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ABSTRACT 

 

A combinatorial science approach is utilized to study the microstructural and 

mechanical properties of metastable copper-tungsten solid solutions. Lateral 

compositional gradient (also called composition-spread) samples were deposited by 

simultaneously sputtering copper and tungsten targets positioned obliquely at 

opposite ends of a silicon substrate. The chemical composition of the film varies 

continuously along its length from 12 to 45 atomic % copper and has a nominal 

thickness of 1 µm. Nanoindentation was performed to measure the hardness and 

elastic modulus of the film. Grain size and solid solution strengthening models are 

applied to interpret the hardness of the film, though a simple rule of mixtures is found 

to give a more satisfactory fit to the data. The elastic modulus of the film is 

consistently below that predicted by the rule of mixtures. X-ray diffraction revealed 

plane spacing less than that predicted by Vegard’s law as well as three chemical 

compositions exhibiting enhanced long-range order. Transmission electron 

microscopy analysis confirms that the film consists of a single metastable body 
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centred cubic solid solution where the lattice spacing and grain size depend on 

chemical composition. 

 

1. Introduction 

 

Combinatorial science, the simultaneous preparation of many samples using a single 

process, drastically reduces the effort required to obtain experimental data. This 

approach is readily applicable to thin films deposited by physical vapor deposition. 

Co-sputtering is one of the simplest and earliest methods developed for preparing a 

combinatorial materials library [1]. Sputter targets are positioned to deliver a variable 

flux over a large, stationary substrate. The deposited film possesses a continuous 

lateral variation in chemical composition with minimal variation throughout the film 

thickness. Dubbed the Continuous Composition Spread (CCS) technique [2], large 

portions of binary and ternary phase diagrams can be covered in a single deposition 

through appropriate geometric arrangement of the targets and substrate. For 

screening applications the continuous composition spread approach is often 

preferable to the related discrete combinatorial synthesis (DCS) approach [3] as the 

likelihood of overlooking a composition of interest is reduced. The most critical 

consideration when implementing the CCS approach is that the film should be 

homogeneous within the characterization volume, so strongly localized methods are 

needed. As with all combinatorial approaches, rapid, automatable materials 

characterization techniques must be utilized to efficiently process the many sampling 

sites across the film. 

 

Copper and tungsten possess strongly differing mechanical and thermal properties, 

usually restricting their use to quite different engineering applications. Combinations 
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of these two metals can be designed to exploit each of their respective strengths and 

develop high-performance materials. The high electrical and thermal conductivity of 

copper coupled with tungsten’s exceptional abrasion resistance and refractory 

properties are effectively combined in modern arcing contacts for use in high-voltage 

circuit breakers, welding electrodes, and heat sinks for use in harsh environments. 

These parts are generally fabricated using powder metallurgy and infiltration to form 

a metal matrix composite in which copper and tungsten are present as chemically 

distinct phases. The formation of Cu-W alloys using traditional melt-based processing 

is not possible as the Cu-W binary materials system is immiscible across its entire 

range of compositions. The immiscibility of copper and tungsten can be circumvented 

by using fabrication processes operating far from equilibrium, enabling otherwise 

unachievable crystalline phases to be realized [4]. 

 

Copper and tungsten are mutually insoluble across their entire range of chemical 

compositions under equilibrium conditions [5,6]. The immiscibility of Cu and W has 

been overcome to create actual Cu-W alloys in the form of  films using a number of 

alternative techniques including ion implantation, co-evaporation, and co-sputtering. 

Ion implantation has been used to achieve tungsten contents of up to 10 atomic % in 

copper [7], whereas vapor condensation methods like co-sputtering and co-

evaporation allow for any desired composition to be realized [8–10]. Depending on 

the deposition conditions used, the as-deposited film can be either amorphous or a 

metastable solid solution. 

