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Abstract:  7 

Understanding flaw tolerance in composites is critical for both the design and the application of 8 

reliable structural materials. Through uniaxial tension experiments, we explored notch-related 9 

plastic deformation mechanisms in both Cu-alumina and Cu-Ag-Zr composites via real-time 10 

strain mapping. Experiments demonstrated that, in samples under tensile loading with notch pairs 11 

from both materials, highly strained regions first emerged from notch tips and then developed 12 

into strain-concentration bands.  Under further loading, each of these bands changed in shape 13 

from straight to elliptical as it formed a bridge across to its opposite notch tip.  When any sample 14 

came under tension, its notch tip radius increased, and its strain-concentration bands gradually 15 

moved toward its notch segment center.  High plastic strain became localized at the notch tips, of 16 

course, but also within the strain-concentration bands.  Notch-strengthening, on the other hand, 17 

appeared mainly within the strain-concentration bands.  The two composites showed different 18 

ductility within these bands.  Alumina-particle-strengthened Cu had low elongation that 19 

eventually resulted in an abrupt fracture somewhere within these bands.  By contrast, Ag-fiber-20 

strengthened Cu-Ag-Zr composites had high elongation in strain-concentration bands, 21 

accompanied by clear notch blunting.  In other words, Ag-fiber-strengthened Cu had higher flaw 22 

tolerance than alumina-particle-strengthened Cu, a difference we attributed to the differences 23 

between malleable fibers and hard particles. 24 
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1. Introduction 28 

Cu-based composites are used in numerous applications that require optimized 29 

combinations of mechanical strength with either electrical or thermal conductivity. The strength 30 

of Cu composites is enhanced through dislocations [1-3], grain refinement [4, 5], and dispersion 31 
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strengthening [6-11]. Typical conductor materials for high-field magnets are Cu-based, fiber-32 

reinforced nanocomposites (such as Cu-Ag [12-22] and Cu-Nb [1, 2, 23-30]) and particle-33 

reinforced composites (such as Cu-alumina [6, 7, 31-33] and Cu-Cr-Zr [34-38]).  For desired 34 

mechanical strength, each of these conductor materials must have a nanostructure, i.e. a 35 

microstructure that reaches nanoscale. 36 

The fabrication of nanostructured, high-strength conductors requires severe plastic 37 

deformation, which may cause such structural defects as voids, internal cracks, or second-phase 38 

particles. Surface damage (deep scratches, gouges, grooves, or dents) is also inevitable[39]. The 39 

presence of such defects is known to increase stress concentration.  Researchers use the term 40 

“notch sensitivity” to describe the reduced ductility that occurs when a triaxial stress field is 41 

combined with steep stress gradients like those that often occur near any defect, like a notch [40].  42 

In ductile materials, plastic flow may reduce stress concentration near a notch tip. In brittle 43 

materials, however, no such relief mechanisms exist--stress concentration is maintained right up 44 

to the point of fracture.  45 

In fine-grained nanocomposites, however, notch sensitivity may be expected to be 46 

different from that of their coarse-grained counterparts [41-43].  In nanomaterial design, the 47 

widely used engineering concept of “stress concentration at flaws” does not apply because 48 

certain materials, like nanocrystalline metal, become insensitive to flaws at nanoscale [44]. 49 

Kumar et al. proposed that apparent notch insensitivity at nanoscale arises from the breakdown 50 

of classical fracture mechanics in thin films [45]. Nano-grain realignment or rotation in the 51 

absence of dislocations causes extreme stress homogenization at notch tips and makes stress 52 

concentration irrelevant at nanoscale.  In a material where microstructure is dominated by grain 53 

boundaries, realignment or rotation of crystals commonly occurs, but it is currently unknown 54 

whether such phenomena can take place in nanocomposites, in which interfaces dominate. 55 

