
measurements were carried out to investigate the micro-
structural characteristics of the bonded structure, focusing 
particularly on the aluminum and copper foils as well as at 
the interfaces between aluminum/copper and aluminum/
substrate (as shown in Fig. 3a). To conduct these measure-
ments, a state-of-the-art FEI Quanta™ 450 field emission 
gun scanning electron microscope (FEG-SEM) was uti-
lized. This high-resolution instrument enabled us to capture 
detailed images and data across specific regions of interest 
in our samples. EBSD investigation focused on specific 
regions sized 120 µm by 120 µm on the cross-sections of 
the bonded structure. Two distinct step sizes, 60 nm, and 
200 nm were used to generate the EBSD maps. The choice 
of these step sizes ensured an optimal balance between spa-
tial resolution and the area of coverage, thus facilitating a 
comprehensive understanding of the microstructural details 
across the interfaces and within the foils. The EBSD data 

was collected and post-processed using EDAX TSL data 
collection and analysis software.

For small-scale mechanical characterization, a depth-
sensing nanoindentation testing technique was employed. 
The nanoindentation system (iMicro Nanoindenter manu-
factured by KLA Instruments, USA) is equipped with a 
self-similar three-sided diamond Berkovich indenter with 
a tip radius of 100 nm. Load-controlled indentation tests 
(peak load of 300 mN, and a loading/unloading rate of 10 
mN/s with 5 s dwell time), ISO 14557 standard [39], and 
high-speed hardness mapping were conducted on the cross-
section of the multi-layered printed structure. The indenta-
tion hardness and modulus were then calculated according 
to the Oliver-Pharr method [40]. The nanoindentation sys-
tem’s continuous stiffness measurement (CSM) technique 
enabled direct measurement of dynamic contact stiffness 
during an indentation test’s loading phase, enabling precise 
monitoring of small-volume deformation. To reduce error 
in indentation depth or displacement, thermal drift was also 
limited to 0.10 nm/s throughout each test. Indents were also 
carefully positioned with sufficient space between them to 
prevent any plastic domain overlap between neighboring 
indents. Furthermore, before running the tests, the test 
system was carefully calibrated using a reference material 
(fused silica) to ensure the repeatability of the results. To 
study the variation of mechanical properties at the inter-
face, high-speed hardness mapping was also performed at 
the interface area between the Al and Cu layers employing 
an indentation load of 100 mN. A 10 × 10 array of indents 
was performed over an area of 300  ×  300 µm2.

Fig. 3  Graphical demonstration of the experimental procedure, beginning with raw material to final EBSD and nano-indentation tests
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3  Results and discussion

3.1  UAM’s multilayer arrangement

Figure 4a presents a simplified schematic of the multilayer 
structure. The micrograph in Fig. 4b shows the bilayer 
configuration of Al and Cu foils along with the substrate. 
The magnified location in Fig. 4b shows that plastic flow 
occurs most strongly near the crests and troughs found 
on the upper surface of the Cu layer. This is because the 
sonotrode touches the build’s top surface, causing local-
ized “trough” and “crest” formations through heat genera-
tion by friction. Since Al is softer than Cu, it follows the 
shape of the interface and undergoes considerable plastic 
flow there (as marked by the red arrows in Fig. 4b). The 
thin region of the interface is found as a dark line in the 
high-magnification SEM image in Fig. 4b, and it will be 
analyzed by EBSD in the following section. Additionally, 
understanding the process of bond formation requires first 
looking at how deformation affects the crystallographic 
grain structure which needs to be analyzed by EBSD 
assessments.

Following Truog et al.’s research [25] and the Al-Cu 
phase diagram [41], intermetallic phases can form during 
the UAM process due to local temperature rises. Truog 
et al. [25] and Ikeda et al. [42] reported the formation 
of  CuAl2, CuAl, and  Cu9Al4 intermetallic thin layers 
with a thickness of less than 1 µm at the Al-Cu inter-
face boundary. Also, according to the findings of Zhou 
et  al. [7] and Pagan et  al. [8] on Al-Cu UAM, copper 
composition in the interface was a function of diffusion 
distance (like Fick’s diffusion law) and a very thin layer 
of intermetallic structures was observed. However, refer-
ring to the experimental procedure, the UAM has been 

conducted at room temperature; consequently, significant 
temperature-dependent phenomena in this process cannot 
be anticipated.