 

Two metastable solid solutions have been reported in the literature: one face centred 

cubic (FCC) substitutional solid solution on the copper-rich side of the phase diagram 

[7,11] and one body centred cubic (BCC) substitutional solid solution on the 
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tungsten-rich side of the phase diagram [10,12]. While initial reports estimated that 

the BCC to FCC transition occurred between 40 and 60 atomic % copper [12], no 

general consensus has yet been reached. Pinpointing the transition via experimental 

means is challenging as an amorphous region is sometimes encountered between 

the two metastable solid solutions, depending on the deposition conditions used. In 

one case this amorphous region occupies the entire region between 30 and 80 

atomic % Cu [13]. More recent publications report the transition occurring at roughly 

70 atomic % Cu [14], with ab initio simulations placing the transition at even higher 

copper contents, somewhere between 77 and 79 atomic % Cu [15,16]. These 

simulations are based on the assumption that kinetic limitations prevent the as-

deposited film from forming separate Cu and W phases models. The diffusion lengths 

of the deposited atoms determine which metastable solid solution is energetically 

favorable. As such the phase transition point is predicted to occur over a small range, 

depending on the deposition flux and substrate temperature. 

 

In the case of amorphous films, a gentle annealing step results in the formation of a 

metastable solid solution whereas higher temperature annealing will result in 

complete separation into pure copper and pure tungsten phases [10,17]. For ion 

implanted films this phase separation has been reported to occur at annealing 

temperatures between 400°C and 600°C [7]. For sputtered films an exhaustive 

experimental study covering the entire compositional range utilized an annealing 

temperature of 750°C and annealing times of up to ten hours to separate metastable 

solid solution films into their constituent elemental phases [14]. 

 

Hardness is of upmost importance for Cu-W parts as wear-resistance and durability 

are essential. For this reason, most commercially relevant Cu-W alloys are on the 
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tungsten-heavy side of the phase diagram. This is also the region selected here for 

study, ranging from 12 to 45 atomic % Cu. Vapor-phase deposition techniques for 

combinatorial studies of structural materials have been precluded in previous studies 

due to a desire for the bulk mechanical properties, and not those of a thin film [18]. 

The use of thin films is, however, completely justified for screening experiments and 

investigations of compositional trends, even if the quantitative strengths achieved are 

superior to those obtainable in bulk materials. 

 

Early microhardness tests of BCC solid solutions (0-50 atomic % Cu) reported a 

hardness maximum at 18 atomic % Cu which exceeds that of pure tungsten by nearly 

30%. [9] These tests were performed using a Knoop indenter in very thick films (40-

150 µm) and have not been repeated. Considering the columnar microstructure of 

the pure tungsten films, difficulty in obtaining fully dense tungsten films, and the 

potential for splitting grain boundaries with a Knoop indenter, it seems plausible that 

the pure tungsten film hardness was underestimated. A subsequent microhardness 

test performed in an amorphous film with 50 at. % Cu showed enhanced Vickers 

hardness over pure W, but the pure W films were noted to have a columnar porous 

structure with many large voids [19]. With only two compositions tested along with 

pure Cu and W films, insufficient data was provided to draw any conclusions about 

hardness trends. A third study by Zong et al. using nanoindentation also reported 

superior hardness to pure tungsten in metastable BCC solid solutions containing 9 

and 21 atomic % Cu, whereas amorphous films with higher Cu content had hardness 

inferior to the Voigt model for rule of mixtures [13]. The low modulus of amorphous 

films was explained by reduced film density, but no explanation was given for the 

enhanced hardness in BCC solid solutions. Although the compositions at which 

hardness values exceed pure tungsten varied between these three consecutive 
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reports, substitutional solid solution strengthening is the implied mechanism for 

increased hardness values. 

 

The thorough evaluation of the Cu-W materials system recently performed by Vüllers 

and Spolenak, however, does not indicate any hardness enhancement whatsoever to 

pure tungsten with the addition of copper [14]. For copper contents above 40 atomic 

%, the data from Zong and Vüllers is in good agreement, but between 0 and 40 

atomic % the data from Zong et al. [13] is significantly higher, and in some cases 

double, that given by Vüllers and Spolenak [14]. This research seeks to address 

these discrepancies using nanoindentation to determine if enhanced hardness in 

tungsten is achievable through addition of copper. The contribution of various 

strengthening mechanisms and applicability of a simple rule-of-mixtures is discussed. 

X-ray diffraction and transmission electron microscopy are used to obtain 

microstructural information including crystallite size and lattice plane spacing. 