Inspired by differences in sensitivity to notches, we focused in this work on notch-tip 56 

stress concentrations by comparing a fiber-strengthened, nanostructured composite to a particle-57 

strengthened, microstructured material.  For microstructured material, we investigated Cu-58 

alumina, a composite strengthened by non-deformable, ceramic nanoparticles.  For a 59 

nanostructured composite, we chose Cu-Ag-Zr, a composite strengthened by malleable, metallic 60 

fibers [46-48]. Although two composites have different strengthening mechanisms, they are 61 

conductors for high-field magnets. Cu-alumina and Cu-Ag-(Zr) have different combination of 62 
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mechanical strength and electrical conductivity. High electrical conductivity (~82%IACS, 63 

International Annealed Copper Standard) is the advantage of Cu-alumina, despite its moderate 64 

strength (~560MPa)[7]; High strength (>800MPa) is often reflected in Cu-Ag-(Zr), despite its 65 

moderate electrical conductivity(~75%)[18, 20, 22, 24, 25, 49, 50]. The unique properties made 66 

them have different applications. So far, no published research has directly addressed the 67 

influence of notches on the strength and plasticity of Cu-alumina and Cu-Ag-Zr together. The 68 

purpose of the current work is to provide insight into the effect of notches on mechanical 69 

properties in Cu-based composites with different microstructures.  70 

2. Experimental methods 71 

In this investigation, we used rectangular wires of Cu-1.1wt%Al2O3, 5.2 x 8.6 mm2, 72 

drawn by Sam Dong, and Cu-7wt%Ag-0.05%Zr, 4 x 6 mm2, supplied by Leibniz-Institut für 73 

Festkörper- und Werkstoff-Forschung (IFW), Dresden. 74 

All unnotched tensile samples were machined from wire samples and had a dog-bone 75 

profile.  For Cu-1.1wt% alumina, the gauge length was 4.0 mm and the gauge width was 4.3 mm 76 

(see Fig.1).  For Cu-Ag-Zr, the gauge length was 4.0 mm and the gauge width was 3.0 mm.  77 

To examine the mechanics of constrained yielding, pairs of V-shaped notches were cut 78 

perpendicular to the loading axis on either side of the plank-like section crossing from one side 79 

of the notch to the other.  The notches were machined within the 4.0 mm gauge length.  The 80 

cross-section area of a sample between notch pair tips was one-half the remaining area of the 81 

sample lying outside the notches but within the gauge length.  The notch angle was held constant 82 

at 60 degrees. The Notch Tip Radius (NTR) ranged from 0.20 mm to 3.83 mm, as measured 83 

using the video system iNEXIV VMA-2520.   84 

Tensile tests were carried out on both notched and unnotched samples on a servo-85 

hydraulic MTS test machine with a load cell of 20KN.  All samples were measured using x-y-z 86 

coordinates, with x indicating the longitudinal direction of drawing or rolling, y indicating the 87 

transverse direction (width), and z indicating the short-transverse direction (thickness). The 88 

tension axis was parallel to the x-axis.  The specimens were carefully aligned along the loading 89 

axis and subjected to increasing tension until fracture occurred. Notch strength (σN) was defined 90 

as the maximum load divided by the net cross-sectional area at the notch.  The error of measured 91 

strength values was below xx. 92 



4 
 

A Digital Image Correlation (DIC) system was employed to monitor real-time strain in 93 

the vicinity of notch tips. To understand local plastic deformation properties, we measured the 94 

average strain in an area of 0.1x 0.1 mm2 within strain-concentration bands (see Fig. 1e). The 95 

elongation reported in this work refers to the strain needed to initiate cracks, but not to cause 96 

fracture. Since the strain in this study was measured locally by DIC at the notch tips and was not 97 

averaged to undeformed areas, it better reflects the real plasticity in the deformed area.  98 

Microstructure and fracture morphology were examined by dual-beam scanning electron 99 

microscopy (FEI Helios G4 UC). Low magnification fracture images were observed by light 100 

microscopy (Nikon iNEXIV VMA-2520).  101 

3. Results and discussion 102 

3.1 Notch tip strain evolution in Cu-alumina 103 

In each Cu-alumina wire sample without notches, a necking region appeared within the 104 

gauge length under tension. The highest strain occurred in the center of this necking region, 105 

where we measured local strain as high as 34%, nearly 3 times the overall average strain (13%) 106 

within the total 4 mm-gauge length (see Fig.1b, the red region). 107 

With the introduction of double-edged notches, not only was the maximum local strain 108 

reduced, but the highly strained necking region was also redistributed. The necking region was 109 

separated into two strain-concentration bands.  The area of highest strain shifted from the 110 

necking center to the notch tips.  111 
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  112 

