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A key challenge in metallic alloys with high ductility is understanding how microstructural 
inhomogeneities influence shear localization, leading to localized plastic deformation and material 
failure. In this study, we explore the phenomenon of shear localization in coarse-grained copper, a 
material traditionally regarded as having low susceptibility to such behavior. Contrary to conventional 
understanding, our findings reveal that microstructural inhomogeneities play a pivotal role in inducing 
extensive strain localization during low strain rate micro-mechanical loading. The presence of fine 
precipitate particles leads to strain localization at small strains and low strain rates by activating shear 
localization driven by void formation mechanisms. Furthermore, nanoscale precipitates act as sites 
for dislocation pile-up within deformed structures of shear bands, leading to the formation of nano 
twins within these bands. Consequently, precipitate particles serve a dual role: contributing to strain 
localization and potential cracking, while also enhancing the alloy’s strength and ductility through 
nano-twinning mechanisms. This investigation offers a novel perspective on the interplay between 
material microstructure and deformation behavior, challenging existing paradigms in materials 
science.

Strain localization frequently occurs during plastic deformation of metallic materials, often leading to eventual 
failure1. This phenomenon arises from heterogeneous deformation at the dislocation scale, the most notable 
example of which is shear bands (SBs)2–6. Strain localization phenomena frequently occur in conjunction with 
thermal softening behavior in materials, which is indicated by a negative strain-hardening coefficient4,7,8. The 
Strain localization typically arises during severe plastic deformation processes or under dynamic loadings with 
high strain rates such as impact loading, shock peening, and low-temperature plastic deformation processes1,9–11. 
While it is believed that large plastic strain and high strain rate are typically precursors for the occurrence of 
SBs in many metallic systems, material properties, and microstructural characteristics can significantly change 
the material’s susceptibility to strain localization1,4, leading to the possibility of strain localization even under 
normal plastic deformation processes.

Materials with lower heat capacity and thermal conductivity are more prone to shear localization7,8,12. 
Additionally, microstructural features such as grain size and the presence of secondary phase particles play an 
important role in strain localization1,13. Metallic materials with small grain size structures are highly susceptible 
to SB formation due to their high work-hardening rate, driven by the grain boundary Hall-Petch strengthening 
mechanism, which results in low ductility and increased sensitivity to shear localization1,14,15. In face-centered 
cubic (FCC) alloys, shear localization strongly depends on the stacking fault energy (SFE) and grain size1,4,16,17. 
At high or medium SFE, SBs are formed during large plastic deformation and are associated with crystallographic 
textures such as Copper-type and Brass-type18,19. Conversely, adiabatic SBs can form in FCC alloys with low SFE 
and nanograin structures even under quasi-static loading16.

Aside from grain size, microstructural inhomogeneities, such as the presence of secondary phase particles, 
can influence the formation of SBs20–22. However, the exact role of these particles in the deformation behavior 
remains unclear. For instance, studies have shown that precipitate particles can either hinder or promote the 
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formation and propagation of SBs in high-strength steels and copper alloys19,20,22, depending on the precipitate 
size and aspect ratio throughout the matrix. It is unclear how the size, number density of precipitate particles, 
and their interaction with microstructural characteristics such as grain size affect the deformation mechanisms 
and shear localization sensitivity under specific loading conditions.

In this study, a coarse-grained copper (Cu) alloy containing precipitate particles ranging from a few 
micrometers to nanometers was subjected to micro-mechanical loading using a ball indentation technique. An 
extensive number of SBs were observed in the Cu alloy, particularly in areas far from the indented region with 
low plastic strain. The influence of microstructural inhomogeneities on the plastic deformation behavior of the 
Cu alloy was thoroughly investigated. It was observed that a sequence of plastic deformation mechanisms, from 
shear localization to deformation twinning, occurred during micro-mechanical loading. In each mechanism, the 
precipitate particles played a significant role. The micron-sized particles facilitated the formation of SBs through 
a micro-void formation mechanism, leading to shear localization around the particles. Once SBs with a high 
density of dislocations were formed, the presence of nanosized particles induced the formation of deformation 
nano-twins within the bands. The results showed that contrary to the belief that coarse-grained copper (CG) 
Cu alloys are less susceptible to shear localization and deformation twinning under applied micro-mechanical 
loading, microstructural inhomogeneities changed the threshold conditions for these phenomena to occur. 
This investigation challenges the prevailing understanding of how microstructure influences the deformation 
behavior of Cu alloys.