Microstructural variation as a function of chemical composition is also addressed. 

 

2. Materials and methods 

 

 

The Cu-W compositional gradient film was deposited on a 4-inch silicon (100) 

wafer (Semiconductor Wafer) by direct current (DC) magnetron sputtering system 

(Mantis Deposition Ltd, UK, Model: QPrep). The sputtering targets were copper 

(99.99% pure, 76.2 mm diameter × 3 mm thick) and tungsten (99.95% pure, 76.2 

mm diameter × 3.18 mm thick). Prior to deposition the silicon substrate was 

cleaned in two subsequent 15-minute ultrasonic baths: first in ethyl acetate and 

then isopropanol. Pressurized nitrogen gas was used to dry the wafer before 
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introduction into the deposition chamber. A base pressure below 1 × 10−5 Pa was 

achieved prior to deposition utilizing a turbo molecular pump backed by a dry 

rotary pump. In order to obtain a large compositional gradient the substrate was 

positioned closer to the sputter targets than for a typical deposition. 

 

The sputtering of Cu and W was carried out in a pure argon atmosphere by 

continuous flow of argon gas through a mass flow controller into the chamber. 

Both of the targets underwent an argon sputter cleaning for 10 minutes with 

closed shutters to remove surface contaminants before deposition onto the 

substrate. The sputtering parameters for Cu-W film are given in Table 1. Pure 

copper and pure tungsten films were deposited in addition to the composition-

spread sample to be used as references. Sputtering conditions for these films 

were identical to those used for the composition-spread sample, but with longer 

deposition time to reach a film thickness of 1 μm. 

 

X-Ray Fluorescence (XRF) was used to characterize the thickness and chemical 

composition of the compositional gradient film. A Fischerscope X-Ray XDV was 

operated at 50 kV with a spot size of 3 mm to measure a rectangular grid of 8 cm 

× 4 cm with 1 cm spacing between measurement points. 

 

A Hitachi S-4800 Scanning Electron Microscope (SEM) was used to obtain all 

micrographs. An accelerating voltage of 1.5 keV and a current of 100 pA were 

used to image the sample surface at a working distance of 5 mm. 

 

The mechanical behavior of the thin film with the compositional gradient film was 

studied by using a Hysitron Ubi Nanoindenter. The hardness & elastic modulus 
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were extracted from the load-displacement curves obtained on impinging a 

Berkovich tip into the films by using the Oliver and Pharr analysis [20]. Maximum 

loads ranging from 1 to 5 mN were used in order to restrict the penetration depths 

to 10% of the total thicknesses of all the films with loading/unloading rates of 0.1 

mN/s and a pause time at maximum load of 10 s. 

 

When performing X-ray diffraction (XRD) measurements on a continuous 

composition spread film, it is necessary that the sample area illuminated by the X-

rays exhibit sufficiently small variation in chemical composition to be considered 

homogeneous. An ideal X-ray microdiffraction setup can be achieved using a 

synchrotron for intense radiation, Kirkpatric-Baez mirrors or capillary optics to 

achieve a point focus, and a 2D detector to simultaneously collect diffracted X-

rays across a large solid angle [21]. For ternary composition spread samples a 

point focus is necessary, even when the compositional variation is gentle. Binary 

composition spread samples, however, can exhibit sufficient lateral homogeneity 

to permit the use of a line-focus configuration, keeping diffraction intensity high 

and measurement time manageable. Lab-scale diffractometers are widely 

available and are a good choice for such measurements. The copper-tungsten 

sample prepared here exhibited minimal compositional variation across its 4 cm of 

width, making it an ideal candidate for characterization using a line-focus setup on 

a lab-scale diffractometer. A Bruker Discover D8 with Cu Kα radiation was used to 

collect the data shown in Figure 2. Initial measurements from 13 sites centered 

along the sample meridian at 5 mm intervals were collected across a 2θ range 

from 30° to 110° with a step size of 0.2° and a collection time per step of 576 

seconds. A 2° offset was used when performing the initial ω-2θ scans to suppress 

diffraction peaks from the single-crystalline silicon substrate. A total of 68 detailed 
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scans were then collected along the sample meridian at 1 mm intervals across a 

2θ range from 39° to 44° with a step size of 0.025° and a collection time per step 

of 384 seconds. These detailed scans were collected without any offset since 

there are no silicon peaks present across this 2θ range. 

