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A B S T R A C T

Nanocrystalline alloys can have exceptional strengths, yet due to limited microstructural stability it is difficult to 
fabricate bulk pieces through traditional processing routes that retain nanosized grains. In this study, centimeter- 
sized Cu-Zr alloy pellets were fabricated via a simple and improved powder metallurgy processing route. 
Different consolidation temperatures and times were employed to investigate the effect of amorphous grain 
boundary complexions on densification and the resulting mechanical properties. Bulk compression tests were 
carried out, with the samples that were hot pressed at 900 ◦C for 10 h exhibiting an excellent combination of 
average yield strength of 722 ± 45 MPa and average failure strain of 25.3 ± 2.4 %. Therefore, we find that a 
powder processing route which enables amorphous complexion-assisted sintering leads to samples that (1) reach 
full density without requiring quenching treatments or other complex processing, (2) demonstrate appreciable 
plasticity, and (3) have strength that competes with commercially available high-strength Cu alloys.

1. Introduction

Copper alloys are widely used in the automobile, electrical, and 
electronics industries for their high electrical conductivity and useful 
mechanical properties [1–3]. Commercially available Cu-Be alloys have 
some of the highest strengths (~1400 MPa) [4], yet Be presents serious 
human health hazards in production and high-strength alloys without 
this element are needed. Cu-rich alloys without Be that reach over 1000 
MPa include nano-twinned Cu [5,6], Cu-Ti [7–9], and Cu-Ni-Zn-Al [10], 
although these materials have been limited to small sample sizes such as 
film thicknesses of < 25 µm, wires, or plates with millimeter thicknesses. 
These examples generally achieve strength through nanostructuring, yet 
economically viable processing for commercial bulk applications (e.g., 
power grid systems) can be challenging. Common methods for bulk 
manufacturing involve severe plastic deformation (e.g., equal channel 
angular extrusion [11,12], high pressure torsion [13,14], and surface 
mechanical attrition [15,16]). Those techniques introduce extensive 

deformation defects that can be unstable in subsequent thermal envi
ronments, and also those techniques can have difficulties in attaining 
grain sizes <<100 nm.

An alternative processing option that results in nanocrystalline alloys 
that can subsequently be shaped and scaled up is powder metallurgy. 
Powder metallurgy has many industrial applications due to potential for 
scalability and fabrication of high-quality parts at low costs, yet residual 
porosity after compaction or consolidation can limit structural appli
cations. Porosity is one of the dominant issues that deteriorates me
chanical properties and has prevented powder metallurgy from being 
adopted for critical components in aerospace and other applications 
[17], as it can reduce strength, fatigue resistance, and corrosion resis
tance in powder metallurgy materials due to the weak bonding strengths 
between unsintered particles. For example, an only 4.2 % reduction in 
density for ball milled, Y2O3-reinforced Cu was found to result in 
reduction of the yield strength by ~60 MPa in Ref [18]. These authors 
noted that post-milling thermal treatment at 923 K (~0.6 of the 
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homologous temperature of Cu) for 15 h increased the density to 97 %. 
While elevated temperatures can reduce the porosity, high temperatures 
and long treatment times can also lead to grain coarsening [19] and 
subsequently reduced strengths [20–22].

Nanostructuring is a promising route for the production of high- 
strength Cu alloys as the large volume fraction of grain boundaries 
can act as obstacles to dislocation motion. However, the processing 
routes for producing nanograined metals in bulk quantities typically 
involve high temperatures and pressures, which again brings concerns 
associated with microstructural coarsening and strength reduction. For 
example, Cu-Ta alloy powders synthesized via mechanical alloying were 
consolidated at different temperatures, where the highest temperature 
of 900 ◦C led the Cu grains to coarsen by ~27 % and strength to be 
lowered by 40 % [23]. Similarly, Botcharova et al. observed coarsening 
of both the nanocrystalline Cu-rich grains and Nb-rich particles in a 
nanostructured Cu-Nb alloy. Annealing at 900 ◦C resulted in a decrease 
of 13 % in the ultimate compressive strength [24]. Thus, there is a need 
for the ability to consolidate nanocrystalline materials into bulk pieces 
while retaining high strengths to enable processing scalability for 
real-world applications.