Results
Figure  1a shows the scanning electron microscopy (SEM) micrograph and electron backscatter diffraction 
(EBSD) map of the microstructure of the brazed bead, revealing the Cu matrix with an average grain size of ∼
150 µm and uniformly distributed particles. The particles were formed as a result of the dilution of molten Cu 
filler material into the steel substrate during the brazing process and are referred to as precipitate particles23,24. 
Figure  1b presents a high-angle annular dark-field imaging (HAADF) image and corresponding energy-
dispersive X-ray spectroscopy (EDS) elemental maps, revealing that the particles consist of iron (Fe), silicon 
(Si), and manganese (Mn). The presence of precipitate particles has been observed to result in the increase of the 
strength of the Cu-matrix23.

Figure  1c depicts the load-depth (P–h) curve derived from the indentation test conducted in the brazed 
bead. Figure 1d,e show the SEM micrograph of the corresponding indentation where a pile-up of material and 
SBs are observed surrounding the circular indented area. The high-magnification SEM image (Fig. 1e) shows 

Fig. 1.  (a) SEM micrograph along with image quality (IQ) and phase map as well as inverse pole figure 
(IPF) map of the brazed bead, revealing a Cu matrix with embedded particles, (b) HAADF image and 
corresponding EDS maps of the particles show that the particles are primarily composed of Fe, Si, and Mn, (c) 
Load-displacement ( P − h) curve obtained from the indentation test, (d) 70° tilted SEM micrograph of the 
indentation area along with high magnification SEM micrograph of the pile-up and SBs formed surrounding 
the indentor, and (e) high magnification SEM micrograph showing pile-up and SBs formed around the 
indenter.
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a wavy pattern within the pile-up, which indicates viscous flow caused by a temperature increase from plastic 
deformation (i.e., adiabatic heating), leading to the formation of such patterns25. Previous studies have mainly 
identified SBs within the pile-up region26–28.

Figure 2(a)-1 and -2 shows an SEM micrographs illustrating the formation of multiple SBs in the region 
located far from the indentation area. The inclination angle of SB was measured at ∼30° with respect to the 
applied load utilizing an in-plane FIB micrograph as shown in Fig. 2(a)-3. The plastic zones were also examined 
using atomic force microscopy (AFM), as shown in Fig. 2(b)-1 and -2, which present two-dimensional (2D) 
and three-dimensional (3D) AFM images, respectively. The SB patterns and the corresponding line scan profile 
depicting of displacements caused by the indentation. The results revealed that each serration with a height 
difference of approximately 10–20  nm with respect to the matrix is indicative of a corresponding SB. This 
observation differs from the SBs observed in the previous literature, which were primarily confined to the region 
near the indented area and were radius or semi-circular bands29–32.

The SBs were further investigated using EBSD analysis, as shown in Fig. 2c–f. The EBSD-IPF map (Fig. 2c,d) 
showed the presence of SBs within specific grains, each exhibiting consistent inclination angles. However, the 
inclination angles varied between two distinct grain orientations, influenced by the grain’s orientation affecting 
deformation behavior33. This observation was confirmed with high magnification EBSD (Fig. 2d), revealing clear 
evidence of in-grain SBs with similar inclination angles. Plastic strain was evaluated using KAM calculations 
(Fig. 3e,f), indicating a relatively high degree of plastic strain within the SBs.

The characteristics exhibited by the SBs identified in this study are comparable to the bands formed during 
severe plastic deformation processes. These bands formed after severe plastic deformation typically appear 
narrow, ranging from approximately ∼5 to 200 μm wide, and their width increases as plastic strain is increased1. 
The bands are also separated from each other with a characteristic boundary with the matrix10. This type of SB 
is commonly observed under high strain rates or shock-hardening processes in Cu alloys10,34,35. Yet, the SBs 
observed in this study were formed by the application of a low but localized load26,27,30,36, and in this condition, 
there will be high plastic strains generated at the edge of a nearly flat indenter37. This finding suggests that the Cu 
matrix is prone to shear localization during plastic deformation around an indentation.