 

A focused ion beam workstation (FIB, Tescan Vela) was used to produce three 

cross-sectional lamellae for transmission electron microscopy (TEM, FEI Tecnai 

F30) by the lift-out process. These three sites correspond to 15.4, 19.0, and 41.3 

atomic % copper content and were selected owing to the enhanced X-ray 

diffraction intensity at these chemical compositions. The accelerating voltage of 

the ion beam was stepped down from 15 kV to 5 kV during ion polishing of the 

samples in order to reduce the thickness of the damage layer at the surface and 

minimize the energy input into the sample. The samples were left relatively thick 

prior to TEM analysis (~150 nm) in order to ensure that the metastable 

microstructure was not affected.  Bright field imaging (BFTEM) and selected area 

diffraction of the film was performed on each of the three samples. Additionally, 

high angle annular dark field scanning TEM and energy dispersive X-ray 

spectroscopy were performed on the three samples in order to investigate the 

compositional uniformity of the samples through the film thickness. 

 

3. Results 

 

3.1. Chemical composition and surface microstructure 

 

SEM surface micrographs across the length of the sample are shown in 

Figure 1(a).The faceted crystalline surface structures are largest near the 
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tungsten-rich side of the sample and decrease steadily in diameter with increasing 

copper content. The diameter of these surface structures cannot be taken 

conclusively as the grain size since each feature could potentially contain smaller 

crystalline domains. As the sample was kept under vacuum for several hours after 

deposition it is not expected that any significant amount of surface oxidation has 

occurred as the sample returned to room temperature. ImageJ image analysis 

software was used to calculate the average diameter of these surface features.  

 

(b) displays the film thickness and chemical composition as measured by XRF. 

Data from the medial line is shown as excellent lateral homogeneity was 

achieved. This enables a line-focus rather than a spot-focus to be employed for X-

ray diffraction characterization of the film. A smooth, continuous compositional 

gradient is present in the film, ranging from 12 to 45 atomic % Cu. The film 

thickness varies slightly between 850 nm in the center to 1 µm near the ends, 

sufficiently small variation to perform nanoindentation experiments without 

significant influence from the substrate. 

 

3.2. Microstructure 

 

The XRD scans shown in Figure 2(a) indicate that a single BCC phase with a 

strong (110) fiber texture. A logarithmic representation of the data is necessary to 

see the weak (200) and (211) peaks, which are even then only detectable where 

there is low copper content in the film. Another small peak whose center shifts 

from 35.8°-37.4° is visible. This peak is attributed to the small amount of Cu-Kβ 

radiation passing through the nickel filter and also corresponds to the (110) peak 
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of the BCC solid solution. More detailed scans of the strongly pronounced (110) 

peak between 39 and 44 degrees is given in Figure 2(b). 

 

 The main diffraction peak is observed to shift between the {110} peak for tungsten 

(40.34°) and the {111} peak for copper (43.32°) with increasing copper content. 

The absence of any discontinuities in peak position is indicative of a single solid 

solution phase with variation in average lattice parameter. Molecular dynamics 

simulations have been used to calculate the X-ray diffraction patterns for the 

similarly immiscible copper-tantalum system [22]. A continuous shift of peak 

positions was both predicted computationally and observed experimentally in this 

system, though the diffraction intensity was shown to abate with increasing 

concentration of solute atoms. In the copper-tungsten films presented here, three 

local intensity maxima are observed. As there is no significant change in film 

texture, it is hypothesized that these chemical compositions exhibit enhanced 

long-range order, leading to stronger diffraction. 

 

The microstructure and crystalline structure of the alloy at the compositions 

corresponding to the three XRD diffraction maxima were investigated using Bright 

Field Transmission Electron Microscopy (BFTEM) and Selected Area Diffraction 

(SAD), as shown in Figure 3. With the exception of a thin (18 nm) layer formed at 

the interface between the substrate and film for the 15.4 atomic % lamella, no 

evidence of secondary phase formation was observed. This interface layer is thin 

enough not to have had any impact on either the XRD or nanoindentation data. 