Stabilization of nanocrystalline microstructures can be achieved by 
alloying, where the dopants kinetically impede grain boundary migra
tion [25] and/or thermodynamically decrease grain boundary energy 
[26]. Introducing dopants species with a tendency to segregate to grain 
boundaries is especially advantageous for pinning boundaries, such as in 
nanocrystalline Cu-Ta where Ta clusters segregate and prevent grain 
growth [27]. Similarly, Sikdar et al. showed that uniformly distributed 
intermetallics in Cu-Zr can cause pinning and that Zr segregated to the 
grain boundaries inhibits grain growth [28]. In a similar Cu-Zr alloy, 
Donaldson and Rupert showed that Zr segregation can promote pre
melting transitions at grain boundaries to form amorphous complexions, 
which can stabilize the nanocrystalline structure at temperatures close 
to the melting point of the solvent [29]. In addition, amorphous, 
Zr-enriched complexions form between 750 ◦C and 850 ◦C in Cu-Zr 
powders [30]. Thus, by consolidating Cu-Zr bulk pieces above 850 ◦C, 
amorphous complexions should be present within the sample and aid in 
sintering the powder particles. While grain sizes can be stabilized and 
density improved, no studies to date have reported on the mechanical 
response of these alloys in bulk form.

Based on previous sintering studies of nanocrystalline Cu-Zr, two 
consolidation conditions were selected for this study to isolate the effect 
of improved sintering on the mechanical behavior of bulk nanocrystal
line Cu-Zr alloys. The presence of amorphous complexions during 
consolidation at 900 ◦C led to full densification of the pellet with no 
observed porosity. The internal microstructure reveals only mild matrix 
grain coarsening from 40 nm to 101 nm even under a higher consoli
dation temperature and much longer pressing time. Full density and the 
fine final grain size gives rise to excellent mechanical properties with an 
average yield strength of 722 ± 45 MPa and average failure strains of 
25.3 ± 2.4 %. In addition to amorphous complexion-enabled sintering to 
full density, the observed substantial plasticity can be partially attrib
uted to limited crack propagation length and features similar to kink 
bands.

2. Experimental section

Nanocrystalline Cu-3 at. % Zr alloys were fabricated by ball milling 
powders of Cu (Alfa Aesar, 99.99 %, − 170 + 400 mesh) and Zr (Micron 
Metals, 99.7 %, − 50 mesh) for 10 h. Ball milling was conducted in a 
SPEX SamplePrep 8000 M high-energy ball mill in a glovebox filled with 
Ar gas at an O2 level <0.05 ppm to minimize oxidation. A hardened steel 
vial and milling balls were used, with a ball-to-powder weight ratio of 
10:1. In order to prevent excessive cold welding, 1 wt.% stearic acid was 
added as a process control agent. After milling, the alloyed powders 
were transferred into a 14 mm inner diameter graphite die set and 
consolidated into cylindrical bulk pellets using an MTI Corporation OTF- 

1200X-VHP3 hot press with a vertical vacuum-sealed quartz tube 
furnace and a hydraulic press. Cold pressing was first performed under 
25 MPa and room temperature for 10 min, followed by hot pressing. Two 
sets of conditions were used for consolidation: (1) 800 ◦C and 50 MPa for 
1 h and (2) 900 ◦C and 50 MPa for 10 h. A heating ramp of 10 ◦C min− 1 

was used until the maximum consolidation temperature was reached, 
and the pellets were naturally cooled down to room temperature inside 
the hot press, which typically took >4 h. The dimensions of all bulk 
samples were ~1 cm in height and 1.4 cm in diameter.

For quasi-static bulk compression testing, cylinders with 3 mm 
diameter and 6 mm height were sectioned via electrical discharge 
machining from the as-consolidated pellets. Compression tests were 
conducted at an initial rate of 1 × 10− 3 s− 1 on an Instron 5985 frame 
equipped with a 250 kN load cell and strain calculations were obtained 
from sample displacement. Six cylindrical specimens were tested for 
each condition to check for consistency and yield strengths were 
extracted using the common 0.2 % offset method. For porosity investi
gation, both optical microscopy and computed tomography scans were 
employed. Optical micrographs were taken of the cross section of each 
sample, which was first ground with SiC grinding paper down to 1200 
grit and then auto-polished with monocrystalline diamond suspension 
down to 0.25 μm. To examine whether larger pores formed within 
samples, computed tomography (CT) scans were performed using an 
Xradia 410 Versa CT scanner (Zeiss, USA) with a voltage of 80 kV and 
power of 15 W, achieving a resolution of 13.6 µm. All CT scans were 
post-processed using ImageJ and no pores larger than 30 µm were 
observed for either of the consolidation conditions studied here.