Besides the alloy type, the investigated Cu alloy possesses a large grain size structure, typically resulting in 
low sensitivity to shear localization. Shear banding is less likely to typically occur in metals with larger grain 
sizes in both BCC or FCC structures15,38,39. Li et al.40 showed that lower strain hardening coupled with higher 
thermal softening makes ultra-fine-grain titanium alloy more susceptible to shear localization. The same 
behavior has been observed in BCC iron during compressive loading where shear localization occurred in grain 

Fig. 2.  (a) SEM micrograph of the indented area reveals the formation of shear bands, (b) 2D and 3D AFM 
images of shear bands and Cu matrix, (c) inverse pole figure maps showing the presence of shear bands within 
two distinct grains, (d) high magnification inverse pole figure map of in-grain shear bands and (e,f) the 
corresponding kernel average misorientation (KAM) of the shear bands.
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sizes below 300 nm, even at quasi-static strain rates and low strains, and emerged as the dominant mode of 
plastic deformation15. These investigations revealed that the occurrence of SBs during low strain or strain rate 
conditions is confined to ultrafine or nanograin structures. This is in contrast with the current study, in which 
SBs were observed in a coarse grain ( ∼150 µm) Cu matrix. Furthermore, it has been shown that microstructural 
inhomogeneities, such as secondary phase particles, can significantly impact the formation of SBs1. Small 
carbide precipitates with high aspect ratios and volume fractions have been observed to be potential sites for the 
formation of SBs in steel, while micron-size particles were more resistant to the formation of SBs22. In contrast, 
it has been reported that Cu-rich nano-precipitates can effectively act as an absorber/of energy during impact 
loading and are thus capable of effectively preventing the formation of SB20. This suggests that the role played 
by precipitate particles is strongly dependent on their composition, size, and number density. Furthermore, the 
effect of all of these microstructural factors on SB formation varies depending on the loading conditions.

Figure 3a shows transmission electron microscopy (TEM) micrographs revealing a sequence of SBs exhibiting 
consistent inclination angles, indicative of in-grain SBs. Localized SBs, ranging in width from 20 to 300 nm, are 
visible in the TEM micrograph. Additionally, SBs formed near particles appear narrower and are situated closer 
together compared to those formed within the matrix, as illustrated by the high-magnification TEM image in 
Fig. 3b. The width of SBs is influenced by factors such as strain, strain rate, and the presence of precipitates1,14. 
Depending on the size of particles, their presence within the matrix can enhance localized strength, leading to 
increased strain localization and narrower SBs. Figure 3c–e show TEM micrographs and selected area electron 
diffraction (SAED) patterns at three locations, including a spot containing both SB and matrix (Fig. 3c), within 
SB (Fig. 3d) and within the Cu matrix (Fig. 3e). The bright spots in Fig. 3c were associated with the Cu matrix, 
while the faint small spots were observed at a distinct angle between the {111} spots. This suggested that the faint 
spots were caused by a periodic defect, resulting in a weak diffraction pattern appearing midway on the SB. One 
possible explanation for the faint spots observed in this SAED pattern is the presence of partial dislocations. In 

Fig. 3.  (a) TEM micrographs of the SBs in the matrix and the vicinity of a precipitate particle, (b) High-
magnification TEM image showing particle and shear bands formed in its vicinity, (c–e) TEM micrographs 
and corresponding SAED patterns at different locations, including a spot containing both an SB and matrix 
(c), within the SB (d) and the matrix (e) (for interpretation of the references to color in this figure, the reader is 
referred to the web version of this article).
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FCC metals with low or medium SFE, the tendency for dislocation cross-slip is reduced, leading to an increased 
likelihood of dislocation pile-up. As a result, the dislocations extend into two partial dislocations with a stacking 
fault existing between them41. Figure 3d displays a TEM micrograph of SBs, where bright spots show the Cu 
matrix and faint spots indicated by white arrows indicate partial dislocations. Additionally, in Fig. 3d, there are 
spots marked by red arrows that split into two separate spots, suggesting the coexistence of nano twins within the 
SBs. Comparing the SAED patterns of the SB (Fig. 3d) with the matrix (Fig. 3e) showed that the SB exhibited a 
more diffuse pattern than that of the matrix. It is worth noting that the formation of a twin-coupled SB structure 
derives from intensive dislocation interactions triggered by plastic deformation and precipitate particles. As 
indentation induces localized deformation, plastic strain is applied beneath the indenter, leading to dislocation 
interactions induced by concentrated stress, as shown in previous work37.

