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4.  Abstract: 

 

 The objective of this research was to further explore novel alloy development via powder 

processing synergistically combined with innovative consolidation methodologies to fabricate 

nanocrystalline Cu-based alloys with thermal stability and properties suitable for substitution of 

Cu-Be and its applications.   Previously, it was also demonstrated that both the mechanical 

properties as well as the electrical properties of the Cu-Ta alloys can be tailored by changing the 

Ta content or by changing the temperature used during consolidation to match or exceed the 

properties of Cu-Be alloys.  This past preliminary study did not provide a sufficiently thorough 

investigation of the chemistry/properties relationship.  Therefore, the specific objectives of the 

current proposed work was to elucidate the processing-nanostructure-property-performance 

interrelationships in an array of nanocrystalline Cu-Ta alloys through a more systematic 

investigation of thermo-mechanical processing conditions and alloy composition effects.  These 

scientific studies are to establish and define the property tradeoffs available in this system, and to 

understand the adjustment range of both physical and mechanical properties.  

 

 

5. Introduction:  

 

a. Current Status of Cu-Be Alloys 

 

The dermatological, pulmonary, and systemic toxicity of beryllium (Be) and Be-containing 

alloys has been known for over 70 years [1] and has been linked to a number of severe industrial 

health issues in the United States.  Furthermore, the International Agency for Research on 

Cancer (IARC) lists Be as a Category 1 Carcinogen.  While the Occupational Safety and Health 

Administration (OSHA), US Department of Energy (DOE) and the American Conference of 

Governmental Industrial Hygienists (ACGIH) have recommended that the acceptable exposure 

limit be lowered by as much as a 40 times [2], the United States National Research Council 

(USNRC) has recommended that Be exposure be limited to “the lowest feasible level," as the 

agency's research could not establish any safe level of exposure 

[2].http://en.wikipedia.org/wiki/Beryllium - cite_note-38#cite_note-38 

 

The largest US utilization of Be is in Be-containing alloys of which copper-Be (Cu-Be) 

alloys are the most ubiquitous form.  Recent studies have shown that even Cu-alloys containing 

less than 4% Be have been linked to causing chronic beryllium disease (CBD), making them just 

as hazardous as pure Be metal [3-4].  The development of alternative Cu alloys with similar or 

greater physical properties without the adverse ecological and toxicological effects would 

therefore greatly reduce the health risks, liability and long term costs associated with 

manufacturing. 

 

The main difficulty in replacing Cu-Be alloys lies in their outstanding combination of 

physical properties.  The addition of 2 wt.% Be can increase the strength of Cu six-fold.  After 

precipitation hardening, these alloys are capable of achieving a tensile strength of 174 ksi (1200 

MPa) while retaining a reasonable amount of ductility (~5%) [5-6].  This outstanding versatility, 

leads to exceptional performance and manufacturability which to date has not been matched by 

http://en.wikipedia.org/wiki/Beryllium#cite_note-38#cite_note-38
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alternative alloys, most specifically at the highest strength most extreme physical properties.  

Therefore, despite the horrific health risks from exposure during manufacturing the use and 

demand for these toxic alloys still persists. 

  

 b. Nanocrystalline Metals, a Suitable Alternative Replacement Material? 

 

 In recent years, nanocrystalline metals and alloys have had the attention of the scientific 

community.  This is mainly due to the intriguing mechanical properties with which they are 

associated.  Numerous reports now exist, indicating an order of magnitude increase in strength is 

possible in metals and alloys that exhibit grain sizes approaching the lower limit of 

nanocrystallinity [7-10].  While achieving high strength has never been a problem, the ability to 

achieve any amount of uniform elongation, the prerequisite for appreciable ductility, was a 

challenge in the past [11-13].  Recently, numerous reports of improved ductility indicate that tens 

of percent elongation may be possible in nanocrystalline metals [14-16].  The combination of 

ultra high strength and improved ductility of nanocrystalline metals makes what was impossible 

in the past, possible today, such as the replacement of Cu-Be alloys.  However, as indicated by 

thermodynamic principles, nanocrystalline microstructures in metals are subject to coarsening at 

elevated temperatures [17-22].  The result of such nano-to-micro scale coarsening is the loss of 

the remarkable physical properties and deformation behaviors associated with these 

microstructures.  This inherent thermal instability frequently limits the overall processing and 

applications of nanocrystalline metals.  That is, nanocrystalline materials would benefit from 

thermal stabilization, which, in turn, would aid real world applications.   

 

c. Previous Work  

 

 Under a prior SERDP SEED program, #2139, the successful demonstration and 

implementation of fabrication protocols for stable bulk nanocrystalline Cu-Ta alloys were 

accomplished.  It was shown that property values in a Cu-Ta alloy, specifically, Cu with 10at.% 

Ta can approach or exceed those of Cu-Be alloys even at the highest limit.  Specifically, the 

objectives were to develop a non-Be containing alloy with an ultimate tensile strength (UTS) of 

165 ksi (1138 MPa), yield strength (YS) of 140 ksi (965 MPa), and a Rockwell C hardness of 36-

45.  The accomplishments of that work produced a thermally-stable, nanocrystalline Cu-10 at.% 

Ta alloy, exhibiting a UTS of 1300 MPa, YS of 1100 MPa, and Rockwell C hardness of 49 [see 

final report], thus exceeding the required metrics.  The project further incorporated 

computational simulations [23], demonstrated wear test comparisons with other structural 

materials, and examined the feasibility of scale-up potential.  While these preliminary results 

were promising, there were a number of other areas that were needed to be investigated, 

including alloy composition and grain size variation for optimization of increased strength and 

deformation, as well as determination other physical properties, such as formability at high 

temperatures or machinability.   