Microstructural characterization was carried out using a variety of 
techniques. First, X-ray diffraction (XRD) measurements were conducted 
to obtain phase composition, phase fraction, and mean grain sizes. XRD 
was performed using a Rigaku Ultima III X-ray diffractometer, with a Cu 
Kα radiation source operated at 40 kV and 30 mA and a one-dimensional 
D/teX Ultra detector. The XRD scans were analyzed using an integrated 
powder X-ray analysis software package (Rigaku PDXL). Scanning 
electron microscopy (SEM) imaging for fracture surface examination 
and backscattered electron (BSE) imaging for intermetallic investigation 
were performed in an FEI Quanta 3D FEG dual-beam SEM/Focused Ion 
Beam (FIB) microscope. TEM lamella were lifted out using the FEI 
Quanta 3D FEG dual-beam SEM/FIB equipped with Ga+ ion beam and 
OmniProbe. Bright-field (BF) and high-angle annular dark field 
(HAADF) scanning transmission electron microscopy (STEM) were used 
to study grain sizes and carbides inside of a JEOL JEM-2800 S/TEM 
operated at 200 kV and equipped with a Gatan OneView IS camera.

3. Results and discussion

3.1. Porosity and microstructural stability

Fig. 1(a) shows the Cu-Zr pellet after hot pressing at 800 ◦C for 1 h, 
where some visible pores appear on the side surface that was in contact 
with the pressing die. Fig. 1(b) shows the cylindrical specimens that 
were extracted for bulk compression tests. Optical images in Fig. 1(c) of 
the cross-sections show that the pores (darker areas) are located be
tween particles (brighter areas), totaling ~20 % porosity and indicating 
that the 800 ◦C for 1 h processing condition is not sufficient to achieve 
full density for the Cu-Zr alloy. After being consolidated at 900 ◦C for 10 
h, the Cu-Zr pellets were found to be 100 % dense with zero pores 
observed in Fig. 1(d). Although no pores were observed for this hot- 
pressing condition, the micrographs still exhibit two types of contrast, 
suggesting that either some difference in oxidation state exists or that 
different phases formed in the sample. For the present Cu-Zr system, the 
concentration of Zr is higher than the equilibrium solubility, meaning 
that different contrast could be due to intermetallic phases. In addition, 
carbide phases have been observed in Cu-rich alloys processed by ball 
milling and hot pressing [29,30], which could appear with a different 
contrast from the matrix. Optical microscopy cannot provide an answer 
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to this question, motivating subsequent XRD and TEM experiments.
Fig. 2(a) presents XRD scans of the Cu-Zr alloys for the two hot- 

pressing conditions, where face-centered cubic (FCC) Cu peaks are 
prominent as the majority phase. In addition to the Cu matrix, several 
small peaks exist. These peaks are identified as zirconium carbide (ZrC) 

based on the peak position and intensity. The carbide phase likely 
formed because of the stearic acid (C18H36O2) added during the ball 
milling process as a process control agent. Fig. 2(b) shows a BF-STEM 
micrograph, which gives information on the morphology and size of 
the matrix grains. The grains possess a relatively equiaxed shape and the 

Fig. 1. (a) A Cu-Zr pellet after hot pressing under 800 ◦C for 1 h. (b) Cylindrical specimens for compression testing. All specimens are 3 mm in diameter and 6 mm in 
height, with an aspect ratio of 2. Cross-sectional optical micrographs correspond to hot-pressing conditions of (c) 800 ◦C for 1 h and (d) 900 ◦C for 10 h.