Initial BFTEM micrographs collected at 200 kV exhibited insufficient detail, 

therefore the BFTEM micrographs shown in Figure 3(a) were collected several 

months after the lamellae were produced at 300 kV to obtain higher resolution 
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images and observe potential sample aging. The SAD patterns all correspond to a 

BCC crystal structure whose lattice parameter decreases with increasing copper 

content, and corresponds well to the more precise calculation of the plane 

spacing obtained via XRD. Multiple grains from within the film are diffracting in 

each SAD, though noticeably more grains, and therefore smaller grain size, are 

observed in the 41.3 atomic % Cu sample. All of the SAD patterns were collected 

using the same aperture diameter. Crucially, the TEM cross-sections confirmed 

that the films have deposited without porosity or grain boundary cracks; this is 

important for the measurement of mechanical properties via nanoindentation. 

 

3.3. Mechanical properties 

 

Figure 4(a) shows the change in hardness of the thin film with the compositional 

gradient as a function of the chemical composition while Figure 4(b) displays the 

reduced modulus. Values for pure copper and tungsten films are included as well. 

The copper film exhibited a hardness of 2.1  0.1 GPa and a reduced modulus of 

130  5 GPa. The tungsten film exhibited a hardness of 14.5  1.1 GPa and a 

reduced modulus of 218  9 GPa. The hardness values for all compositions lay 

between the values for pure copper and pure tungsten, while the reduced 

modulus was inferior to that of pure copper across much of the investigated 

compositional range. Only once the chemical composition dropped below 20 

atomic % copper was any improvement in modulus observed. Hardness values of 

the pure elemental films exceed those of their bulk counterparts, largely due to 

their nanocrystalline nature. In the case of copper additional contributions can 

arise owing to the higher elastic modulus of the silicon substrate. 
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4. Discussion 

 

4.1. Microstructure 

 

Despite the mutual insolubility of copper and tungsten under equilibrium 

conditions, a BCC solid solution was formed across the investigated 

compositional range. The (110) and (220) peaks were by far the most pronounced 

in the ω-2θ XRD scans, which indicates a strong texture with the closest packed 

planes aligning parallel to the substrate surface, as is commonly observed in 

sputtered films. Due to the strong texture, the preparation of TEM lamellae and 

collection of SAD patterns was necessary to confirm the BCC crystal structure. 

The lattice parameter of this BCC solid solution decreases with increasing copper 

content and has been observed in previous studies [13,14], but the strong 

variation in diffraction intensity shown here has not been previously observed. As 

no additional peaks appear elsewhere, it is unlikely that the variations in intensity 

are due to a change in texture. Instead it seems plausible that these local maxima 

correspond to compositions at which the diffracting crystal domains are larger. As 

there is little variation in temperature and deposition rate across the substrate, 

locally enhanced surface diffusion at select compositions is potentially responsible 

for larger grain size. Although these maxima do not correspond to any discrete 

stoichiometric relations, they are hypothesized to correspond to atomic 

arrangements of improved stability. Surface diffusion arguments like those 

presented in Chang’s model for metastable phase formation [15] could be 

extended to account for microstructural features as well.  
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Local minima in the diffraction peak full width at half-maximum (FWHM) 

correspond to the sites exhibiting the highest diffraction intensity. Amorphous 

films in this compositional range [13] exhibit a FWHM of 6.5°, whereas the FWHM 

of these films is generally around 0.7°. At the most pronounced diffraction point a 

FWHM of only 0.35° is observed. The crystallite size can be calculated using the 

well-known Scherrer equation [23]. Modifications to the Scherrer equation exist to 

compensate for systematic errors [24], but they rely on using multiple XRD peaks 

from the same phase. Owing to the strong texture of this sample, only the (110) 

peak was observed with sufficient intensity to apply the classical Scherrer 

equation (Equation 1) for calculating the lower limit of crystallite size, seen in 

Figure 5(b). 

