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A tungsten-40% copper (W-40 wt 96 Cu) [by weight] composite was consolidated by liquid-phase 
sintering and further processed to full density by a number of deformation methods. Fully dense 
materials were obtained by hot extrusion or cold rolling of the tungsten-copper (W-Cu) composite. 
Subsequent processing by cold rolling, cold swaging, or hotswaging did not produce large 
changes in the aspect ratio of the tungsten particles. The materials develop high hardness with 
small grain sizes of 5 pm or less. The work-hardening, recrystallization, and grain-growth 
behaviors of the material are characterized, and the hardness and tensile properties are related to the 
processing parameters. Wire with tensile strengths up to 1120 MPa were produced. Further 
improvements in properties are anticipated with optimized processing parameters. 

INTRODUCTIO N 

The desired thermal and mechanical properties, needed from tungsten-copper (W-Cu) composites 
in many applications, require high relative density and a fine uniform distribution of tungsten 
particles within the continuous copper phase. Primary consolidation of W-Cu composite materials 
has been performed by liquid-phase sintering, infiltration of liquid copper into a porous-sintered 
tungsten skeleton or a combination of sintering of premixed tungsten and copper followed by 
infiltration. Typically, full density is not achieved with these processes. Residual porosity can be 
detrimental to both the mechanical and physical properties including thermal and electrical 
conductivity [ 13. These consolidation methods, as well as the use of hot-isostatic pressing and 
powder injection molding, have been the subject of a number of studies [2]. However, there are 
relatively few studies of the consolidation and microstructural development of W-Cu composites 
during postsintering deformation processing. The object of this study is to evaluate the 
microstructural evolution associated with thermomechanical processing of sheet, rod, and Wire of a 
W-40 wt 96 Cu composite. 

The deformation by rolling of infiltrated W-Cu composites has been studied previously [3]. 
Deformation at room temperature is confined to the copper phase for reductions in thickness 
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up to 25%. At reductions greater than 50%, deformation is more homogeneous with tungsten 
particles becoming elongated in the rolling direction. A study of the deformation of nickel-tungsten 
alloys to high strains showed that highly elongated, as well as undeformed tungsten particles, were 
produced and that very high-tensile strengths could be ob-ed [4]. The addition of 10 wt % of 
niobium particles of about 5 pm in si= to oxide dispersion-strengthened copper composite has 
been reported to increase strength for these materials used for resistance welding [5]. Deformation 
of tungsten-nickel-iron materials to large plastic strains is known to improve mechanical properties 
of this composite [6]. At high-tungsten levels, deformation processing becomes increasingly 
difficult. A study of W-Cu composites with 20 to 27% copper found very limited ductility in these 
materials, resulting in signifkant difficulties in fabrication [7]. 

PROCEDURE 

Liquid-phase sintering of blended W-Cu powders provided the primary densification step for all of 
the materials in this study. Tungsten powder of 99.95% purity, screened to an agglomefite size 
-200 mesh and with a Fisher subsieve particle size of 3.9 j.un and -325 mesh copper powder of 
99.84% punty, was used for a starting material. An addition of 0.7% Mn was made to dt powder 
blends as a sintering aid. The powders were blended, cold-isostatically pressed, and sintered in 
hydrogen at 1350°C for3  h. As-sintered density was in the range of 83 to 86%. 

Three different techniques were used to obtain full densification of the W-40 wt % Cu composite. 
The frrst method was hot extrusion of the liquid-phase-sintered material. A round billet of liquid- 
phase-sintered W-Cu was machined to 50 mm diam and heated with a cover gas of argon and 
4% hydrogen at 1OOO"C for 30 min. The billet was extruded through a 12.7-mm-inside diameter 
die at an extrusion ratio of 16: 1. A second billet of liquid-phase-sintered material was sealed in an 
evacuated steel can, preheated to 1000°C, and hot pressed for 15 s at 1250 MPa to achieve full 
density. After the can was removed by machining, the billet was extruded using the same 
conditions described above. The third method employed cold rolling of a liquid-phase-sintered 
sheet without intermediate anneals. 

The extruded materials were processed to rod by both hot and cold swaging with intermediate 
anneals. The cold swaging was performed at ambient temperature with a total duc t ion  of about 
25% prior to annealing. The intermediate annealing treatment was 975°C for 30 to 45 min. The 
hot swaging was performed with a preheat temperature of 950°C. A total redudon of 60% was 
obtained prior to the annealing at 975OC for 45 min. Reductions per swaging pass were generally 
about 10%. Liquid-phase-sintered plates of 3.2 mm thickness were cold rolled using roll passes of 
about 3%. The density, initially 7596, was monitored through the rolling process. The 1-h 
isochronal-annealing behavior of the rolled sheet was evaluated at temperatures from 200 to 
1OOO"C. Liquid-phase-sintered square bars were densified by cold rolling with grooved rolls, cold 
swaging, and cold drawing to produce wire, with intermediate anneals used as necessary. 