Typically, deformation twinning rarely occurs in CG FCC metals with medium to high SFE due to 
two primary reasons: (i) the number of independent slip systems, which render slip a dominant mode of 
deformation, and (ii) higher critical twinning stress in comparison to slip stress42. Experimental evidence 
indicates that deformation twinning in CG FCC materials occurs after substantial strain hardening, high strain 
rates, or during deformation at low temperatures43, and is known to proceed through the well-known pole 
mechanism42. In this process, the prismatic dislocation undergoes dissociation into two partial dislocations 
(( a/2 )[ 110] = (a/3 )[ 11

−
1] + (a/6 )[ 112]) and extends by climbing a Shockley dislocation42. This progression 

requires a high critical resolved shear stress achievable only at very low temperatures or under high strain rates42. 
Most importantly, the critical twinning stress follows the Hall-Petch relationship44, wherein the twinning stress 
significantly decreases with increasing grain sizes for materials with medium to low SFE42. It has been reported 
that twinning can occur in CG Cu within a grain size range of 117–311 μm13. In spite of this, it is still required to 
provide high strain or strain rate or deformation under low temperatures to meet the minimum stress required 
for twining. While the Cu matrix investigated in this study has a CG structure, the twining happened under low 
strain but localized indentation loading.

Figure  4a,b show high-resolution TEM analysis, of the presence of nano twins within the SBs. The 
corresponding fast Fourier transformation (FFT) diffractogram from the twin-coupled SB (Fig. 4(a)-1) further 
confirms the twin structure, as indicated by the red arrows in the diffractogram. A high-magnification TEM 
micrograph depicting the SBs, along with corresponding FFT diffractograms from both the matrix (FFT1) and 
the SB (FFT2), is presented in Fig. 4(a)-2. The overlaid image of the FFT diffractograms (Fig. 4(a)-3) indicates a 
misorientation of approximately 10° between the SB and the matrix, suggesting the presence of a low-angle grain 
boundary (LAGB) at the interface between the SB and the matrix. This observation aligns with findings from 
EBSD maps (Fig. 2) which showed the presence of in-grain SBs.

In addition, the TEM micrograph showed lattice fringes in certain regions of the SBs (Fig. 4(b)-1 and -2). 
The spacing of these lattice fringes was measured at approximately 0.17–0.25 nm. Moreover, the lattice fringes 
exhibited almost identical orientations at various locations within the SBs. The FFT diffractogram from the 

Fig. 4.  (a) TEM micrograph alongside the fast Fourier transformation (FFT) diffractogram corresponding to 
the various regions in the shear band and matrix. The FFT diffractogram reveals two sets of diffraction spots 
corresponding to the nano twins within the SBs, (b) TEM micrographs of the lattice fringes within the shear 
band reveal local grain refinement, as evidenced by the multi-spot FFT diffractogram. 
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lattice fringes (Fig. 4(b)-1) indicated a multi-grain structure within the SBs, suggesting local grain refinement. 
The grain refinement usually happens as a result of recrystallization, a phenomenon that typically occurs in 
adiabatic SBs, where the high strain or strain rate causes thermal softening to prevail over work hardening45,46. It 
is noteworthy that these lattice fringes were observed only in specific local areas of the SBs47. This inhomogeneous 
characteristic of different microstructures within SBs is attributed to localized plastic deformation during micro-
mechanical ball indentation loading48,49.