 

d. Current Project Objectives  

  

 Under the current SERDP funded project there were two main objectives for the proposed 

work.  The first was to elucidate the processing-nanostructure-property-performance 
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interrelationships in an array of non-toxic nanocrystalline Cu-Ta alloy compositions which are 

capable of meeting and exceeding the key characteristics of Cu-Be alloys through a systematic 

investigation of thermo-mechanical processing conditions and alloy composition effects.  These 

studies were meant to establish the property space available in this system, and to understand the 

adjustability range of both physical and mechanical properties.  The second was to establish the 

critical steps and protocols to ready the transition of this materials technology to the next level 

towards a viable commercialization.     

 

Based on the fundamental scientific research and advanced development proposed herein, it is 

anticipated that the property space attainable for the scale-up potential of nanocrystalline Cu-Ta 

alloys will be mapped out.  The determination of the relevant properties and supporting 

processing methodologies will result in a tangible technological achievement.  In turn, functional 

work pieces of technological scale and relevance will open up many opportunities for transition 

for further manufacturing development for specific components of interest.   Preliminary 

discussions and interactions are underway with the Stryker Program Manager Office and US 

Navy.  Efforts will be made to engage other interested organizations for potential insertion of the 

nanostructured Cu-Ta materials into service.  The intellectual property related to the Cu-Ta 

composite has been protected:  a composition-of-matter patent application and another 

describing the consolidation of powder into bulk parts have been submitted to the USPTO. 

 

 

8. Experimental Methods and Deliverables: 

 

a.          High Energy Mechanical Alloying 

 

Mechanical alloying is an extremely versatile method for producing nanocrystalline metal 

and alloyed powders.  In general, mechanical milling/alloying produces nanostructured materials 

with grain sizes <<100 nm by the mechanical attrition of coarser-grained precursors.  There are 

primarily three reasons why mechanical alloying was selected for production of the alloys 

proposed here over other methods.  Firstly, most metals/alloys can be prepared through 

mechanical-alloying with the product being in particulate form.  In instances where materials are 

too ductile to be directly milled into fine powder, e.g., Cu, surfactants and/or cryogenic milling 

may be used to induce the production of powder.  Fine particulates offer greater versatility when 

considering up-scaling to industrial manufacturing.  This is due to the ability for these 

particulates to be sintered into almost any shape or size given the proper conditions (high 

temperatures and pressures) and has been in practice in a manufacturing environment.  Secondly, 

high-energy ball milling has been shown to vastly increase the limit of solid solubility in many 

metallic systems in which equilibrium room temperature solubility does not otherwise exist.  

This is important for means of controlling the stability of the system, by both kinetic and 

thermodynamic methods.  Thirdly, high-energy ball milling is known to dramatically reduce the 

grain size in metallic systems to less than 10 nm which is not possible in other severe plastic 

deformation processes.   
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i. Laboratory Investigations:  Small Scale   

 

As accomplished in the original SERDP SEED funded project, alloy development and initial 

processing to expand the compositional range of Ta in Cu and its effect on mechanical and 

physical properties began at ARL’s Center for Advanced Metals Powder Synthesis (CAMPS) at 

Aberdeen Proving Ground.  ARL’s unique infrastructure allows for the rapid development and 

prototyping of advanced nanocrystalline metals and alloys.  The center is equipped with a 

number of low volume high-energy processing equipment including mills, which operate at room 

temperature, subzero, or cryogenic temperatures, and/or operate in an inert atmosphere (low 

concentrations of O2 and H2O).  Additionally, CAMPS has access to a wide range of 

characterization, consolidation, mechanical and physical testing equipment (will be discussed 

and outlined in subsequent sections).   

 

Deliverable and Milestone 1 (Q4):  production of a compositional range of alloys which 

will exhibit tailored properties, spanning and extending the entire range covered by current 

Cu-Be alloys.   

 

ii. Laboratory Investigations:  Transition from Small to Large Scale  

 

Once analysis of the effect of Ta concentration on the mechanical and physical properties 

was completed, powder processing was transitioned from a high-energy SPEX alloying process 

which produced a few grams a day (performed at CAMPS) to a more commercially viable high-

energy Zoz milling process at ARDEC’s Powder Metallurgy and Nano Technology Center 

(PMNTC) at Picatinny Arsenal.  This transfer to a larger-scale powder production was already 

accomplished during the SEED program, however, for only one composition (10 at.% Ta in Cu).  

For the current proposal, 1 at.% Ta was selected for production of similar sized parts for 

comparison with samples manufactured in the same manner as for the Cu 10 at.% Ta.  Based on 

our experience with the scale up at 10 at.% Ta, we felt that another composition, with a lower 

atomic fraction of Ta, will allow bracketing the property range of all Cu-Ta alloys, whereby the 

necessary steps and conditions for transition into the manufacturing environment could be 

identified.   