Fig. 1 Real-time observation of necking in Cu-alumina wires.  The color bars index the tensile 113 

strain levels in the samples. (a) Geometry of dog-bone samples. Gauge length=4.0 mm; cross-114 

section width=4.3 mm (half of the original width); thickness=5.2 mm. (b) Necking distribution 115 

after yielding in dog-bone samples. (c-f) Strain-concentration in double-edged notch samples.  116 

White dashed lines mark a boundary between the high strain and the ultra-high strain areas.  In 117 

(c) NTR = 3.83 mm, in (d) NTR = 2.55 mm, in (e) NTR = 0.50 mm, and in (f) NTR = 0.20 mm. 118 

Necking locations changed with the introduction of a notch pair into the edges of each 119 

sample. In a sample with NTR of 3.83 mm, necking was concentrated in the narrowest section 120 

between the pair of notches.  Close observation of this sample, however, revealed an island of 121 

lower strain (15%) in the very center of the narrowest section (see Fig. 1c, the white circle).  In 122 

the regions surrounding that island, strain was about 4% higher (~19%), especially in the notch 123 

tip areas (Fig.1c).  In a sample with NTR of 2.55 mm, the inner island was bigger, separating the 124 

strain-concentration region into two parts. The strain difference in that sample between the 125 

strain-concentration region (15%) and the island (9%) was greater than in the sample with an 126 

NTR of 3.83 mm (see Fig.1d). In samples with an even smaller NTR, the two strain-127 

concentration bands were more widely separated, creating an elliptical loop around the inner 128 

island.  Using this loop as a baseline, we defined two deformation zones: Zone I, the inner island, 129 
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was defined as the segment between notches; Zone II, containing the most deformed areas 130 

(otherwise known as the strain-concentration bands) was characterized by a dense strain-gradient 131 

distribution.  We deduced from the strain difference between Zone I and Zone II that sharper 132 

notches would significantly reduce the magnitude of strain exerted on the notch segment center. 133 

Table 1 Notch-size-dependent mechanical properties in Cu-alumina wires 134 

Notch tip 
Radius, mm 

σN or 
UTS*, MPa 

NSR Elongation in 
necking, % 
Site A 

Elongation in 
center, % 
Site B 

0.20 682 1.19 3.6±0.6 0.8±0.4 

0.50 672 1.17 4.5±1.2 1.9±0.5 

1.28 653 1.14 6.6±3.0 2.5±0.8 

1.94 649 1.13 7.3±3.3 5.3±1.7 

2.55 640 1.12 11.6±4.2 9.1±2.8 

3.83 622 1.08 16.7±3.5 13.6±3.2 

+∞ 573 1.00 34±7.2 34±7.2 

* σN represents notch strength for notched samples and UTS for unnotched samples.  135 

* Notch tip radius was measured values. 136 

* Elongation was measured from a rectangular area of 0.1 mm x 0.1 mm at the notch tip (NT). 137 

To quantify the strain difference in each zone, we analyzed two representative sites: Site 138 

A was at the center of Zone II, away from the notch, and Site B was at the segment center 139 

between the pair of notches.  Each of these sites measured 0.1 x 0.1 mm2. The NTR-dependent 140 

elongation values at both sites are summarized in Table 1.  Site A experienced more plastic 141 

deformation than Site B, but at both sites, elongation decreased as NTR decreased.  For a sample 142 

with NTR of 3.83 mm, elongation decreased by 51% (from 34±7.2% in a sample without notches 143 

to 16.7±3.5% at Site A in a sample with notches); at Site B, elongation decreased to 13.6±2.6 %.  144 