Figure 5a shows a more detailed illustration of the formation of nanotwins within SBs. High-magnification 
TEM micrographs (Fig. 5(a)-1 and -2) and EDS analysis (Fig. 5b), coupled with FFT diffractograms (see Fig. 5(a)-
3), provide further confirmation of the presence of nano twins. It is evident that the nano twins are confined to a 
small area within the SBs, as depicted by yellow arrows in the high-magnification TEM micrograph in Fig. 5(a)-
3. It is well-known that the local stress required for nucleation of deformation twinning in FCC materials is high, 
typically ranging from 150 MPa for single crystal Cu to 300 MPa for Ni alloys42. To reach this high level of local 
stress, significant plastic deformation is generally required. Figure 5b shows the TEM/EDS analysis of the nano-
sized precipitate particles, clearly demonstrating that they are composed of Si, Mn, and Fe, consistent with the 
composition of the micron-size particles observed in Fig. 1. The pre-existing SBs and the nano-sized Si-Fe-Mn 
precipitates contribute to lowering the critical stress necessary for the formation of deformation nanotwins in 
the studied CG Cu alloy.

Discussion
Experimental and analytical findings have consistently demonstrated that the instability criterion, where 
materials soften with increasing strain (i.e., dτ /dγ ≤ 0), is a necessary condition for shear strain localization 
and the formation of SBs1. Plastic deformation instabilities may arise during high strain rate deformation11,50, 
or they can emerge from the specific geometry of the deforming sample51,52, alongside factors related to the 
inhomogeneous microstructure, such as crystallographic texture or the presence of precipitate particles1. In the 
present study, shear localization and deformation nanotwinning were observed in coarse-grained Cu at room 
temperature and low strain rates during ball indentation loading, which had not been investigated previously. 
The sequence of plastic deformation processes is as follows: (i) an inhomogeneous and localized plastic strain 
distribution, with the substrate flowing around the sides of the indenter, resulting in pile-up with hardening 
effects, (ii) the formation of shear localization surrounding the plastic strain distribution around the indent area, 
and (iii) the formation of deformation nanotwins within the SBs.

Shear localization in CG cu matrix
Ultrafine and nanograin alloys are more prone to shear localization than CG structures, as smaller grain 
sizes exhibit limited strain-hardening due to reduced dislocation accumulation and generally low strain-rate 
sensitivity, resulting in shear localization during dynamic deformation40. However, this study showed that a CG 
Cu alloy can also exhibit shear localization during micromechanical loading. This tendency can be attributed 
to two key factors: (i) localized and inhomogeneous plastic deformation during ball indentation, and (ii) a 
heterogeneous microstructure, including dispersed precipitate particles within the Cu matrix.

Fig. 5.  (a) High-resolution TEM micrographs of the nano twins formed within the shear bands and the 
matrix. The TEM micrograph shows the presence of nano-sized precipitate particles within the matrix. (a)-2 
and (a)-3 are high-magnification TEM micrographs from different regions of (a)-1, (b) EDS elemental maps of 
the nano-sized precipitates show that the particles have the same composition as the micron-size particles. The 
figure shows that the nano-sized precipitates may act as obstacles to dislocation motion, thereby increasing the 
pile-up of dislocations and further assisting in the formation of nano twins within the shear bands.
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Deformation pile-ups and shear localization have been previously observed in nanocrystalline Fe under ball 
indentation due to localized and highly strained plastic deformation48. However, in earlier studies, SBs were 
typically confined to areas near the indentation tip48. In contrast, this study found that SBs propagated far from 
the indented area, extending into regions of low plastic strain, as indicated by finite element simulations of 
plastic strain distribution in previous work37. This extended SB formation is likely due to the heterogeneous 
microstructure, specifically the dispersion of precipitate particles.