 

Deliverable 2 and Milestone 2 (Q4):  scaled-up powder production capability at PMNTC of 

Cu with 1  at.% Ta. 

 

b. Associated Challenges and Consolidation of Thermally Stable Powders  

 

The unprecedented material properties predicted by the Hall-Petch relationship generated a 

push to produce finer and finer grain sizes and structures over the past five decades.  Within 

recent years, a great deal of work has focused on the practical issues of producing 

nanocrystalline powders.  However, the development of functional engineering components 

requires that these nanostructures to be consolidated into fully dense macroscopic scale bulk 

structures.  Many researchers have reported on the enhanced sintering characteristics of 

nanostructured materials [24-25] which allow high densities to be achieved at much lower 

temperatures than their coarse-grained counterparts.  Equation 1 describes a multi-stage sintering 
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model developed by Johnson et al.[26] that relates the density normalized rate of densification of 

the specimen (dρ/ρdt) to the grain size (G).   

 

                                                                     (1) 

 

where γ is the surface tension, Ω is the atomic volume, k is Boltzmann’s constant, T is the 

absolute temperature, Γv and Γb are density dependent constants that describe the microstructure, 

and δ is the grain boundary thickness.  As described above, reducing the grain size of the sample 

can increase the densification rate exponentially.  Unfortunately, both grain growth and 

densification are driven by the same diffusion-based mechanisms.  Therefore, the thermal 

instabilities that lead to an enhanced densification rate also increase the rate of grain growth in 

this material and the microstructure of the material after sintering is no longer nanocrystalline.  

The decoupling of grain growth and densification is critical for producing bulk specimens which 

are necessary for most engineering applications [27]. 

 

c. Consolidation of Thermally Stable Powders 

 

Microstructures that exhibit thermal stability in their grain structure also tend to exhibit a 

similar stability for their particle structure.  Sintering is a process that depends on the reduction 

of energy from the high-energy state of the finely divided powder to the lower energy of the fully 

consolidated product.  Much of the driving force that leads to densification is based on the 

overall reduction in surface area.  Thermodynamically stable nanomaterials are created by 

reducing the grain boundary and surface energies so that they are essentially in the same state as 

those of the bulk material.  Therefore, the driving force for densification is reduced in the same 

manner as how the driving force for grain growth is inhibited.  When examining Equation 1, note 

that the microstructural scaling and surface energy terms are highly dependent on the interfacial 

energies associated with the system and, thus, directly influence the densification behavior of the 

material.   

 

Although the thermal stability of these materials tends to inhibit the sinterability of 

nanostructured materials under conventional conditions, improvements in thermal stability open 

a regime of processing conditions that allow full densification and the retention of a 

nanocrystalline structure for more novel consolidation approaches.  In particular, the application 

of external pressure during the sintering process, as practiced in HIPing or a combination of 

pressure and shear, as demonstrated by Equal Channel Angular Extrusion (ECAE), can greatly 

improve the tendency for densification.  ECAE and Field Assisted Sintering Technology (FAST) 

were shown under the previous SEED funding to be successful densification methods.  However, 

under this project instrumented Hot Isostatic Pressing (HIPing) will be explored, as it is more in 

line with standard consolidation methods utilized in an industrial manufacturing settings. 

 

i. Equal Channel Angular Extrusion (ECAE) 

 

The ECAE process subjects a billet to high shear around an “L” shaped channel.  ECAE can 

be performed at elevated temperatures for any number of passes and the billet can be rotated 








 





433 G

D

G

D

kTdt

d bbVV 







6 

 

between passes to provide precise texture control for the material.  This method, which induces 

severe plastic deformation (SPD) at elevated temperatures, has demonstrated its effectiveness in 

consolidating powders that have a very narrow processing window and cannot be easily 

consolidated using conventional methods such as high hardness, brittle metallic glass powders.  

In addition, we have applied and shown in the previous SEED funded program the utility of 

ECAE by consolidating nanocrystalline Cu with 1 and 10 at.% Ta to 100% theoretical density, 

with just a few passes.  The addition of high shear can significantly reduce the temperature 

required to achieve full density and allow the consolidation of metastable microstructures [28].  

Another benefit of this method is that the material samples retain the same basic geometry and 

cross-section as the starting piece, thus, allowing for relatively simple scale-up.  Consolidation 

strategies at CAMPS focused on ECAE processing to produce small scale rods 0.5-in diameter 

and less than 4-in long. 

 
 

Figure 1: Examples of a processed bulk part from Cu-Ta precursor powders fabricated a large-

scale Zoz mill and subsequently consolidated via HIP. 

 

ii. Instrumented Hot Isostatic Pressing (HIPing) 

 

In the HIPing process, powders are loaded into cylindrical steel cans and compacted under 

isostatic pressure at elevated temperatures.  The application of the isostatic pressure allows for a 

more uniform densification and the production of near net shaped parts.  Densification is 

achieved through a combination of plastic deformation, creep and diffusion bonding.  The part 

geometries that can be achieved by this process are only limited by the die geometry/strength and 

are designed with the specific application in mind.  For our project, instrumented HIPing was 

utilized to produce near net shaped, axisymmetric parts having hemispherical and cone-shaped 

geometries with several inches in dimension.  The instrumentation entailed the use of a specially 

designed in-situ eddy current sensor that informed the operator when the part reached its 

minimum diameter or maximum densification for a given HIP pressure and temperature. 