3.2  Electron backscatter diffraction (EBSD) 
assessments

3.2.1  Characterization of Al‑substrate interface 
microstructure

The EBSD inverse pole figure (IPF) map (Fig. 5a, b) of 
the Al-substrate interface (the region of scan 1 in Fig. 4a) 
reveals significant plastic deformation and recrystallization 
near the interface in the Al6061 region. Since the substrate 
is preheated cast aluminum, the grain size is much larger 
than that of the Al6061 foil, and it should be harder. Dur-
ing sonotrode movement, the friction and force effect on 
the strong substrate caused deformation in the bottom of 
the Al6061 foil (which is softer than the substrate), there-
fore it appears that only the Al6061 foil underwent dynamic 
recrystallization close to the interface. As a result of local 
plasticity, the primary mechanism of the UAM process, the 
general trend of grain orientation demonstrates a small mass 
flow that has been shown with black arrows in Fig. 5b.

As depicted in Fig. 5a, the morphological orientation of 
the grains in an Al6061 foil 3D-printed part is horizontal 
(aligned with the direction of printer movement), despite 
the presence of significant dynamic recrystallization near 
the bonding interface. The magnified IPF image presented 
in Fig. 5b reveals a noticeable directional preference in 
the reorganization of grains. This phenomenon may stem 
from the substrate metal’s greater hardness and resistance 
to deformation, which forces the plastic flow in the upper 
layer to divert from the substrate (meaning the upper layer’s 

Fig. 4  a The schematic of the multilayer arrangement of the UAM 
technique used to fabricate the sample. b An optical micrograph 
of the UAM sample with some trough and crest in the Al-Cu inter-

face and Al flow through the boundary. Note: The regions where 
the Al6061 flowed into the asperities created in the Cu110 by the 
sonotrode
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plastic flow is unable to penetrate the substrate). In the pro-
cess of local plastic deformation, interactions between twins, 
slipping bands, and the robust surface of the substrate could 
occur. The in-process deformation and temperature lead to 
the reorganization of dislocations to low energy structures, 
formation of sub-grains and ultimately trigger recrystalli-
zation. The effect of substrate interface resistivity on the 
deformation process is evident in Fig. 5b. The black arrows 
in Fig. 5b and the schematic in Fig. 5c illustrate the local 
plastic flow trendline marks that have resulted in grain ori-
entation near the interface.

3.2.2  Characterization of Al and Cu foils microstructure

Figure 6 demonstrates the EBSD-IPF and pole figure of 
both aluminum and copper printed foils following the UAM 
process. Referring to this figure, these two materials have 
a preferred distribution of grain orientation; in the alu-
minum foil’s pole figure map (Fig. 6a), there is an orien-
tation tendency toward the < 111 > direction. The SEM and 
IPF images of aluminum in Fig. 6a reveal a microstructure 
with numerous small-size grains dispersed throughout the 
entire microstructure. This would be the result of the printing 
process and subsequent thermal treatment, which resulted 
in some recrystallization and growth. The crystal struc-
ture of aluminum is face-centered cubic (FCC), with four 
equivalents < 111 > crystallographic directions. Reflecting 

the preferred crystallographic orientation of the grains in 
the sample, the pole figure exhibits intensity peaks along 
the < 111 > directions. It appears that sonotrode-applied force 
and movement may affect the texture of aluminum even far 
from the bonding interface as it caused some specific orienta-
tion in the grain’s distribution. The IPF map depicts a largely 
random distribution of small grains, whereas the distribution 
of larger grains closely resembles that of rolled grains. This 
distribution pattern could be the result of dynamic recrystal-
lization during the plasticity effect of sonotrode movement. 
Figure 6b of the Cu110 EBSD-IPF image depicts preferen-
tially oriented crystals. Although some small-sized grains 
are visible in the middle of the figure (narrow line), the SEM 
image demonstrates that these are printing process defects, 
which appear as black areas in the SEM image. Since the 
particle size in the upper and lower areas of this dark region 
is unaltered, this dark region could not have resulted from 
the UAM process. According to the IPF image, the particle 
orientation and sizes do not exhibit any recrystallization or 
unexpected localized plasticity, which is consistent with the 
previously mentioned mechanical properties of strength and 
the higher surface hardness of copper compared to aluminum 
(the results of Young’s modulus and hardness will describe 
in the next section of this paper). Consequently, the copper 
surface would interact with the aluminum surface to form the 
bonded interface, whereas the area distant from the interface 
would not undergo plastic deformation or recrystallization.