 

𝝉 =
𝟎.𝟗𝝀

𝜷𝒄𝒐𝒔𝜽
 Equation 1 

In Equation 1 τ is the crystallite size, λ is the wavelength of radiation, β is the Full 

Width Half Maximum (FWHM) of the peak, and θ is the Bragg angle. There are a 

number of factors other than crystallite size which can contribute to peak 

broadening, though for this sample they are assumed to be near equivalent as the 

deposition was performed in a single run. The crystallite size calculated 

underestimates the actual grain size, but is sufficient for the purpose of relative 

comparisons within this sample. A strong correlation between total diffraction 

intensity and local minima in FWHM supports the hypothesis that larger grain size 

is responsible for the increased diffraction intensity. 

Additional information can also be gleaned from the center position of the main 

diffraction peak, used to calculate the plane spacing shown in Figure 5(a). A 

negative deviation from Vegard’s Law is observed as the plane spacing and 
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volume of the solid solution are less than that predicted. This is not surprising as 

the interatomic spacing of tungsten along the close-packed [111] direction is 

2.741 Å while the spacing of Cu along the close-packed [110] direction is 2.543 Å, 

i.e. Cu atoms are around 7.2% smaller. Deviation from Vegard’s law [25] is 

commonly observed in solid solutions where the constituent atoms possess 

significantly different lattice parameters. 

 

After several months of storage, extensive whisker growth was observed in the 

41.3% at. % Cu TEM lamella. Energy Dispersive X-Ray Spectroscopy (EDS) 

revealed these whiskers to consist entirely of copper. These whiskers and the 

lamellar spinodal decomposition of the metastable metastable BCC solid solution 

into distinct copper and tungsten phases can be seen in Figure 3(a). The XRD 

experiments on this portion of the sample were repeated to determine if 

separation had occurred in the sample or just the TEM lamella. No change was 

observed in the XRD pattern, so the phase separation only occurs when a large 

free surface is available and sufficient time for diffusion is provided. The 

separation of the metastable copper-tungsten solid solution into an oriented, 

layered structure is presumably related to the strong texture present in the as-

deposited film. Similar microstructure through lamellar spinodal decomposition 

has been observed in copper-cobalt material [26]. While this phase separation is 

interesting when considering the long-term stability of these samples or as a 

potential strategy for preparing multilayer structures, it does not have any bearing 

on the mechanical properties of the film shortly after deposition since the 

metastable solid solution is still intact. 

 

4.2. Mechanical properties 
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No hardness increase in tungsten films was observed through the addition of 

copper in this work. Prior reports of hardness enhancement are likely attributable 

to porosity within the pure tungsten films used for comparison [9,13,19]. Though 

the hardness does not exceed that of pure tungsten, there is a general trend for 

improved hardness with increasing tungsten content. Two approaches were 

followed to understand this hardness trend: first using superposition of hardening 

mechanisms calculated from models available in the literature and subsequently 

by applying a simple rule of mixtures. The well-known Tabor relationship [27] was 

used to convert the flow stress contributions to measured hardness by multiplying 

by a factor of 2.7. If the various strengthening mechanisms are assumed to be 

independent of one another it is sufficient to simply add the contribution of their 

individual effects to the hardness. The calculated hardness contribution for three 

models is plotted alongside the measured hardness data in Figure 6. 

 

4.2.1. Grain size strengthening 

 

Additional strengthening is provided by the small grain size in this film. Grain 

boundaries inhibit the transmission of dislocations from adjacent grains, 

resulting in dislocation pile-up. This is described using the Hall-Petch 

relationship, given in Equation 2. 

 

𝜎𝑦 = 𝜎0 +
𝑘𝑦

√𝑑
 Equation 2 

 