 

iii. Field Assisted Sintering Technology (FAST) 

 

In the FAST process, powders are loaded into graphite dies and compacted under uniaxial 

pressure and, upon the application of a large electric current flowing through the die and its 

contents, via Joule heating.  The primary benefit of FAST is the drastically reduced sintering 

times stemming from Joule heating.  Specifically, the application of a high current causes rapid 

volumetric heating at powder particle-particle contacts, resulting in heating of the entire mass 

from the inside out. 
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The FAST process typically yields bulk parts in simple geometries such as round or square 

plates.  PMNTC, however, is exploring the use of complex die designs for the purpose of near-

net-shaping bulk parts.  The intent of near-net-shaping is to minimize material waste in 

machining operations – consolidating the powder as close as possible to the final dimensions.  

The part geometries that can be achieved are only limited by the die geometry/strength and will 

need to be designed for a specific application.  PMNTC currently has die sets capable of 

producing flat plates (round or square), contoured plates (designed for explosively formed 

penetrators), and hemispherical domes. 

 

Deliverable 3 and Milestone 2 (Q8):  production of fully consolidated parts having 

properties equal to or greater than current Cu-Be alloys and with cm-scale dimensions for 

compositions containing 1 at.% Ta. 

 

d. Characterization of Alloys  

 

i. Transmission Electron Microscopy (TEM) 

 

The available instrumentation at CAMPS includes a JEM-2100F equipped with scanning 

transmission electron microscopy (STEM), and energy dispersive x-ray spectroscopy (EDS) 

capabilities and a FEI Nova 600 a focused-ion-beam (FIB) and scanning electron microscope 

(SEM).  The functionality of one machine equipped with a 17 kV STEM and EDS allows for 

unprecedented characterization.  These equipments were utilized for measuring the average grain 

size and precipitated phases, if any, as a function of annealing temperature.   

 

Samples will be prepared using an in-situ lift out method using a dual-beam focused ion 

beam scanning electron microscope (FIB/SEM) [29].  In-situ sample preparation is capable of 

producing site specific samples with few artifacts resulting from the preparation process and can 

easily identify microstructures of bulk materials and interfaces for this specific alloy system. 

 

 

 

 

 

 

 

 

 

Figure 2: Examples of Cu-Ta powders processed using a Zoz mill and a plate consolidated via 

FAST. 

 

ii. Scanning Electron Microscopy (SEM) 

 

SEM imaging of the samples was accomplished using a Hitachi S-4700 equipped with an 

EDS detector.  SEM analysis was used to determine the spatial distribution and chemistry of 
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phases, investigate hardness indentations, characterize residual porosity, and image fracture 

surfaces of tested samples.   

 

iii. X-Ray Diffraction Studies 

 

X-ray diffraction of the ball-milled and annealed powders, as well as the bulk consolidated 

pieces were performed with an X’Pert PRO PANalytical MPD x-ray diffractometer using CuKα 

(λ = 0.1542 nm) radiation.  Experimentation allowed data to be collected from as-milled grain 

size, heat treated, and bulk-consolidated samples, as well as identifying secondary phases, if any, 

which formed upon processing.  Additionally, high temperature X-ray diffraction studies were 

performed to study grain-growth kinetics. 

 

iv. Vickers Microhardness Testing 

 

Tests were performed on ISO 9000 certified equipment, using ASTM standard operating 

procedures.  Vickers microhardness was used to determine the mean hardness associated with the 

as-milled powder, heat treated samples, and post-consolidation processed samples (FAST and 

ECAE).   

 

v. Tension, Compression, and Shear Testing  

 

Tests were performed as to ascertain the mechanical properties including: yield and ultimate 

strength, ductility and toughness as a function of temperature.  These tests were also conducted 

at various strain rates, including conventional strain rates on the order of 1 × 10
-4

.  Additionally, 

for compression testing, strain rates also included high strain rates on the order of 3 to 6 × 10
3
, 

using a Kolsky bar (or Split-Hopkinson pressure bar) apparatus. 

  

vi. Machining  

 

Machinability of the composite was assessed by the direct machining of as-consolidated parts 

under various materials removal rates and tool speeds and subsequent examination of the freshly 

cut surfaces.  Weldability of the composite was investigated using friction stir welding; 

specifically, both butt and lap joint geometries were considered.  It was expected that a solid-

state welding procedure would be more likely to retain and preserve the nanoscale substructure 

of the Cu-Ta alloys.   

 

 

9. Results: 

 

 a. Experimental Results:  Small Scale Samples 

 

Cryogenic milling produced a nanocrystalline Ta-precipitate enriched Cu-rich matrix 

composite.  Scherrer grain size (GS) estimates of the microstructure length scale suggested that 

the mean GS of the Cu matrix was approximately 10nm for the alloy concentrations examined, 

specifically, 1, 5 or 10 at.%Ta (the balance being Cu).  Figure 1 reflects the thermal stability, 
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grain size versus Ta content, for the aforementioned alloys; note in the figure that all three alloy 

compositions display extreme but similar grain size stabilities with increasing temperature.  