Fig. 5  a IPF of Al6061- substrate interface in scan 1 region of 
Fig.  4a. b The zoom-in of interface and plasticity trendline marks. 
c Schematic of atomic scale local deformation and bonding process 
through the UAM and plasticity flow marks near the interface, as it 

seems due to sonotrode movement the cyclic deformation in micro-
scale causes (black area) atomic diffusion through the other metal, the 
black arrow is showing the mass flow gradient which is in consist-
ency with EBSD of the interface
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Fig. 6  a IPF and pole figure of 
Al layer after UAM process, 
which shows a very smooth 
tendency to < 111 > even far 
from the interface. b IPF and 
pole figure of Cu110 after UAM 
process with preferred orienta-
tion and some internal printing 
defects

Fig. 7  a The IPF of Al6061-Cu110 layers including the bonded interface. b The pole figure of three separated regions of Al6061-Cu110 bonded 
layers, Al6061, and Cu110 layers based on [111] plane stereograph
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3.2.3  Microstructure evolution in the Al‑Cu interface

The IPF and pole figure of the bonded Al6061-Cu110 layer 
(Scan 3 region in Fig. 4) has been represented in Fig. 7, as 
shown in Fig. 7a, the interface of Al6061-Cu110 does not 
exhibit any discontinuities, such as porosities, at least on a 
scale of 45 µm, which is one of the most significant aspects 
of this research. Due to the distinct mechanical properties 
and plasticity intensities of these two metals, the IPF image 
reveals an obvious distinction in grain size between the two 
interface sides. Figure 7 depicts extreme recrystallization 
and mass flow trend lines near the interface of Al6061, 
whereas there is no significant microstructural change on 
the Cu110 side. Recrystallization in metals such as copper 
and aluminum is influenced by factors like temperature, the 
degree of prior deformation, and the presence of impuri-
ties [43]. Generally, aluminum, with a higher stacking fault 
energy (~ 140 mJ/m2), tends to recrystallize more readily 
than copper, with comparatively lower stacking fault energy 
(~ 70 mJ/m2), at moderate to high temperatures, especially 
during processes like recovery [44–46]. However, the rate 
and ease of recrystallization for both aluminum and copper 
can vary depending on the specific conditions, such as the 
amount and type of deformation applied, the initial grain 
size, and the alloying elements or impurity present. The 
detailed kinetics of recrystallization are complex and are 
often described by models that take into account the chang-
ing microstructural factors and the relationship between the 
growing grains and the deformed matrix [47].

The laminar grains in the Al6061 far from the interface 
were discussed in the preceding section, and Fig. 7 displays 
the same structure. Fuji et al. [36] reported that after the 

establishment of micro-bonds between aluminum (Al) and 
copper (Cu), an intense shear deformation occurred in par-
allel with the ultrasonic vibrations. This process led to the 
creation of a recrystallized microstructure featuring a shear 
texture aligned with the {111}⟨011⟩ orientation near the 
bonded interface. The pole figure of the bonded Al6061-
Cu110 layer is shown in Fig. 7b. In Fig. 7b, the pole figure 
of bonded layers is most analogous to the Cu110 pole figure, 
but it also exhibits some Al6061 pole figure characteris-
tics. It appears that the Al6061 structure is a bit textured as 
the < 111 > planes are oriented toward the poles and parallel 
to the poles. It seems there is a more random texture at the 
interface (safe to say relatively texture-less). Nevertheless, 
the intensity is not high.