For samples with NTR of 0.50 mm and 0.20 mm, the elongation value at Site A decreased to 145 

4.5±1.2 and 3.6±0.6%, respectively.  At Site B, elongation decreased to 1.9±0.5% and 0.8±0.4%, 146 

respectively.  147 

Next, the size of notches changed the stress-strain behavior at notch tips, especially for 148 

sharp notches. In the nominal elastic stage of Zone I, the slopes on the stress-strain curves were 149 

in a range of 108~115 GPa for NTRs above 0.5 mm, which is the typical Young’s modulus of 150 
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Cu-alumina[7]. It increased to 144 GPa at NTR of 0.50 mm and 170 GPa at NTR of 0.20 mm 151 

(Cf. Fig.2a).  152 

A notch in a sample not only affected the elongation of that sample, but also its Ultimate 153 

Tensile Strength (UTS). In Cu-alumina wires, we observed a notch-strengthening effect. The 154 

UTS of unnotched Cu-alumina wires was 573MPa, which was close to the previous reported 155 

value of 565 MPa [9]. Notch strength (σN) reached its maximum of 682 MPa at NTR 0.20 mm, 156 

an increase of 19% over the UTS of unnotched samples (see Table 1).  157 

 158 

Fig. 2 (a) Stress-strain curves in the nominal elastic stage of Zone I. (b) NSR as a function of Kt 159 

in Cu-Ag-Zr and Cu-alumina. Annealed Cu and rolled data were taken from Ref[51]. 160 

Notch Strength Ratio (NSR), as calculated by σN/UTS, depends on notch geometry, 161 

which can be described by the stress concentration factor Kt [40, 51].  We calculated Kt as 162 

follows:𝐾௧ ൌ 1൅ 2 ൈ ඥℎ 𝑅⁄ , where h is the distance between notch tips and R is the notch 163 

radius [52].  NSR values ranged from 1.08 to 1.19 in Cu-alumina (see Table 1). With the same 164 
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notch radius, NSR values of Cu-Ag-Zr ranged from 1.04 to 1.18 [53]. This range is slightly 165 

lower than in Cu-alumina (see Fig. 2b). A lower NSR number indicates lower strengthening 166 

capacity. The UTS of Cu-Ag-Zr without notch was about 990 MPa, which was lower than that of 167 

Cu-5Ag-0.1Zr, Cu-7Ag[20, 21], but higher than that of Cu-3Ag-0.05Zr[21] and Cu-24Ag[49]. 168 

The notch-strengthening effect of Cu-Ag-Zr and Cu-alumina was either lower than that of 169 

annealed pure Cu (NSR=1.27 at Kt of 3) or higher than that of cold-rolled pure Cu (NSR=0.93 at 170 

Kt of 3) [51].  171 

3.2 Strain mapping in Cu-Ag-Zr wire 172 

In our Cu-1.1wt%Al2O3 wires, which had been strengthened by nano alumina particles, 173 

strength reached only about 600 MPa, but in our Cu-Ag-Zr wires that had been strengthened by 174 

nanoscale Ag fiber, strength reached 990 MPa. Because of different strengthening mechanisms 175 

and different UTS levels, these two composites showed different deformation behavior in 176 

regions near notches.  177 

The typical plasticity of high-strength Cu-Ag is not more than 8% in elongation [20, 49, 178 

54]. According to the constant volume law, the Reduction-in-Area (RA) at fracture should be 179 

around 7%.  The RA in high-strength CuAg wire, however, is usually much higher, ~48~64% 180 

[49]. This suggests that deformation in Cu-Ag wire is highly localized upon fracture. Taking 181 

account of this, we investigated tensile samples with a short gauge length of 4 mm (see Fig .3a). 182 

Within the gauge length in samples without notches, a necking area gradually formed upon 183 

tension deformation. In this necking area, we found that cracks started to form after local 184 

elongation reached 50% (see Figs. 3b and 3d).  This value was significantly higher than that of 185 

Cu-alumina (34%).  Beyond this point, the speckles that we had printed onto our sample had 186 

become so deformed that our DIC software could no longer produce accurate strain analysis (see 187 