Further insight is provided by the level of microhardness retained as a function of annealing 

temperature, see Figure 2.  In this figure, note the distinct differences that can be observed 

between these alloys.  It is apparent that even when subjected to extreme temperatures nearing 

the melting point of Cu, the very high hardness values are still retained.  Based on these results, 

exemplary parts displayed in Figures 1 and 2, a study, focusing on comparing the ECAE 

consolidation temperature to the retained hardness for two alloys, Cu containing 1 and 10 

at.%Ta, was conducted.  Figure 3 provides the hardness post ECAE processing for various 

consolidation temperatures.  It can be seen that the additional pressure and shear deformation 

during consolidation has only a moderate effect on decreasing the hardness relative to the 

isothermal annealing studies as was shown in Figure 2. 

 

Utilizing the data presented in Figure 3, an in-depth analysis was performed on the 

compositions of Cu containing 1 and 10 at.% Ta, both microstructurally and mechanically for a 

series of ECAE consolidation temperatures.  The selection was based on the noted differences of 

composition and the corresponding microhardness values, especially at lower temperatures, as 

assessed from Figure 3.   

 

b. Experimental Results: Acta Materialia Publication 

 

The results of the composition dependent mechanical and microstructural properties of the 

ECAE processed Cu-Ta alloys have been published in a recent article entitled “Microstructure 

and Mechanical Properties of Bulk Nanostructured Cu-Ta Alloys Consolidated by Equal 

Channel Angular Extrusion,” by Darling, KA, Tschopp, MA, Guduru, RK, Yin, WH, Wei, Q, 

and Kecskes, LJ, Acta Materialia, 76, 168-185, September 2014.   The paper in its entirety is 

provided in the Appendix of this report; this work clearly identifies and reveals the relevant 

processing- microstructural-performance relationships of nanostructured Cu-Ta alloys, especially 

as they relate to the upscaling of processing and fabrication of bulk parts. 
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Figure 3:  Graph of grain growth for Cu-Ta alloys as a function of annealing temperature and Ta 

concentration, i.e., 1, 5, and 10 at.% Ta in Cu. 

 

 

 
 

Figure 4:  Graph of Vickers microhardness Cu-Ta alloys as a function of annealing temperature 

and Ta concentration, i.e.  1, 5, and 10 at.% Ta in Cu. 
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Figure 5:  Graph of Vickers hardness Cu-Ta alloys as a function of ECAE consolidation 

temperature and Ta concentration, i.e.  1, 5, and 10 at.% Ta in Cu. 

 

c. Supplementary Work Performed: High Temperature Mechanical Tests 

 

To investigate the increasing susceptibility and the degree of thermal softening, the ECAE 

processed Cu-Ta samples were subjected to quasi-static compression tests at high temperatures; 

the stress-strain curves are provided in Figure 6.  As shown, the ultimate flow stress for Cu-10Ta 

700 °C at room temperature (curve #1), is approximately 1160 MPa.  The corresponding yield 

strength value is only slightly less, 1050 MPa.  This mechanical strength is extremely high, a 

factor two times that predicted by Hall-Petch strengthening estimates for pure nanocrystalline Cu 

of the same grain size.  The exhibited flow stress is a strong function of the testing temperature 

and there is a significant contrast to the behavior of coarse-grained copper (dotted line); the 

reported stress-strain curves for the Cu-Ta samples exhibit an elastic-nearly perfectly plastic 

behavior.  That being the case, past the yield point, the amount of strain hardening is very minor.  

The lack of strain hardening is particularly evident at higher temperatures, see curves #2 - #7.  

Note, in some cases, the slopes of the stress strain curves become slightly negative.  

Additionally, excluding the room temperature curve, all samples demonstrated a smooth and 

continuous plastic flow with no signs of failure.  This indicates that the Cu-Ta alloys have very 

good high temperature formability.  An interesting feature of thermally stabilized nanostructured 

materials, i.e., the retention of the nanograined microstructure upon cooling, is exhibited by the 

Cu-Ta alloys as even after testing at 1000°C, a large majority of the room temperature strength 

was retained. 
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Figure 6:  High temperature quasi-static compressive stress-strain curves for Cu-10Ta 700 °C.  

Well annealed OFHC copper compressed at room temperature (dashed line) is provided for 

comparison to the nanostructured Cu-Ta alloy. 