Fig. 2. Microstructural characterization for Cu-Zr alloys. (a) XRD scans showing that both hot-pressing conditions result in a primary FCC Cu phase, with some 
secondary impurity phases. (b) Low-mag BF-STEM and (c) high-mag HAADF-STEM micrographs showing matrix grains and carbide precipitates, respectively, for the 
800 ◦C for 1 h sample. (d) Matrix and carbide grain size analyzed from STEM data for both hot-pressing conditions, with at least 50 measurements for each. (e) Low- 
mag BF-STEM and (f) high-mag HAADF-STEM images presenting matrix grains and precipitates for the 900 ◦C for 10 h sample, respectively. Yellow arrows indicate 
carbides and blue arrows indicate examples of Zr enrichment at the grain boundaries.
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average matrix grain size is 40 ± 12 nm. The STEM measurement is close 
to the value obtained from XRD of 26 nm. Fig. 2(c) is a higher magni
fication HAADF-STEM image, where the secondary carbide phases are 
indicated by yellow arrows. These precipitates have a spherical shape 
with sizes ranging from 3–18 nm and an average diameter of 7.7 ± 3.3 
nm, which is in close agreement with the XRD measurement of 5.4 nm. 
Most of these precipitates are at grain boundaries, while a select few also 
sit within the matrix grains. At least 50 measurements for both the 
matrix and carbide grain sizes were taken from STEM data for both hot- 
pressing conditions, with the results summarized in the cumulative 
distribution plot in Fig. 2(d).

A representative BF-STEM micrograph in Fig. 2(e) revealed that the 
matrix grains remained very fine (101 ± 34 nm), while the precipitates, 
indicated by yellow arrows on the HAADF-STEM micrograph in Fig. 2(f), 
coarsened to an average size of 14.4 ± 5.7 nm in diameter. The BF-STEM 
micrograph in Fig. 2(e) shows the matrix grains with nanocrystalline 
sizes and equiaxed shapes; the HAADF-STEM micrograph presented in 
Fig. 2(f) shows the precipitates more clearly. Revisiting the question of 
contrast in Fig. 1(d), there are no intermetallic phases observed and the 
carbides that were found are many orders of magnitude finer than the 
contrast changes observed. This suggests that the contrast variations 
shown in Fig. 1(d) represent the original powder particles and the re
gions filled by sintering. Other researchers have observed oxidation 
around unsintered particles that is removed after sintering processes 
[31,32], so it is possible oxidation is also the source of varying contrast 
here. The small grain size of the matrix FCC phase indicates an excellent 
thermal stability of the Cu-Zr system under prolonged treatment at a 
homologous temperature of 0.94. The thermally stable microstructure is 
primarily due to the grain boundary segregation of Zr and the formation 
of the amorphous grain boundary complexions during annealing [30], 
yet some additional pinning effect comes from the carbide precipitates 
at grain boundaries (Fig. 2(c, f)). Fig. 2(f) shows a HAADF image of the 
grain structure, where the brighter regions indicated by blue arrows 
signal Zr enrichment as contrast is proportional to atomic mass. Grain 
boundary segregation of Zr has been reported previously for Cu-Zr alloys 
(see, e.g., Ref [33]). Because amorphous complexions are thermody
namically stable at high temperatures, their formation is beneficial for 
microstructural stability by reducing the grain boundary energy during 
the annealing process. The amorphous complexions also improve the 
sintering during the consolidation step, as shown by Donaldson and 
Rupert [29]. It is important to note though that these amorphous com
plexions are not retained in the cooled pellet samples, as rapid 
quenching is needed to freeze them into the microstructure, but Zr 
segregates at both ordered grain boundaries and amorphous complex
ions [33]. The slow cooling in the hot press means that the grain 
boundaries revert back to an ordered state. For future optimization, it 
may be desirable to retain the amorphous complexions, or introduce an 
intermediate heat treatment to induce Zr segregation, which would also 
aid in limiting grain growth during sintering.

3.2. Compressive deformation behavior of bulk Cu-Zr pellets

Fig. 3 shows engineering stress-strain curves for both hot-pressing 
conditions, which exhibited dramatically different behavior. For the 
samples hot-pressed at 800 ◦C for 1 h, premature failure is found where 
the stress drops dramatically after yield and an average compressive 
strength of 459 ± 15 MPa is measured. Although the grain sizes were 
small for this processing condition, many pores remained in the sample 
(Fig. 1(c)). Hence, the low strength and plasticity are most likely due to 
the high porosity, which will be discussed below. For the 900 ◦C for 10 h 
sample, the yield strength was 722 ± 45 MPa with failure strain of 25.3 
± 2.4 % measured. The combination of high strength and appreciable 
plasticity is noteworthy. For example, a Cu-Zr metallic glass sample 
tested under compression exhibited a higher strength of ~2 GPa, but 
very little plastic strains, ranging from 0.1 % to a maximum of 7.5 % 
[34]. The average grain size for the 900 ◦C for 10 h condition (101 nm) 