Metallographic analyses were made of the extruded, swaged, rolled, and annealed materials. 
Samples were prepared using standard techniques and etched with a solution of 80-ml water, 
15-ml concentrated hydrochloric acid, and 5-g ferric chloride. All of the micrographs displayed in 
this paper are in the longitudinal direction. Scanning electron microscopy (SEM) and energy- 
dispersive X-ray (EDX) analysis were performed using a Tracor Adem instrument. An additional 
analysis was also performed with a Cameca microprobe. Density was measured using the water 
displacement method. Hardness on the RockweII B (HRB) scale was measured for in-process 
materials. Microhardness on the Vickers (HV) scale was measured using a pyramid indentor at a 
load of 200 g. Wire samples were tensile tested at room temperature. Tensile strength 0.2% offset 
yield strength and elongation over a gauge length of 25 mm were measured. I 

Powder blending, sintering, rolling, swaging, and wire drawing were performed at Rhenium 
Alloys, Inc. (Elyria, Ohio). Hot pressing, extrusion, microstructural analysis, and microhardness 
testing were performed at the Oak Ridge National Laboratory (ORNL) [Oak Ridge, Tennessee). 
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RESULTS 
The microstructure of the liquid-phase-sintered material shows evidence of the residual porosity 
with a distribution of voids (see Figure 1). There are regions of about 50 pm in size which are free 
of tungsten particles. This corresponds to the size of the starting copper powder. Following hot 
pressing and extrusion, there is minimal porosity corresponding to a density of 99% of the 
theoretical value, but there remain regions of high- and low-tungsten-particle concentrations (see 
Figure 2). Regions of a third phase are shown in Figure 3. These are regions of about 20 pm in 
size as shown in the SEM back-scattered electron image and are identified as manganese-rich areas 
by EDX analysis. Microprobe analysis with wavelength-dispersive X-ray analysis indicates that 
the manganese-containing particles are likely manganese oxide and have a high oxygen content. 
The microstructure, following hot swaging of the same material by 6096, has fewer and smaller 
regions of the copper matrix, which are free of tungsten particles (see Figure 4). The aspect ratio 
of the tungsten particles remains near unity, as is the case for the extruded material as well. .Similar 
microstructures are seen in the extruded and cold-swaged material. 

The microstructure of the sheet liquid-phase sintered to a density of 75% has equiaxed pores of 
about 50 pn in size (see Figure 5). The microstructure of this material following cold rolling to an 
85% reduction in thickness is shown in Figure 6. Some of the tungsten particles exhibit evidence 
of large strains while other particles remain equiaxed. Elongation of a significant number of 
tungsten particles is apparent at reductions of 75% or more. There are also defects aligned in the 
rolling direction. Examination by SEM and EDX shows manganese concentrations in some but 
not all of these defects. 

Microhardness measurements of the extruded W-40 wt % Cu material gives values of 180 to 190 
(72 to 75 HRB). Similar values are obtained for the hot-swaged rods. Microhardness of the 
cold-swaged rods is in the range of 220 to 235 HV (91 to 94 HRB). Microhardness of the 
cold-swaged rods following annealing is in the range of 170 to 190 HV (80 to 82 HRB). The 
microhardness of the sintered plate increases with a reduction in thickness by cold rolling (see 
Figure 7). The density of the materials also increases with cold reduction (see Figure 8.) The 
Rockwell hardness values are also presented in Figure 8. The effect of annealing on the 

Figure 1. Microstructure of liquid-phase- 
sintered tungsten-40% copper material shows 
residual porosity. 

Figure 2. Microstructure of hot-pressed 
and extruded material shows inhomogeneity 
in tungsten particle distribution. 
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Figure 3. Manganese-rich inclusions (dark 
phase) in extruded tungsten-40% copper as 
seen in scanning electron microscopy back- 
scattered electron image. 

Figure 4. Microstructure of extruded 
and hot-swaged material shows more 
uniform distribution of tungsten particles. 

Figure 5. Microstructure of as-sintered 
tungsten-40% copper plate of 3.2 mm 
thickness at 75% theoretical density. 