 

d.        Experimental Results: Large Scale Samples 

 

The large scale production of Cu-Ta alloy powders was accomplished using a CM08 mill 

purchased from Zoz GmbH, installed and operated at PMNTC.  A comprehensive experimental 

milling program was designed and conducted to investigate the issues associated with scale up 

and milling kinetics which would occur when utilizing this large capacity mill for the production 

of significantly larger quantities of nanocrystalline Cu-Ta powder with 1, 5, and 10 at.% Ta 

concentrations compared to those produced in the much smaller SPEX mill used for the earlier 

seminal studies.  First, 200 g batches were produced as a function of time to investigate the 

dispersion rate of the Ta metal.  Composite images displaying the level of distribution and 

comminution achieved for a typical Cu-Ta alloy composition from the study are shown in Figure 

7.  In the figure, starting from left to right, for 1 hour, followed by 2, 4, 6, and 8 hour milling 

times, the images, collected from representative regions at increasing magnification, reveal that 

for Cu-10Ta, the level of dispersion between Cu and Ta improves to the point where only a small 

sub-micrometer Ta particles remain.  In comparison, in Figure 8, for Cu-5Ta, at 4, 6, and 8 hour 

milling times, show much smaller amounts of residual Ta, remaining specifically at shorter time 

intervals.  A similar trend is observed in Figure 9 for Cu-1Ta.  In general, then it may be 

concluded that this series of experiments demonstrates that high-energy Zoz milling is capable of 

achieving a high dispersion of Ta in a Cu matrix, analogous to what was observed in the small 

scale milling studies, using high energy SPEX milling operations. 
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Figure 7:  Backscatter electron mode scanning electron micrographs of Cu-10Ta as a function of 

milling time.  In the images, the dark gray areas correspond to Cu; and the light gray to white 

areas correspond to Ta.  Note, the size of the white specks get smaller with increasing time, 

especially at 8 hours. 
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Figure 8:  Backscatter electron mode scanning electron micrographs of Cu-5Ta as a function of 

milling time.  Generally, distinct precursor grains of Ta are no longer evident as was in the case 

of Cu-10Ta; the breakdown follows the same general trend with time.  

 

A process control agent (PCA), specifically, stearic acid, was utilized to investigate whether 

increased comminution could be achieved between Cu and Ta.  Stearic acid, a long chain 

hydrocarbon, is typically used as a processing agent to prevent cold welding and to induce 

increased fracture during milling.  It can be removed from the as-processed powder, by heating it 

under high vacuum to temperatures between 300 and 450° C.  Once the stearic acid has been 

removed, the powder can then be used in any powder metallurgy based consolidation process for 

the production of bulk parts. 

 

In Figure 10 the series of micrographs in the top and bottom rows, respectively, clearly 

reveal the positive effect of stearic acid as a function of time up to 6 hours.  The use of stearic 

acid not only enhances the ability to increase the level of dispersion, but also improves the Ta 

particle refinement in Cu-10Ta.  It is known that the increased dispersion is advantageous, as 

was revealed in the earlier smaller scale SPEX mill-based experiments demonstrating a critical 

link between the interrelationship of refined Cu grain and Ta particle sizes and a corresponding 

increase in mechanical performance.  Therefore, the remaining milling trials for which powder 

production was scaled from 200 g to a kilogram size batch, relied on stearic acid as a PCA.  It 

may be noted that the use of the PCA had another beneficial effect of increasing the powder 

quantity or yield, as it prevented cold welding of the Cu-Ta powder to the milling chamber and 

milling media. 

 

 
 



15 

 

Figure 9:  Backscatter electron mode scanning electron micrographs of Cu-1Ta as a function of 

milling time.  Generally, distinct precursor grains of Ta are no longer evident as was in the case 

of Cu-10Ta and Cu-5Ta; the Ta breakdown follows the same general trend with time.   

 

Data in Table 1 displays the results of the trace chemical analysis of the as-milled powders as 

a function of milling time for the Cu-Ta samples with 1, 5, and 10 at.% Ta.  The data indicates 

that while other trace impurity elements are present within the milled powders, the primary 

contaminants picked up during milling appear to be Fe and Cr, which can directly be associated 

with the interactions between the milling media and chamber, both made of high-strength steel, 

and the Cu and Ta powders.  Further, it can be seen that as a function of time, the level of Fe and 

Cr contamination scales with the Ta concentration.  This is because, as the level of Ta increases, 

so does the hardness of the resultant Cu-Ta alloy.  As such, the higher hardness causes increased 

wear by the grinding media and chamber which, in turn, leads to elevated levels of Fe and Cr 

being incorporated into the Cu-Ta powders during the milling process.  To reduce this amount Fe 

and Cr, studies were performed in which the milling media and milling chamber were coated 

with pure Cu prior to milling.  At this time, chemical analysis is still underway to quantify the 

benefit of pre-coating the media and chamber, but it is believed that processing in such a way 

should help to reduce the overall level of contaminants. 

 
 

Figure 10:  Backscatter electron mode scanning electron micrographs of Cu-10Ta as a function 

of milling time with and without stearic acid (note, this hydrocarbon is a typical process control  

agent used to prevent cold welding and increase the level of dispersion.) at increasing 

magnifications; top row: with stearic acid; and bottom row: without stearic acid.    

 

Further analysis of interstitial impurity elements were performed on the as-milled powders.  

As shown in Table 2, of concern is the level oxygen pick up during the milling process.  It is 

seen in the table that with increased time, greater levels of oxygen are incorporated into the Cu-

Ta powders.  With time this level increases and appears to saturate around 0.5 wt.% for both the 
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Cu-1Ta and Cu-10Ta powder compositions.  Though, there is some inconsistency in the results, 

as much higher oxygen levels were detected for the Cu-5Ta powder composition.  At this time, 

this is not well understood.  Further experiments are currently being performed to assess whether 

oxygen could be removed or reduced during the milling or during the removal of the stearic acid 

PCA, where the as-milled powders could be heated under a pure hydrogen atmosphere at 

elevated temperatures. 