Alloys with precipitates, impurities, or defects are highly susceptible to SB formation. For instance, it has 
been shown that precipitate carbides can act as nucleation sites for SBs where the size and density of these 
precipitates significantly affect susceptibility to shear localization22. One mechanism explaining this is based on 
microvoid formation during applied shear strain. Voids act as sources of geometric instability independent of 
any thermal softening mechanism53. Experimental evidence shows that dislocations interact with plastic strains 
around these particles, leading to the cooperative nucleation of voids, which ultimately cause shear instability 
and the formation of SBs. The nucleation of voids depends on the size, distribution, and aspect ratio of the 
precipitates, with large or closely spaced particles tending to nucleate voids at relatively low strains, accelerating 
the onset of shear localization53. A critical stress criterion model can be employed to correlate the influence of 
particle characteristics on micro-void formation. For materials with small interparticle spacing, the interfacial 
stress can be determined by Eq. (1)54:
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where σ rr is the interfacial tensile stress, K0 is the yield stress in shear, γ is the shear strain, γ 0 is the shear 
strain at yield, n is the strain hardening exponent, M  is the Taylor factor, λ  is the interparticle spacing, and R 
is the particle radius. The ratio of λR is determined by the following equation54:
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where fv is the volume faction of particles. The model clearly illustrates how particle characteristics, such as size, 
interspacing, and volume fraction, affect the critical strain required for void nucleation. The critical interfacial 
stress for void nucleation depends on both the size and distribution of particles. With the same volume fraction 
(i.e., the same λ /R ratio), nano-sized particles allow for greater strains before void nucleation occurs. On the 
other hand, micron-size particles initiate voids at lower strains. This is consistent with the results presented in 
this study. The micron-size particles increase the probability of void formation, promoting shear localization, 
while nano-sized particles require higher strain for void formation54.

Therefore, voids could initiate shear banding before reaching the critical shear strain for localization. However, 
void formation within the SB is typically delayed until some time after reaching the instability strain. Larger voids 
that are observed within SBs are thought to develop during the late stages of deformation, particularly during 
unloading when the material within the band still maintains a high temperature due to plastic deformation. As 
a result, voids are frequently observed within SBs in materials with low thermal conductivity, such as titanium 
alloys, but are not commonly found in steel or aluminum alloys12 and Cu alloys.

Shear band-induced nano twining
During the process of severe plastic deformation, when the stress concentration resulting from dislocation 
pile up reaches the level of the critical twinning stress, deformation twinning might occur. Therefore, the local 
dislocation density, ρ n for activating deformation twinning can be determined according to Eq. (3)42:
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where γ is SFE, and G is the shear modulus. For Cu alloy the γ = 45 × 10−3J/m2, G = 48.3GPa, and 
the Burgers vector modulus of the full dislocation (b) being 
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6
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)
a. For a given value of n = 2 

and an empirical material constant (ά) of 0.5, the dislocation density ρ n is calculated as 3.4 × 1015 m−242.

Based on the aforementioned equation, ρ n can be used to calculate the local dislocation density required for 
activating deformation twinning. As SBs exhibit high dislocation density and a high degree of lattice distortion, 
as shown by TEM micrographs, the local dislocation density within SBs is sufficiently high to surpass the critical 
value needed to initiate the formation of deformation twins. It should be mentioned that nano twins were 
not observed in all SBs and were limited to some local areas of SBs. The TEM micrograph in Fig. 5a revealed 
the presence of nano-sized precipitate particles throughout the sample. The nano precipitates have the same 
composition as the micron-size particles shown in Fig.  1. Nanotwins are clearly observed in areas with the 
presence of nano-sized precipitate particles. This observation explains why nano twins form in specific regions 
of the SBs but are not present throughout all regions. The nano-sized precipitate particles act as obstacles to 
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dislocation movement, increasing dislocation entanglement and thereby promoting the activation of twin 
formation. A recent study using molecular dynamics (MD) simulations on FCC Cu showed that nanoprecipitates 
not only serve as obstacles but also generate dislocations due to the lattice mismatch between precipitate and 
matrix55. When the applied stress exceeds a critical level, dislocations nucleate and propagate, facilitating plastic 
deformation55. This dual functionality allows the material to maintain strength while deforming uniformly, 
thereby enhancing ductility. These dislocations may also trigger the formation of deformation twins.

Deformation mechanisms
Figure  6 illustrates the sequence of deformation mechanisms observed in the CG Cu alloy with dispersed 
precipitate particles ranging from a few micrometers to approximately 10  nm in the current study when 
subjected to localized deformation. Under ball indentation loading, the material exhibits substantial localized 
strain, resulting in a pile-up of material and a radial distribution of strain around the indentation area.