Fig.3c). Therefore, based on the correlation trend between the average strain and the strain in the 188 

local necking area, we extrapolated fracture strain of about 90% at the necking center (see 189 

Fig.3d). 190 

 191 
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  192 

Fig. 3. Strain values obtained by DIC in a Cu-Ag wire. (a) Original image of a reduced cross-section 193 

sample with a width of 3 mm and a gauge length of 4 mm.  The black dots (speckles) are painted markers 194 

for strain measurement using DIC; (b) Nonuniform strain distribution along the gauge length, showing 195 

that a highly strained area starts to localize in the red region. The color bar indicates the tension strain 196 

level; (c) Pronounced necking at the center of the gauge length. In this location, the grey area indicates 197 

where speckles are so severely stretched under tension that DIC can provide no strain data; (d) 198 

Extrapolated tensile strain in the necking area. The elongation at P0, indicated by the white square, is 199 
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50%, measured from DIC result.  The fracture strain at P0 can reach as high as 90%, based on the 200 

correlation trend between average strain and local strain.   201 

The presence of double-edge notches in Cu-Ag-Zr wire (as in the Cu-1.1wt%Al2O3 wires 202 

discussed in section 3.1) changed not only the location of necking, but also the strain magnitude 203 

within the strain-concentration area.  In samples with large NTRs (3.83 mm or 2.55 mm), strain-204 

concentration bands were concentrated in the segment center.  Strain values differed very little 205 

between Zones I and II (Cf. Figs. 4 a-l). The values of elongation in the sample with NTR of 206 

3.83 mm were 48% in Zone I and 55% in Zone II, a difference of only 7%.  In the sample with 207 

NTR of 2.55 mm, elongation values were only 37% in Zone I and 45% in Zone II.  In samples 208 

with small NTRs (1.02 mm or 0.50 mm), strain-concentration bands reached outward beyond the 209 

notch segment into the unnotched region, and the area of Zone I was larger in these samples than 210 

in samples with larger NTRs. Elongation values were smaller in samples with smaller NTRs than 211 

in those with larger NTRs. In the sample with NTR of 1.02 mm, for example, the elongation 212 

values were 20% in Zone I and 33% in Zone II, which were respectively about 46% and 27% 213 

smaller than in samples with NTR of 2.55 mm. The elongations in the sample with NTR of 214 

0.50mm dropped further to 7% in Zone I and 27% in Zone II (Cf. Figs. 5a and 5b). 215 

Accompanying the plastic deformation in Zone II, many cracks appeared within strain-216 

concentration bands (Cf. Figs. 4b, 4e,4h, 4k).  217 

Deformation was NTR-dependent, not only in the plastic deformation regions but also in 218 

the nominal elastic regions (Zone I).  In the elastic stage, the slopes on the stress-strain curves 219 

were 122±8 GPa, 137±5 GPa, 175±2 GPa, and 196±2 GPa at NTRs of 3.83 mm, 2.55 mm, 1.02 220 

mm, and 0.50 mm, respectively (Cf. Fig.5c). With an NTR of 3.83mm, the slope value was only 221 

6% higher than the Young’s modulus of Cu-Ag (115GPa) [49].  In the sample with sharp notch 222 

tips (0.50 mm), the slope values (196±2 GPa) were almost twice as high as the Young’s modulus 223 

of Cu-Ag-Zr.  Based on these slope values, we deduced that Zone I of samples with sharp 224 

notches was subjected to much less stress concentration than Zone II of the same samples.  225 

The curvature of the strain-concentration bands was larger in samples with smaller NTRs.  226 

The inner radius of Zone II, as measured before failure, was as follows: 9.2± 0.9mm for NTR of 227 

3.83mm, 4± 0.5mm for NTR of 2.55mm, 2.3± 0.2mm for NTR of 1.02mm, and 2.1± 0.1mm for 228 