 

X-ray diffraction analysis results as a function of milling time are shown in Figures 11 to 13 

for the Cu-1Ta, Cu-5Ta, and Cu-10Ta powders, respectively.  The full diffraction patterns from 

10 to 90 or 30 to 100 degrees 2 Theta indicate that over the course of the milling process, the 

elemental Cu and Ta powders combine to form the various terminal Cu-Ta alloy compositions.  

In general, among the three data sets, it may be observed that, with increased milling time, for 

each of the fundamental Bragg reflections, the peak intensity decreases while peak width widens 

with the corresponding area under the peaks increasing as well.  Additionally, the relative ratio 

of Ta to Cu peak intensity decreases.  Both of these observations are consistent with alloying and 

simultaneous refinement of the Cu and Ta grain sizes.  It is also noted that for higher Ta 

concentrations, there is a definite shift of the Ta peaks to lower scattering angles.  The 

corresponding shift of the Cu peaks is not as noticeable.  Regardless, this is an indication of 

mutual alloying between the elements.  The extent of the shift is proportional to the amount of 

Cu incorporated into the Ta lattice or vice versa.  Therefore, it is expected that at higher Ta 

concentrations this contraction will be greater.  This is illustrated in the latter figures.  

 

 

Table 1: Data shows the results of trace chemical analysis of the as-milled Cu-Ta powders as a 

function of milling time.  The composition of the alloys tested were 1, 5, and 10 at.% Ta, 

respectively.  The red box highlights the Fe results; the increasing levels arise from the milling 

chamber and grinding media.  
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Table 2:  Oxygen impurity pick-up during the milling of the Cu-Ta powders with 1, 5, and 10 

at.% Ta levels as a function of milling time.   
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Figure 11:  X-ray diffraction patterns as a function of milling time for the as-milled Cu-1 at.% Ta 

powder.  All peaks show extensive broadening and well as a shift in both Cu and Ta peak 

positions.  Additionally, observe the non-symmetrical shoulder broadening. 

 

 
 

Figure 12:  X-ray diffraction patterns as a function of milling time for the as-milled Cu-5 at.% Ta 

powder.  The primary Ta peaks are observed to shift to lower scattering angles indicating alloy 

formation between Ta and Cu.  All peaks show extensive broadening.  Additionally, observe the 

non-symmetrical shoulder broadening.   
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Figure 13:  X-ray diffraction patterns as a function of milling time for the as-milled Cu-10 at.% 

Ta powders.  The primary Ta peaks are observed to strongly shift to lower angles indicating 

significant alloy formation between Cu and Ta.  Additionally, all peaks show extensive 

broadening.  

 

The x-ray diffraction patterns were analyzed for the Cu and Ta grain sizes, respectively.  

Table 3 summarizes the results showing a decrease in both the Cu and Ta grain size.  Both the 

average Cu and Ta grain size appears to be independent of the overall composition.  That is, it is 

found to be the same or approximately the same average value, reached regardless of the 

composition.  For Cu, the minimum grain size reached is approximately 17 nm, while for Ta, it is 

approximately 10 nm. 

 

The as-milled powders were then consolidated into a series of small cylindrical rods, using 

hot isostatic pressing (HIPing) at various temperatures and pressures.  Figure14 shows 

backscatter electron SEM images taken from polished cross-sections of these samples 

consolidated.  In general, using an instrumented HIP unit with an in-situ eddy current sensor that 

measures densification rate, the technique was developed to identify the consolidation protocols 

which resulted in samples that were free from voids both at macroscopic and microscopic levels.  

Additionally, examination showed that prior particle boundaries were not observed, indicating 

that significant diffusion bonding was achieved between the individual particles, resulting in a 

fully dense well-bonded structure.  It can be seen from the lower magnification images that with 

an increase in Ta concentration, there is a corresponding increase in the heterogeneity between 

Ta-poor and Ta-rich; that is, there are regions which are rich and void of Ta particles.  

Conversely, higher magnification images reveal that the smaller Ta particles remain 

approximately the same size regardless of overall Ta concentration.  These Ta particles are 

proximately 100 to 200 nm in diameter and are heavily dispersed throughout the matrix. 
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Table 3:  Reduction of Cu grain size and Ta particle size as a function of milling time.   The 

respective grain and particles size values agree well with those observed in the earlier small scale 

studies. 

 
Small rods machined out of the as-consolidated specimens were subjected to impact loading.  