suggests a strength of 403 MPa according to the Hall-Petch relation, 
meaning that grain size strengthening is the dominant mechanism [35]. 
Additional contributions include strengthening from Zr grain boundary 
segregation and from the carbide nanoprecipitates. We remind the 
reader that, while amorphous grain boundary complexions were present 
during sintering, the slow cooling process used here means they have 
transitioned back to ordered grain boundaries by the time they are 
investigated in this study. Vo et al. showed that grain boundary segre
gation that decreases grain boundary energy can have a pronounced 
effect on the yield strength of nanocrystalline metals [36]. In addition, 
carbide nanoprecipitates dispersed throughout Cu alloys can increase 
yield strength, ultimate tensile strength, and hardness [37]. The carbide 
strengthening contribution was estimated to be ~250 MPa using the 
equations from Ref [37], with the volume fraction of carbides equal to 
4.1 % from this work. If an additive strengthening effect is assumed, 
then Zr segregation would be responsible for the remaining ~50–100 
MPa of strength. Although the stress-strain curves exhibited apparent 
hardening in Fig. 3, this is a consequence of the compressive loading 
mode. A maximum stress of 693 MPa is calculated if the final sample 
cross-sectional area is used, which is close to the yield stress. Conse
quently, the increasing engineering stress after yielding is simply geo
metric due to the increasing cross-sectional area during compression and 
these materials do not exhibit noticeable strain hardening.

The strengths measured here for a Cu alloy are outstanding, as a 
simple process route is used and a relatively affordable alloying element 
is used. Most high strength Cu alloys require expensive processing routes 
and/or alloying elements. Fig. 4 compares the cost of Cu-based com
mercial alloys with their yield strengths. The strength of the Cu-Zr alloy 
in this study competes with three commercial alloys: Glidcop, Cu-TiB2 
metal matrix composite Mixalloy, and Cu-Be-based alloys. The highest 
reported yield strength for Glidcop from the manufacturer is 655 MPa 
for a plate that is 0.15 mm thick, and Glidcop AL-15 has a yield strength 
of 450 MPa [38], below the strength of our Cu-Zr alloys. Mixalloy is no 
longer manufactured due to a complex processing route of spin casting, 
compaction, and extrusion that was more expensive relative to other 
commercial operations [39]. Compared to Cu-Be-based alloys, this Cu-Zr 
alloy is significantly cheaper per kilogram. Zr is less susceptible to 
supply chain vulnerabilities than Be [40], which can result in price 
fluctuations that vary by an order of magnitude. Additionally, despite 
Be’s high strength and low density, manufacturing Be materials has been 
shown to be carcinogenic and associated with severe respiratory dis
eases [41]. These other three Cu-based alloys therefore each have sig
nificant drawbacks, while all the other commercial alloys have 
significantly lower strengths than the Cu-Zr in this work.

Fig. 3. Engineering stress-strain curves of bulk Cu-Zr samples for 800 ◦C for 1 h 
(black) and 900 ◦C for 10 h (red) hot pressing conditions.
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Other research groups have fabricated bulk nanocrystalline Cu alloys 
that achieve strengths above 1000 MPa, yet the processing routes tend to 
be more complicated and limiting. Hornbuckle et al. prepared Cu-Ta-Li 
with yield strength ~1100 MPa via cryogenic milling and consolidated 
to bulk (3 mm diameter) using equal channel angular extrusion (ECAE) 
[38]. Similarly, Srinivasan et al. prepared nanocrystalline Cu-Ta with 
cryomilling and ECAE, reaching yield strengths under quasistatic 
loading up to ~1200 MPa [42]. However, ECAE requires specialized 
dies to control the angle through which the sample is sheared during 
deformation and often multiple extrusion passes are needed to create an 
equiaxed microstructure [43]. This processing pathway also limits the 
sample dimensions, as the specimen must be sheared through an angled 
opening and high levels of shear strain are typically sought, with 
extruded billets typically having cross sectional dimensions of milli
meters and therefore still quite small for industrial production of 
structural material [44]. In contrast, hot pressing can create much larger 
sample dimensions. For example, Lister et al. [45] reported on a Ti-6Al-4 
V sample which was 3.2 cm in diameter with hot-pressing. Industrial 

hot-pressing equipment can be found for even larger samples up to 2 m. 
Industrial scale-up of ECAE has not occurred to this same extent. 
Another Cu alloy with nanoprecipitates reached a yield strength of 1086 
MPa and was fabricated by melting in an induction furnace under N2, 
cast, and hot rolled by 70 % reduction, which results in a plate ~1 cm 
thick [46]. Thus, we demonstrate here that the simple processing route 
of ball milling and consolidation at a temperature sufficient to activate 
amorphous grain boundary complexions can produce a centimeter-sized 
Cu-rich alloy with very high strength and low cost. For industrial ap
plications, only a larger press would be needed to make larger samples. 
Further, complexion-aided sintering can be extended to other alloy 
systems with known amorphous complexion formation to produce 
high-quality bulk nanocrystalline materials without compromising 
strengths. Such alloys would be potentially useful for high-performance 
mechanical and electrical equipment in aerospace and magnet designs 
[47].