In this study, SBs are formed near the indentation region and propagate to areas farther from the indentation 
site. The SBs that formed away from the indentation region were further analyzed, as highlighted in Fig.  6. 
Stage 1 illustrates the microstructure of the CG Cu matrix, which contains both micron-size and nano-sized 
particles. In stage 2, following the microvoid formation mechanism, voids form within the micron-size particles, 
as they require less plastic strain for void formation. The growth of these voids leads to plastic strain instability, 
contributing to the formation of SBs. Once the SBs are formed, the high density of dislocations in the localized 
areas serves as preferred sites for dislocation pileups within the deformed SBs. In stage 4, the high dislocation 
density within the shear bands interacts with the nano-sized precipitate particles. This interaction reduces the 
critical strain threshold required for deformation twinning, which subsequently facilitates the formation of 
nanotwins within the SBs.

In the context of brazing high-strength steels, nanoparticles within the Cu matrix play a critical role. These 
particles act as effective dislocation barriers, thereby enhancing local strength and influencing the overall 
deformation behavior of the CG matrix. Nanoparticles facilitate nanotwin formation, a key mechanism that 
simultaneously improves strength and ductility56–58. However, the micron-size particles also contribute to shear 
localization in the form of SBs, potentially leading to premature failure. It is important to note that the particle 
size distribution can be controlled and tailored through process optimization, as demonstrated in our previous 
works23,24. This investigation is significant because failures in brazed joints often occur through brazed beads. 
Understanding the deformation mechanisms of the Cu matrix in brazed beads can lead to microstructure 
optimization, enhancing the mechanical integrity of brazed joints.

Methods
In this work, a brazed joint fabricated by using a Cu-based alloy (Cu-2.9Si-0.8Mn-0.02Fe, all in wt%) filler wire 
to join zinc-coated interstitial free (IF) steel sheets using the automatic robotic gas metal arc brazing process with 
a working angle of 25°, a push angle of 30°, and a wire feed speed of 350 in/min (8.89 m/min). The power supply 
was set to direct current electrode positive (DCEP) mode with surface tension transfer and travel speed of 30 in/
min (760 mm/min). A more detailed description of the brazing process can be found in Refs23,24.

The sample preparation was conducted utilizing the typical metallographic method in addition to a final 
vibratory polishing stage using a colloidal silica suspension for 30 min. Subsequently, each sample was loaded 
using an instrumented indentation tester (Nanovea M1) with a nearly flat tip indenter with a 50 μm diameter 
and a loading of 5 N. The test was conducted on at least five different points on the brazed bead, with a loading 
and unloading rate of 10 N/min. The load-depth (P–h) indentation curves were measured at room temperature.

The microstructure was characterized using SEM (Zeiss FESEM 1530), AFM (DI Nanoscope IV), and EBSD 
(JEOL JSM 7000f) imaging. EBSD data was analyzed using the MTEX toolkit in MATLAB59. To conduct site-
specific TEM analysis, thin foil samples near the indented region containing shear bands were cut from the 
longitudinal sectional of the Cu-based alloy using FIB (Thermo Scientific Helios G4 PFIB machine) micro-
machining. HAADF micrographs and EDS were captured using an FEI Titan 80-300HB operating at 300 keV.
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Fig. 6.  Schematic representation showing the microstructural evolution of the precipitate-dispersed Cu 
matrix throughout distinct stages of plastic deformation; stage 1: The microstructure of the coarse-grained 
(CG) copper (Cu) alloy is characterized by a distribution of precipitate particles varying in size from several 
micrometers down to the nanometer scale. Stage 2: Shear localization occurs due to the formation of voids 
around the micron-size precipitate particles. Stage 3, The localized shear strains lead to the development of 
distinct shear bands. Stage 4: Within these shear bands, the high density of dislocations interacts with the 
nano-sized precipitate particles. This interaction reduces the critical strain required for deformation twinning, 
eventually resulting in the formation of nano twins within the shear bands.
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