3.3  Indentation‑driven mechanical properties

In Fig. 8, indentation load-depth curves are presented for 
Al6061-H18 and Cu-110 foils, as well as the substrate 
(Al6061-T51) at a constant indentation load (300 mN), 
the Al6061-H18 foil exhibited notably greater indentation 
depth than the Cu-110 foil, while the substrate showed 
the shallowest depth. This suggests that the Al6061-H18 
foil is softer than the Cu-110 foil, and both foils are softer 
than the substrate. Indentation depths were measured as 
4030 nm, 3426 nm, and 3160 nm for Al6061-H18 foil, 
Cu-110 foil, and the substrate, respectively. In Fig. 9, 
we can observe an additional load-depth curve, which 
pertains to the indents positioned in proximity to the 
interface and those positioned at a distance from it on 
Al6061-H18 foil. Examining Fig. 9, it becomes evident 

Fig. 8  Representative load-
depth curves obtained from 
depth-sensing nanoindentation 
tests
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that the material situated further from the interface exhib-
its a marginally lower level of hardness, as indicated by 
the greater indentation depth.

3.3.1  Work hardening, dislocation density, 
and intermetallic compounds

According to the investigation by Sridharan et al. [15, 17] 
on steel-Ta and Al-Ti, the cause of the variation of hard-
ness profile on the aluminum part (from the interface to the 
interior) may be a work-hardening process. Therefore, the 
variation in hardness (as seen in Fig. 9) can be related to 
work hardening and corresponding grain size distribution in 
regions close to the interface and far away from the interface 
(on the aluminum part). As depicted in Fig. 10, the EBSD 
findings reveal a notable alteration in the grain size distribu-
tion near the interface compared to regions far away from 
the interface. Although the Cu and Al foils contain some 
fine grains, it is a characteristic of the interface region. To 
give a quantitative insight into the fine grain distribution 
(see Fig. 10c), grains smaller than 3 µm are considered from 
the Cu, Al, and interface zone. As seen, grains smaller than 
3 µm have much higher area fraction in the interface region 
(shown as gray bars in Fig. 10c) compared to Cu and Al 
foil. Such fine grain distribution in the interface region can 
be related to work hardening phenomena in this zone using 
Hall–Petch relationship [48]:

(1)�y = �0 +
K
√

d

Through Tabor’s theory, nanoindentation hardness, H, 
can be related to yield stress; therefore, Eq. 1 can convert 
to Eq. 2:

where hardness will change linearly with 1
�

√

d.
  

EBSD analysis has unveiled that, in the region distant 
from the interface, Al’s grain size distribution comprises 
57% of grains measuring less than 3 µm. In contrast, this 
percentage escalates to approximately 78% as it approaches 
the interface, signifying a progressive reduction in the aver-
age grain size, as illustrated in EBSD images (Fig. 10). 
Consequently, as the average grain size decreases, the hard-
ness increases following Eq. 2, and this is experimentally 
observed in Fig. 10. Therefore, the work hardening of alu-
minum at the interface has been demonstrated using the 
Hall–Petch theory. Subsequently, equilibrium dislocation 
density will be calculated using experimental data and the 
Taylor theory.

An optical micrograph capturing the line of indents per-
formed on the Al-Cu-Al sandwich structure is systematically 
combined with the nanoindentation results (Vickers hardness 
and Young’s modulus) and EBSD IPF maps (covering inter-
face, Al, and Cu foil microstructure) in Fig. 11. As shown in 
Fig. 11, the interface microstructure containing fine grains 
causes a sharp change in the Vickers hardness and Young’s 
modulus with Cu110 material being substantially harder 
than Al6061. The general trend of these two mechanical 
properties decreased very slightly with increasing distance 

(2)H ∝
1
√

d

Fig. 9  Load-depth curves 
obtained from Al6061-H18 foil 
for indents close to the interface 
and far away from the interface
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from the Al6061-Cu110 interface, which may be due to the 
larger grain size in the area far from the interface.