3.3. Fractography and possible failure mechanisms

Representative failed samples after compression testing are shown in 
Fig. 5. The 800 ◦C for 1 h samples crumbled, with individual particles 
exposed on the fractured surface in Fig. 5(a). Such behavior is attributed 
to the specimens having extensive porosity. Cracks were observed 
running along the compression axis with corresponding fracture planes 
running perpendicular to the compression axis – these “splitting” frac
tures correspond to maximum tensile strain and mode-I cracking under 
uniaxial compressive loading. The 900 ◦C for 10 h showed very different 
macroscopic shape change (barreling), microscopic deformation mode 
(kink-bands), failure plane (shear), and fractographic features. Those 
samples barreled out, with an example shown in Fig. 5(b). A dominant 
shear band is observed in this sample that goes from the top left to 
middle right, while several small shear bands are also observed. This 
ductile mode of failure is described as single-plane catastrophic shear in 
Ref [48]. Fig. 5(c) shows a magnified image of the side surface, revealing 
regions of ~30–40 µm in size with cracks propagating between them. 
These regions are orders of magnitude larger than the grain size, but 
similar to the original powder particle sizes and contrast variations 
shown in Fig. 1(d), suggesting that fracture occurs along the interfaces 
between the powder particles. Interestingly, each region contains many 
streaks with a common direction, where the streaks change directions 
between adjacent regions, giving rise to cracks with different orienta
tions. It is worth noting that these features were observed on the entire 
sample surface, providing an additional reason for the excellent 

Fig. 4. Ashby-type plot showing price plotted against the yield strength for 
different commercial Cu-based alloys. The Cu-Be alloys (pink) have the highest 
strengths, followed by the discontinued Cu-TiB2 Mixalloy (purple), and finally 
the Cu-Zr in this study (red).

Fig. 5. SEM micrograph of representative deformed sample for (a) 800 ◦C for 1 h and (b) 900 ◦C for 10 h conditions. The former condition did not yield full density as 
individual particles can be observed on the fracture surface. The 900 ◦C for 10 h sample experiences a dominant shear band, where a magnified view (c) reveals kink 
band features (enclosed in dashed lines) on the sample surface.
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plasticity because sample failure was drastically delayed due to the 
much smaller crack length than the sample dimension.

Features similar to kink bands were also observed in some regions, 
with examples enclosed in dashed lines in Fig. 5(c). Kink bands are often 
observed in materials with dramatically anisotropic crystal structure, 
such as hexagonal close packed systems, because of the strong depen
dence of mechanical properties on crystallographic direction [49,50]. 
Kinking does not usually occur in cubic metals due to the presence of 
multiple slip systems preventing the extensive single-slip needed for 
large rotations. However, as the grain size decreases to the nanoscale, 
the kinking mechanism has been occasionally observed in cubic systems. 
For example, Nizolek et al. observed that when the layer thickness was 
reduced to below 100 nm, kink bands formed in Cu-Nb nanolaminates 
under compression testing with an initial strain rate of 10− 3 s− 1 [51]. 
The formation of kink bands was hypothesized to be related to the 
promotion of dislocation motion parallel to the interfaces, with these 
kink bands allowing for a compressive plastic strain of greater than 25 % 
for the Cu-Nb nanolaminates. Cui et al. confirmed the existence of kink 
bands in nanocomposite Cu-Mo films, where there was a relatively 
strong isotropy parallel to the loading direction and deformation local
ized in the kink bands but improved the overall plasticity [52]. Conse
quently, for the present Cu-Zr system, the kink-like features are likely to 
also contribute to the large, measured plasticity.