Figure 6. Microstructure of 85% cold-rolled 
tungsten-40% copper plate reveals particle- 
bonding defects and elongated tungsten 
particles. 
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Figure 7. The microhardness of the sintered 
plate increases with reductions in thichess 
by cold rolling. 
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Figure 8. The density and hardness of the 
composite increase with cold reduction. 

microhardness of the cold-rolled sheet can be seen in Figure 9. Recrystallization of the copper 
matrix occurs at 400°C and above and is accompanied by a decrease in hardness. The grain size of 
the copper matrix increases very slowly with increased a n n d n g  temperature. This microstructure 
of material annealed at l0oO"C for 1 h is shown in Figure 10. 

The tensile properties of the cold-drawn composite wire are listed in Table 1. The annealed 
materials have tensile elongations of 2 to 6%, as compared to 1% or less for the cold-drawn wire. 
The increase at both yield and ultimate tensile strength with the total true strain of drawing is seen 
in Figure 11. There is only a small decrease in tensile strength with annealing at 900 to 950°C. 
The composite is 60% by volume copper, and the tensile strengths are quite high for copper 
materials. The microstructures of the 0.47-mm-diam cold-drawn wire axe shown in Figure 12. At 
the lower total reduction associated with the wire of 1.1 mm d i m ,  many of the tungsten particles 
are elongated with typical aspect ratios of 2 to 5. Some particles remain equiaxed. There are 
regions of up to 20 pm in size which are essentially free of tungsten particles. At the higher total 
reduction associated with the wire of 0.47 mm diam, many particles have aspect ratios greater than 
10, and virtually all of the tungsten particles show some deformation. The regions of the 
composite which are free of tungsten particles are limited to about 5 pn in diameter. Annealing at 
95OOC for 3 min results in recrystallization of the copper matrix (see Figure 13) with only a small 
decrease in bulk hardness or tensile strength. Electrical resistivity of the wire is in the range of 64 
to 68 n(2-m as compared to 53 to 56 na-m for the swaged rod. 

The effect of cold reduction on the morphology of the tungsten particles in the copper matrix is 
consistent with that of an earlier study 131. Substantial elongation of tungsten particles only occurs 
after about 75% cold rolling of the liquid-phase-sintered composite. The recrystallization of the 
copper phase at temperatures of 400°C and above is also seen in this work. Both the increase in 
hardness with cold work and the decrease in hardness at annealing temperatures above the copper 
recrystallization temperature are more clearly evident in this study. 
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Figure 9. The effect of annealing on the 
microhardness of the cold-rolled sheet. 

Figure 10. The microstructure of the 
composite sheet cold rolled 85% and 
annealed at 1000°C for 1 h . 

Table 1. Room-Temperature Mechanical Properties of 
Tungsten-40% Copper Wire 

Ultimate Tensile 
TrUe Diameter Yield Tensile Elongation Hardness 
Strain Condition (mm) Strength Strength HV200 

(Mpa) (MPa) 

5.7 Drawn 0.41 870 1040 1.1 243 
6.4 Drawn 0.29 1005 1100 0.7 254 
6.5 DraW 0.27 1045 1120 0.4 - 
3.6 Annealed 1.14 400 630 6.2 192 
5.4 Annealed 0.47 615 830 3.9 206 
6.4 Annealed 0.29 865 1040 1.9 250 
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Figure 11. The yield and tensile strengths 
of both cold drawn and annealed wires 
increase with increased total true strain of 
drawing deformation. 

Figure 12. Cold-drawn +d as-polished 
wire of 0.47 mm d i m  shows extensive 
elongation of tungsten and uniform 
particle distribution. 

Figure 13. Annealed wire of 0.186 mm 
diam shows recrystallimtion of the copper 
matrix after 3 min at 950°C. 
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The ability to achieve very high hardnesses and tensile strengths in some two-phase materials has 
been associated with large work-hardening rates. The rapid rate of work hardening in some 
two-phase materials has been attributed to high-strah gradients around second-phase particles [8]. 
In this work, some unusually high tensile strengths have been found for a copper matrix material. 
The maximum tensile strength of the wire of 1100 MPa compares favorably with any high-strength 
copper alloy and is exceeded only by aged beryllium copper alloys. The strength of this W-Cu 
composite is not nearly as high as the 2000 MPa tensile strength achieved in some highly cold- 
worked nickel-tungsten composites [4]. 

The large tensile strengths obtained in the wire do not appear to be primarily due to the 
work-hardening behavior of the composite. The practical ability to cold work this material is 
limited by the fact that relatively high hardness values are obtained after relatively small cold 
reductions. For example, a cold reduction of 16% by swaging results in an increase in a 
microhardness from 180 to 220 HV, for an increase of 40 units. However, a comparisen to the 
work-hardening behavior of pure copper sheet shows an increase from 40 to 90 HV for%he same 
reduction for an increase of 50 units. Thus, the hardness of the cold-worked W-Cu composite is 
due to a high postannealed hardness, rather than an elevated work-hardening rate of the copper 
matrix. A further indication of the limited contribution of such work hardening is the high tensile 
strength of the annealed wire of 1040 MPa as compared to 1100 MPa prior to annealing. 