In Fig. 12a, the gradient map of the nanoindentation test 
shows that Young's modulus diminishes gradually from the 
interface to the interior area of Al6061. This deduction zone 
is in the vicinity of the interface with the fine grains’ region. 
On the other hand, most of the plasticity flow was observed 

on the Al6061 side, whereas Cu110 did not exhibit that 
much plasticity flow or dynamic recrystallization. Consid-
ering the evidence, the phenomena responsible for the sharp 
change of hardness near the interface are work-hardening 
phenomena that appear close to interface fine grains. This 
is due to the interaction of dislocations with the increase 
in the magnitude of plastic strain. As a dislocation moves 

Fig. 10  a EBSD inverse pole figure (IPF) reveals the microstructure 
at the interface and in regions distant from it, covering both Cu and 
Al foils, in addition to showcasing the grain size distribution in b Cu 

foil, c interface, and d Al foil. Note that fine grain distribution with 
sizes up to 3 µm is considered at the interface and compared with the 
area fraction of grains up to 3 µm from the Cu and Al foils

Fig. 11  Nanoindentation results 
for a linear probe from Al6061-
Interface-Cu110-Al6061 and 
reported Vickers hardness and 
Young’s modulus
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through a stress field, it encounters opposition from other 
dislocations in the same slip planes. This is represented in a 
classic Taylor hardening equation (Eq. 3). In this equation, 
Δ�sh is the yield strength increase from strain hardening, 
M is the Taylor factor (3.06 for equiaxed FCC materials), 
� ∼ 0.1 [8], G is the shear modulus ( 26 GPa for Al6061), b 
is the magnitude of the dislocation Burgers vector, and � is 
the dislocation density [8, 49].

Using Eq. 4, the magnitude of the Burgers vector in an 
FCC crystal structure can be calculated based on the lattice 
parameter of Al6061 (4.049 Å) [8]:

Therefore, the b for Al would be approximately 2.87 Å. 
The microstructural characterization of aluminum subjected 
to UAM deformation [50, 51] indicates a dislocation density 
between 109 and 1011 cm−2 . Theoretically, the Δ�sh value 
for Al could be in a range of 7.2 and 72.2 MPa based on 

(3)Δ�sh = M.� .G.b.
√

�

(4)b =
a0
√

2
110

calculation. On the other hand, Eq. 5 can be used to esti-
mate the increased yield strength around the Al-Cu interface 
based on the literature concerning the relationship between 
yield strength and hardness [52, 53].

The average hardness of the area of the fine grain beneath 
the interface of Al6061 is 83.7  HV, while the hardness of 
the interface top point is 106  HV (Fig.  11). According 
to Eq. 5, the local yield strength due to strain hardening 
would be 251.1 MPa beneath the interface and 318 MPa 
in the interface ( Δ�emperical = 66.9 MPa), which is consist-
ent with the calculated Δ�sh based on the dislocation den-
sity ( Δ�Theroritical = 7.2 − 72.2 MPa). Consequently, based 
on theoretical calculations, EBSD images (Fig. 7), and 
nanoindentation (Figs. 11 and 12a) results, work hardening 
with a dislocation density of approximately 8.6 × 1010cm−2 
occurred beneath the interface. Therefore, work hardening 
in the interface results in the recrystallization and formation 
of fine grains while continuing the deformation process by 
sonotrode.