Fig. 6 presents representative fracture surfaces corresponding to the 
two hot-pressing conditions. A lower magnification view of the fracture 
surface in Fig. 6(a) for the 800 ◦C for 1 h sample shows individual 
particles with sizes ranging from tens to ~200 µm, confirming the 
sample was not fully consolidated and resulting in the lower strength. 
Magnified images in Fig. 6(b) and (c) revealed both brittle and ductile 
fracture regions, respectively. The brittle region exhibits a flat facet ~10 
µm in size, as indicated by a red arrow in Fig. 6(b), with the facet sur
rounded by many small particles about 1 µm in diameter (yellow 

arrows). Intergranular fractures, associated with higher ductility, result 
in rough morphologies which have been reported for other nano
crystalline Cu fracture surfaces [53]. Sub-micrometer-sized dimples 
were observed (yellow arrows in Fig. 6(c)), approximately ten times 
larger than the matrix grain size. Dimples are indicative of ductile 
fracture and have been observed in another powder metallurgy study on 
nanocrystalline Cu with a similar sub-micrometer grain size [54]. In that 
study, a nanocrystalline Cu that was milled for 10 h exhibited 
mixed-mode fracture including microcracks in addition to the dimpling. 
Here, inclusions were occasionally observed within dimples with one 
example being marked by a red arrow in Fig. 6(c). As the consolidation 
condition increased to 900 ◦C for 10 h, a majority of the fracture surfaces 
exhibited wavy patterns, which were separated by flat surfaces shown in 
Fig. 6(d). Higher magnification in Fig. 6(e) of the regions with parallel 
lines reveal the abraded area, from where the sample failed along the 
dominant shear band. It is also possible that the abraded region could 
even have started as a ductile region but then sheared away and 
smeared, leaving behind thin parallel lines. Similar thin, parallel fea
tures are seen as the result of shear tests [55]. The wavy patterns were 
revealed to be dimple-like structures when inspected with a higher 
magnification in Fig. 6(f). Comparing the dimple sizes between the two 
conditions, the size increased from sub-micrometer to 1–2 µm as the 
matrix grains coarsened from 40 to 101 nm. Therefore, the dimple size 
seems to loosely scale with the matrix grain size and encompass multiple 
grains.

4. Conclusion

In conclusion, fully dense, centimeter-sized nanocrystalline Cu-rich 
alloys with grain sizes of ~100 nm were successfully fabricated via a 
simple powder metallurgy route, resulting in a good combination of 
strength and plasticity. The main mechanism for the improved density is 

Fig. 6. SEM micrographs showing fracture surfaces of Cu-Zr samples hot pressed under (a-c) 800 ◦C for 1 h, resulting in a mixture of brittle and ductile fracture 
modes, and (d-f) 900 ◦C for 10 h, where the failure along the dominant shear band resulted in abraded area and ductile fracture mode.
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the presence of amorphous grain boundary complexions at the high 
sintering temperature, as shown previously by Donaldson and Rupert 
[29]. These authors found that a marked increase in density was 
observed for the same conditions that enabled amorphous complexion 
formation during hot pressing. After hot pressing at 800 ◦C for 1 h here, 
the pellet had ~20 % porosity, whereas hot pressing at 900 ◦C for 10 h 
resulted in a fully dense pellet. Quasi-static bulk compression testing 
showed that the alloys that were consolidated to full density exhibit a 
combination of high strength and large compressive plasticity, with an 
average yield strength of 722 ± 45 MPa and an average failure strain of 
25.3 ± 2.4 %. The underlying mechanisms for excellent plasticity were 
investigated using a variety of microscopy techniques and attributed to 
two primary factors. First, a much smaller crack length relative to the 
sample dimension dramatically delayed sample failure. Second, the 
activation of kink banding delayed catastrophic sample failure. Amor
phous complexions, although not present in the final alloys, assist with 
full densification by improving the sintering of the particles and limiting 
matrix grain growth, ultimately resulting in improved strength. Addi
tionally, the full densification of these bulk pieces would be important 
for future design of Cu-alloys and studying additional properties, e.g. 
where high electrical resistivity could be enabled by full densification. 
While this work presents a processing route free of complicated 
quenching treatments, it may give further benefit to stabilize amorphous 
complexions in the future to achieve even higher strengths and 
improved ductility [33,56]. Amorphous complexions have been shown 
to absorb dislocations better than ordered boundaries and, therefore, 
increase ductility. The combination of a simple processing route and 
common alloying element gives strengths that compete with much more 
expensive specialty materials in the Cu-rich class of alloys.
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