NTR of 0.50mm. During deformation, the NTR of all samples increased, i.e. the tip became 229 

blunter.  The extent of the bluntness depended on the initial NTR of the sample. In samples with 230 
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initial NTRs of 3.83±0.05 mm, 2.55±0.03 mm,1.02±0.03 mm, and 0.50±0.04 mm, the final NTR 231 

before failure increased to 4.81±0.76 mm, 3.98±0.17 mm, 1.86±0.07 mm, and 2.08±0.12 mm, 232 

respectively.  Notch blunting was not obvious in Cu-alumina because of low elongation values in 233 

Zone II (Cf section 3.1). 234 

 235 
Fig. 4 Real-time observation of local plastic deformation and crack development in notched Cu-Ag-Zr 236 

samples.  In (a), (d), (g), and (j), double-notched samples are shown before tension.  The tension direction 237 
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is along the horizontal direction. In (b), (e), (h), and (k), microcracks appear at the notch tip right before 238 

fracture. The white dash lines outline cracks and fractured locations. In (c), (f), (i), and (l), images show 239 

DIC strain mapping related to samples in (b), (e), (h), and (k), respectively. In (a-c), NTR=3.83 mm; in 240 

(d-f), NTR=2.55 mm; in (g-i), NTR=1.02 mm, in (j-l), NTR=0.50 mm.  241 

  242 

 243 
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Fig. 5 NTR-dependent strain evolution in Cu-Ag-Zr.  (a) exx at notch tips in Zone II; (b) Strain 244 

levels at the center of Zone I; (c) Center strain levels of Zone I at elastic stages.  245 

3.4 Microstructure at necking 246 

After tensile tests, we examined microstructures in the necking regions of unnotched 247 

samples using SEM.  We observed no secondary cracks in the vicinity of the fracture surface in 248 

Cu-alumina wires (see Fig. 6a).  Alumina ceramic particles appeared as either black or white 249 

dots against a grey background.  The particles that appeared on the 6 mm-wide surfaces were 250 

distributed along the wire axis and varied in size from 5 nm to 4 μm.  Pure Cu is highly ductile, 251 

with significant plastic deformation capacity. The extremely high hardness of alumina (Vickers 252 

hardness ~15–20 GPa) is rigid and brittle. Because of the hard and un-deformable nature of 253 

alumina, de-cohesion of the interface between the alumina particles and the matrix was 254 

inevitable, resulting in the formation of short micro-cracks between the particles and the matrix 255 

during cold-drawing fabrication (see Fig. 6b). Under tension, necking regions were subjected to 256 

~34% elongation.  Consequently, the short micro-cracks between the particles and the matrix 257 

propagated and coalesced both laterally and longitudinally (see Fig. 6c). The final fracture path 258 

was the result of the coalescence of these micro-cracks. Meanwhile, the copper grains in our 259 

sample were greatly elongated in the necking region (see Figs. 6a and 6b). The average grain size 260 

within the designated necking region was ~3.1 µm, 46% longer than the average grain size of 261 

~2.4 µm found in regions outside of the designated gauge length. 262 
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 263 

Fig.6. SEM images of alumina particle distribution and de-cohesion: (a) A low-magnification image in a 264 

necking region at the fractured area in an unnotched Cu-alumina sample. The white dots are alumina 265 

particles. Tensile axis is horizontal. (b) A high-magnification image taken in the rectangular region 1 in 266 

Fig. (a) that is outside of the gauge length. De-cohesions and short micro-cracks are seen around alumina 267 

particles. Dashed lines indicate the grain boundaries of the Cu-matrix; (c) A high-magnification image 268 

taken in the rectangular region 2 in Fig. (a), where necking occurs. Micro-cracks propagate and coalesce.  269 