As a function of composition, backscattered electron SEM images of the resultant fracture 

surfaces reveal ductile failure of the Cu-Ta alloy materials.  It may be noted that at increasingly 

higher magnification levels, the images reveal similar topographies.  Each of the samples has 

some indication of ductile failure behavior, exemplified by the dimpling observed within the 

fracture surface.  Generally, on closer inspection of the high magnification images, small Ta 

particles are observed to be located within the centers of dimples.   This fact is key to the fact 

that it is the Ta particles which are the likely initiation point of micro-voids, which then coalesce 

resulting in a catastrophic failure of the sample.  Further, as can be seen in the high 

magnification images, the size of the corresponding dimples decreases with increased Ta 

concentration.  This shows that a higher concentration of Ta particles will likely result in lower 

tension ductility.   
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Figure 14:  Backscatter electron mode scanning electron micrographs of the HIP consolidated 

Cu-Ta samples as a function of Ta concentration; 1, 5, and 10 at.% Ta.  In the images, the dark 

gray areas correspond to Cu; and the light gray areas correspond to Ta.  Once consolidated, 

increasing the Ta content results in a higher density of Ta particles.  The images did not reveal 

the presence of porosity. 
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Figure 15:  Backscatter electron mode scanning electron micrographs of fracture surfaces from 

the HIP consolidated Cu-Ta samples as a function of Ta concentration; 1, 5, and 10 at.% Ta.  In 

the images, the dark gray areas correspond to Cu; and the light gray areas correspond to Ta.  

Note, larger Ta particles appear to be the nucleation sites for the formation of microvoids.  

 

In addition to the examination of the as-milled powders produced using the large-scale 

milling facilities and the small bulk consolidates from subsequent HIP runs, in anticipation of the 

intended application, we also studied the tensile deformation behavior of the Cu-Ta alloys.  

Figure 16 reveals the tension ductility for an ECAE processed Cu-10Ta alloy, consolidated at 

various processing temperatures.  It can be seen that for the Cu-10Ta alloy, the decrease in 

consolidation temperature results in an increase in yield and UTS strength, but at the expense of 

losing ductility.  This is attributed to the onset and continued grain growth at the higher 

processing temperatures.  In the figure, data for the Cu-1Ta sample is also included.  It is 

interesting to note that just how much the strength increase with a relatively small change of Ta 

concentration. 
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Figure 16:  Tension ductility of the ECAE consolidated Cu-1Ta and Cu-10Ta samples, processed 

at various temperatures.  Note the rapid drop in strenght and commensurate increase in ductility 

of the samples.   

 

After the preliminary and fundamental characterization of the HIP consolidated parts, milling 

and powder production will was scaled up to kilogram quantities, specifically, for Cu containing 

1 and 10 at.% Ta.  Whereas smaller quantities of milled powders could be easily treated, these 

powders were degassed under vacuum at temperature of 450° C for 72 hours to remove the 

stearic acid PCA.  After the powders were cleaned, they were loaded into specially designed HIP 

cans which enabled the production of near net shaped parts.  Powder consolidation was 

performed at MATSYS Inc., located in Sterling, VA.  This larger-scale process also relied on the 

use of an instrumented HIP, equipped with a larger eddy current sensor unit which allowed direct 

measurement of the diameter of the part or densification during sintering operations.  The 

resultant parts shown in Figure 17, were produced at temperatures as high as 1000° C.  The 

conical and hemispherical parts shown in the figure are in the as-HIPed condition.  Note that this 

method is capable of producing a high surface quality as well as high dimensional accuracy.  

Also, these parts can be readily machined, as is illustrated by the outside surface of the 

hemispherical dome, to increase surface or dimensional accuracy.    
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Figure 17:  Macrophotographs of Cu-Ta alloy parts.  The displays show near-net shaped conical 

and hemispherical geometries produced by instrumented HIPing of Cu-1Ta (cones) and Cu-10Ta 

(hemisphere).  Note that the exterior surface of the hemispherical dome has been machined. 

 

 

10. Conclusions: 

   

A series of characterization techniques were utilized to study and develop a new family of 

nanocrystalline alloys based on the immiscible Cu-Ta binary system.  Small and large-scale 

mechanical alloying was used to identify, assess, and map out how the physical and mechanical 

properties of this material scale from a proof-of-concept stage into a higher manufacturing 

environment.  Experiments were conducted by tuning the composition from 1 to 10 at.% Ta.  

Microstructural evaluation and mechanical testing of the resultant alloys revealed that a diverse 

array of physical properties can be attained, which are intimately linked to the as-milled Cu grain 

size and the distribution of Ta particle dispersiods, both of which can be altered by altering the 

composition and consolidation methodology. 

 

In combination the prior SERDP report and this current report reveal that Cu-Ta alloys are 

highly capable of meeting and exceed many of the properties exhibited by Cu-Be alloys.  

However, there still further research to be done to improve, optimize, and elucidate the existing 

alloy formulations towards a tangible application.  The successful development of the 

instrumented HIP processing protocols demonstrates that parts fabrication is possible.  

Transitioning from small-scale processing in a SPEX mill (few grams/day) to larger scale 

processing (Zoz mill kilograms/day) reveals the need for a more critically designed process 

engineering study.  It is expected that with such an additional effort, the level and role of 

impurities such as Fe, Cr, and oxygen on properties can be mitigated or greatly reduced.  

Additionally, evaluation of the physical and mechanical properties attained within the larger 



25 

 

scale dimensioned parts must be correlated to the properties achieved using smaller scale powder 

production equipment. 
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12. Appendix: 

 

Acta Materialia publication entitled “Microstructure and Mechanical Properties of Bulk 

Nanostructured Cu-Ta Alloys Consolidated by Equal Channel Angular Extrusion,” by Darling, 

KA, Tschopp, MA, Guduru, RK, Yin, WH, Wei, Q, and Kecskes, LJ, Acta Materialia, 76, 168-

185, September 2014. 
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