Finally, the stress-strain curves observed in tensile testing of annealed wire exhibit no systematic 
dependence on the level of prior reduction by drawing. In Figure 14 the increment in stress above 
that of the yield stress is plotted as a function of plastic elongation for annealed wires with three 
different amounts of prior total reduction by drawing. The work hardening behaviors are similar 
for all three materials, with the exception that at low strain levels, less than 1.5%, the most highly 
drawn materials does work harden more rapidly. 

There are a number of possible alternative explanations for the increase in yield and tensile strength 
with increased prior reduction. The refinement of the microstructure and the decrease in grain 
size of the recrystallized continuous copper phase can lead to an increase in strength due to the 
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Figure 14. The work hardening of annealed 
wire is not sensitive to the E, the prior total 
strain of drawing. 
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Hall-Petch effect. Strengthening could also be the result of constraint of deformation in the copper 
matrix due to an increasingly finer distribution of tungsten particles. Lastly, increased tensile 
strength could be associated with load transfer from the softer copper matrix to the elongated 
tungsten particles, the general strengthening mechanism fqr long fiber composite materials. This 
would result in anisotropic properties. However, no evidence of anisotropy was found in the 
microhardness indentations made on longitudinal specimens as would be expected in a material 
with highly anisotropic properties. 

All of the annealing temperatures are well below the recrystallization temperature of the tungsten. 
Therefore, the tungsten behaves in all cases as a hard reinforcement. As the continuous phase, the 
resistance of the copper matrix deformation must have the major roll in the hardness and tensile 
strengths of the composite material. The contribution of additional strengthening of the composite 
material due to increasing hardness of the cold work tungsten phase is expected to be modest. 

The processing of the W-Cu composite presents some practical challenges. Large defordations are 
needed to obtain high-strength wires. Deformation processing at temperatures above the - ' 
recrystallization temperature of the copper matrix permits larger reductions in each pass and 
minimizes the number of necessary in-process anneals. The alternative is to perform cold rolling 
or other cold-deformation processing with small reductions and multiple in-process anneals. The 
single attempt of this study to cold roll sintered plate to a large reduction without intermediate 
anneals produced a product with many internal defects. Further study of both the sintering and 
rolling conditions might result in an improved process. Similar attempts during swaging to achieve 
large cold reductions without intermediate anneals also resulted in internal failures, microcracks, 
and loss of ductility. Further studies of the conditions for hot working could lead to more 
economical methods for processing. 

This study is limited to the composition of W-40 wt % Cu with an addition of 0,7% Mn. The 
results suggest that the addition of manganese may not be desirable. The manganese addition 
produces inclusions which are associated with internal defects in some of the materials processes. 
It is also likely that they may act as failure initiation sites in the material and decrease the tensile 
strength and ductility of the material. The manganese addition contributes substantially to the 
electrical resistivity of the composite. The calculated upper limit on electrical resistivity for the 
composite with 59 vol % pure copper and 41 vol % cold-worked tungsten, based on the rule of 
mixtures, is 35 nil-m, substantially below the measured values. The higher measured resistivity 
of 53 to 56 nil-m is attributed to the manganese addition. The predicted resistivity of this 
composite is 48 n~2-m based on an estimated resistivity of 38 nR-m for Cu-0.7% Mn [9]. There 
is good potential for achieving substantially higher conductivity in the W-Cu composite wires 
together with the high-strength values already achieved. 

There are a number of potential applications for high-strength, high-conductivity W-Cu rod and 
wire, including wire for electrodischarge machining. The future application and degree of use of 
thermomechanically processed W-Cu products require focused efforts on cost-effective production 
methods for each product to meet the requirements of each application. 

CONCLUS IONS 

The conclusions made from this study of the deformation behavior of W-40 wt % Cu composite 
material are: (1) The W-40 wt % Cu composite wire has been fabricated by liquid-phase sintering 
followed by deformation processing above the recrystallization temperature of the copper matrix 
(this is believed to bCthe first successful demonstration of this processing method for this wire); 
(2) very high tensile strengths of up to 1100 MPa are achieved in highly worked W-40 wt % Cu 
composite wire; (3) Annealing of the worked composite at temperatures up to 10oO°C results in 
only a small decrease in tensile strength and hardness; and (4) tungsten particles become elongated 
in the direction of working beginning at about 50% reduction (this continues with further 
reduction, but there can be large variations in aspect ratio from one particle to the next). 
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