Dashed lines indicate the grain boundaries of the Cu-matrix. 270 

By contrast, unnotched Cu-Ag-Zr samples demonstrated different fracture behavior from 271 

that of unnotched Cu-alumina samples. The former showed not only longer elongation, but a 272 
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greater number of intersecting primary cracks in the fracture regions (see Fig. 7a).  These cracks 273 

inclined about 44° in the tensile direction in Cu-Ag-Zr. 274 

Upon deformation, the deformable Ag fibers, which formed larger interface areas with 275 

the matrix, behaved differently in Cu-Ag-Zr from the un-deformable alumina particles.  The 276 

alignment of the alumina particles was not obvious, but all of the Ag fibers remained clearly 277 

aligned along the tensile axis (see Fig.7b). In the aligned region, several slip systems operated, 278 

each in its preferred orientation. The slip planes were roughly parallel to the primary cracks for 279 

fracture (see Fig.7c). A schematic was employed to illustrate the difference between Cu-alumina 280 

and Cu-Ag-Zr on their fracture mechanisms (see Fig. 8). 281 

 282 

Fig. 7. Microstructure evolution with tension deformation in unnotched Cu-Ag-Zr wires at different 283 

locations. The tensile axis is parallel to the horizontal direction. (a) Fracture in the necking region. The 284 

angle of inclination of primary cracks, indicated by black arrows, is ~44±1° to the tensile axis; (b) A 285 

close-up view of the microstructure in the region identified as “1” in Fig. (a), which is located near the 286 

cracking area.  Stretched Ag fibers (white contrast lines) align with tension direction; (c) Two operating 287 

slip systems along shear direction.  Slip directions are roughly aligned with the primary cracks.  288 

 289 

Fig. 8 A schematic illustrating the fracture mechanisms in Cu-Alumina and Cu-Ag-Zr. In Cu-alumina: No 290 

notch blunting, rapid decrease in local elongation, and crack propagation accelerated by decohesion, 291 
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indicating low flaw tolerance. In Cu-Ag-Zr: Pronounced notch blunting, slow decrease in local 292 

elongation, and fiber realignment contributing to larger interface areas and greater flaw tolerance. 293 

3.4 Fracture morphology 294 

In both notched Cu-alumina and notched Cu-Ag-Zr bulk wires, plastic deformation was 295 

localized in strain-concentration bands. The width of the deformed bands after failure was 296 

estimated using optical microscopy along the tension direction.  In any given sample, the smaller 297 

the NTR, the narrower the strain-concentration bands.  Because of the plasticity difference 298 

between Cu-alumina and Cu-Ag-Zr, strain-concentration bands were not continuous in Cu-299 

alumina and were continuous in Cu-Ag-Zr (see Figs. 9 and 10). Because of the low elongation of 300 

Cu-alumina, the region was not clearly defined enough to allow for measuring the width of the 301 

strain-concentration bands there. In Cu-Ag-Zr, however, the region of strain-concentration bands 302 

was clearly defined. The average width of strain-concentration bands in Cu-Ag-Zr wires was 303 

0.8±0.1mm at R0.20 mm, 0.9±0.1mm at R0.50 mm, 1.0±0.1mm at R1.02 mm, 1.3±0.1 mm at 304 

R1.28 mm, 1.7±0.2 mm at R2.55 mm, and 1.7±0.5 mm at R3.83 (see Fig.10).  Obviously, the 305 

presence of notches not only undermined local plasticity but also limited the width of the strain-306 

concentration bands.  307 

 308 

Fig. 9 Images of fractured samples of Cu-alumina wire at different notch radii under an optical 309 

microscope. a). R=0.20 mm; b). R=0.50 mm; c). R=1.28 mm; d). R=1.94 mm; e). R=2.55 mm; f). R=3.83 310 

mm.  The tension direction is parallel to the longitudinal direction. The white arrow indicates the strain-311 

concentration bands. 312 
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 313 

Fig. 10 Images of fractured samples of Cu-Ag-Zr wire at different notch radii under an optical 314 

microscope: a). R=0.20 mm; b). R=0.50 mm; c). R=1.28 mm; d). R=2.55 mm; e). R=3.83 mm.  315 

The fracture surfaces of our samples, which contained different notch tip radii, were all 316 

roughly perpendicular to the applied load.  A common feature observed on these fracture 317 

surfaces was the presence of shear lips (Fig. 11).  Fibrous tearing caused by shear loading may 318 

be the failure mechanism in samples with small NTRs.  In the center of the fracture surface in the 319 

sample with a small NTR (0.50 mm), we observed that the width of any two shear lips taken 320 

together was more than twice that of the dog-bone-shaped final fracture zone between the two 321 

lips (Fig. 11a).  Within each shear lip, small parabolic-shaped dimples appeared (Fig. 11b).  The 322 

fracture surfaces in the final fracture zone were characterized by a cluster of larger, oval dimples 323 