(5)�y = 3. Hv

Fig. 12  a The nanoindentation 
map with Young’s modulus and 
hardness gradient map in the 
Al6061-Cu110 bonded inter-
face, the black circle in the gra-
dient map showing the effect of 
strain hardening on the beneath 
interface due to dislocations 
piling up. b The SEM images 
of Truog et al. [25] and Ikeda 
et al. [42] studies of intermetal-
lic formation in the UAM and 
solid bonded interface. c The 
probable intermetallic phases in 
the interface based on literature 
and nanoindentation reported 
data. d Schematic illustrations 
of the bonding process during 
UAM of Al to Cu and interme-
tallic formation based on Fujii 
et al. [36]
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In addition to work hardening, the formation of interme-
tallic compounds has also been considered in some studies 
[16, 29, 30, 42] as a reason behind the elevated hardness 
near the interface. For instance, in their research on interme-
tallic phases between Al and Cu, Ikeda et al. [42] reported 
the following series of intermetallic phases respectively: 
Al →  CuAl2 → CuAl →  Cu4Al3 →  Cu9Al4 → Cu, which are 
intermetallic phases in the room-temperature bonding pro-
cesses. Nevertheless, Truog et al. [25] did not record any 
 Cu4Al3 at the interface of UAM-bonded specimens, whereas 
every other intermetallic was detected. Therefore, the change 
in Vickers hardness and Young’s modulus can be influenced 
by the existence of intermetallics between the Al6061 and 
Cu110 interfaces. When the findings of Truog et al. [25] 
are considered, these probabilities become more stringent. 
Figure 12b shows some findings on intermetallics from the 
study of Truog et al. [25] and Ikeda et al. [42] while Fig. 12c 
shows a schematic illustrating a probable atomic arrange-
ment at the interface. However, based on the study of Sietins 
et al. [37, 54] and some other studies [25, 42], the thickness 
of intermetallic phases is very thin (less than 10 µm) and 
it might affect the hardness gradient. Therefore, it might 
be possible to consider the thin intermetallic phases as the 
dominant reason behind the sharp change in hardness and 
Young’s modulus, but it needs more investigation for future 
work. However, a schematic illustration is added in Fig. 12d 
showing deformation, plastic flow, and intermetallic forma-
tion during the bonding process of UAM. At the beginning 
of UAM, compressive deformation prevails near the bond 
interface. This, combined with deformation-induced heating, 
softens the Al alloy, fostering mechanical mixing and plas-
tic flow. As a result, the oxide layer fractures and disperses 
within the alloy along with Cu particles. Progressing further, 
shear deformation occurs in the Al alloy and Cu diffusion in 
Al part eventually forms a metallurgical bond.

4  Summary

The study contributes to the advancement of ultrasonic 
additive manufacturing (UAM), an advanced manufactur-
ing technique that utilizes ultrasonic vibrations to bond 
metal foils. By investigating the mechanical properties and 
changes in the microstructure of the joined interface, the 
study provides insights into the behavior and performance 
of UAM-processed metal parts.

In this study, Al6061 and Cu110 foils were utilized in the 
UAM process to additively manufacture Al-Cu composite 
structure, and the results demonstrated a significant depend-
ence between material hardness and local plasticity in the 
UAM process. Near the Al6061-Cu110 bonded interface, 
substantial plasticity and dynamic recrystallization were 
observed. The IPF maps and SEM images demonstrated that 

plasticity flow and recrystallization would only occur near the 
interface in the softer metal region. While the harder metal 
did not exhibit any plasticity, mass flow trend, or recrystal-
lization, the hardness and gradient map of Young’s modulus 
indicated the dynamic recrystallization and strain hardening 
beneath the interface. The hardness values obtained from the 
nanoindentation hardness map range between the hardness of 
Cu110 and Al6061 foils, which is close to the values of hard-
ness reported in the literature [8, 15, 17] for the interface zone 
subjected to strain hardening. Based on the theoretical calcula-
tion and the empirical hardness data obtained from this study, 
the occurrence of strain hardening beneath the interface (in the 
aluminum area) has been observed, and the probable disloca-
tion density has been calculated close to 8.6 × 1010cm−2 that 
is the main reason for the distribution of fine grains in the thin 
layer of the interface.

Concerning the potential industrial applications, the con-
ducted research is beneficial for various industries such as 
aerospace, automotive, and biomedical engineering. UAM 
offers benefits such as enhanced design flexibility and reduced 
material waste, making it a promising manufacturing tech-
nique for producing complex metal parts. By investigating the 
mechanical properties and microstructure of UAM-processed 
Al6061-T451 and Cu-110 foils, the study contributes to the 
exploration of potential industrial applications for UAM in 
these industries.

Finally, this study established a significant relationship 
between material hardness, local plasticity, and microstructural 
changes in the UAM process. This understanding of mate-
rial behavior and performance can inform the optimization 
of UAM parameters, process control, and material selection, 
leading to improved quality, reliability, and efficiency in the 
manufacturing of metal parts.
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