(see Fig.11c).  We observed that further plastic deformation ceased once smaller oval dimples 324 

were formed, but the question remains whether the same is true of the larger dimples. 325 

In samples with larger NTRs, different features emerged.  Shear lips were narrower, for 326 

example.  With an NTR of 3.83 mm, the final fracture zone dominated while the shear lips nearly 327 

disappeared (see Fig.11d).  In addition, the fracture surface had become rougher than in samples 328 

with smaller NTRs.  Near the edges of the fracture surface, the dimples now showed bimodal 329 

size distribution. The smallest dimples were less than 1 µm, and the largest were as big as 8 µm 330 

(Fig. 11e).  Fracture surfaces were mainly composed of dimples that were large (5~30 µm) and 331 

spherical rather than small and parabolic.  The failure mechanism in samples with larger NTRs 332 

was identified as microvoid coalescence rather than fibrous tearing (Fig. 11f). 333 
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 334 

Fig. 11.  SEM images of fracture surfaces in various Cu-Ag-Zr wire samples. In (a-c), the NTR is 0.50 335 

mm.  In (a), both the shear lip zone and the final fracture zone are within the notch region. In (b), the side 336 

view of the fracture surface in the “1” region of the shear lip zone (identified in a) shows small parabolic-337 

shaped dimples that indicate ductile fracture resulting from shear loading.  (c) Top view of the dimples 338 

and ridges in region “1”.  In (d-f), the NTR is 3.83 mm. (d) Large spherical dimples (in a network of cup- 339 

and cone-style ridges and dips) resulting from tensile loads in the fracture region. (e) Image showing no 340 

shear lip zone on the fracture surface. (f) Round dimples and ridges in the fracture zone, viewed from the 341 

top. 342 

4. Conclusion 343 

Uniaxial tension experiments, coupled with local strain measurements, were conducted to 344 

investigate the notch sensitivity of high-strength copper matrix composites, specifically Cu-345 

alumina and Cu-Ag-Zr bulk wires. Notch-strengthening was observed in both composites for 346 

notch tip radii (NTRs) exceeding 0.20 mm. Localized yielding occurred within two strain-347 

concentration bands originating from the notches, with their positions influenced by the notch tip 348 

radius. Smaller NTRs resulted in greater separation between the strain-concentration bands and 349 

the notch segments. In samples with small notches, these bands formed elliptical loops 350 
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connecting the notches, whereas larger notches shifted the bands toward the notch segment 351 

centers. 352 

The response to notches differed markedly between nano-alumina-reinforced Cu-alumina 353 

and fiber-reinforced Cu-Ag-Zr composites. Cu-alumina exhibited no notch blunting under tensile 354 

deformation, while Cu-Ag-Zr showed significant blunting, indicating greater plastic deformation 355 

capacity. In unnotched samples, Cu-Ag-Zr wires demonstrated higher local plastic deformation 356 

in necked regions (up to 50%) compared to Cu-alumina (34%). In notched Cu-alumina, local 357 

elongation decreased rapidly with smaller NTRs, whereas in Cu-Ag-Zr, the decrease was notably 358 

slower. 359 

These contrasting behaviors stem from microstructural differences. In Cu-alumina, pre-360 

existing decohesion between alumina particles and the Cu matrix facilitated crack initiation, with 361 

notches accelerating crack propagation and connection, thus sharply reducing local elongation. 362 

In Cu-Ag-Zr, the realignment of Ag fibers mitigated the impact of notches, slowing the decline 363 

in local elongation. The notch insensitivity of Cu-Ag-Zr wires is attributed to their fiber-364 

reinforced microstructure, which provides more malleable interfaces and greater flaw tolerance 365 

compared to the particle-reinforced Cu-alumina. 366 
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