In Equation 2 σy is the yield stress contribution of grain boundary hardening, σ0 

and ky are the empirically determined Hall-Petch constants, and d is the 
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average grain size. Since the film investigated here contains more tungsten 

than copper and has a BCC crystal structure, the Hall-Petch constants for 

tungsten (H0 = 350 kg/mm2 , ky = 10 kg/mm-3/2, given in terms of hardness) [28] 

were used rather than those for copper (σ0 = 30.4 MPa , ky = 0.15 MPa*m1/2, 

given in terms of yield stress) [29]. Several methods for grain size 

determination are possible. Firstly, the grain size can be treated as being 

equivalent to the crystallite size calculated using the Scherrer equation from 

the XRD data shown in Figure 2(b). This should be considered a lower bound 

of grain size and tends to overestimate the hardness contribution of grain 

boundaries. The surface micrographs of the sample cannot be used as the 

grain size as there is no guarantee that the surface features represent a 

typical grain within the material and not a surface oxide. The BFTEM 

micrographs provide another potential means for confirming the grain size, but 

grain boundaries were difficult to identify reliably for two of the samples as the 

grains are typically smaller than the lamella thickness. For these reasons the 

crystallite size from the XRD measurements was used for all of the following 

calculations necessitating grain size information [28]. At the smallest grain 

sizes the predicted hardness contribution approaches 35 GPa. Such high 

hardness is typically only observed in ceramics and other ultra-hard materials. 

For a metallic film, even one consisting largely of refractory material, this is an 

unrealistically high value for hardness. The Hall-Petch constants were 

determined using experimental data collected from grain sizes ranging from 

100 µm down to roughly 250 nm. It is therefore suggested that the Hall-Petch 

constants reported in the literature are not valid at grain sizes below 100 nm. 

The applicability of Hall-Petch hardening is not evident in the data collected 

here as there is no obvious correlation between grain size and measured 
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hardness. There is, however, a general trend of decreasing hardness with 

increasing copper solute concentration. 

4.2.2. Solid solution strengthening 

 

The introduction of foreign atoms into a pure material is a common tactic for 

improving flow strength, as first described by Fleischer using a discrete 

obstacle model [30]. In the model for substitutional solid solutions, hardening 

is achieved through the elastic interaction energy present due to both size and 

modulus effects. The energy contribution due to the size difference between 

the solute and solvent atoms is proportional to the lattice distortion term, as 

calculated using Equation 3: 

 

𝜖𝑎 =
1

𝑎𝑠𝑜𝑙𝑣𝑒𝑛𝑡
·

𝜕𝑎

𝜕𝑐
   Equation 3 

 

In Equation 3 the lattice distortion term ϵa is equivalent to the slope of lattice 

spacing versus solute concentration, and is typically obtained via X-ray 

diffraction. The lattice constant of the solvent is given by asolvent and c is solute 

concentration. Over small ranges of solute concentration it is often sufficient to 

use a linear approximation and treat ϵa as a constant. Over a larger range the 

relationship may deviate significantly from linearity and a higher order fit may 

be necessary. For this data set a second order polynomial fit was applied to 

the data given in Figure 2(b), with the first derivative of this fit equivalent to the 

lattice distortion term at each site. 
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The energy contribution due to shear modulus difference between the solvent 

and solute is also determined empirically by calculating the shear modulus of 

the solid solution relative to the solvent. The shear modulus effect term is 

equivalent to the slope of the relative shear modulus vs. solute concentration 

plot, as given in Equation 4: 

 

𝜖𝐺 =
1

𝐺𝑠𝑜𝑙𝑣𝑒𝑛𝑡
·

𝜕𝐺

𝜕𝑐
   Equation 4 

 

Here ϵG is the local shear modulus change term, Gsolvent is the shear modulus of 

the solvent, and c is again the solute concentration. In well-characterized 

systems, the shear modulus of the bulk material has been measured using 

torsion tests performed on samples spanning the range of solute 

concentrations of interest. Here, where bulk torsion samples of metastable Cu-

W solid solutions cannot be readily produced, the shear modulus can be 

calculated using the measured elastic modulus from nanoindentation and 

assuming that the Poisson’s ratio (ν) is equivalent to that of the solvent. In the 

case of tungsten, ν=0.28. The relation between shear modulus G, elastic 

modulus E, and Poisson’s ratio ν is shown in Equation 5: 

 

𝐺 =
𝐸

2(1+𝜈)
  Equation 5 

 

After both the lattice distortion and shear modulus terms have been calculated, 

the total yield strength contribution for Fleischer’s solid solution strengthening 

model is given by Equation 6: 
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𝛥𝜏𝑆𝑆 = 𝐴 · 𝐺𝑠𝑜𝑙𝑣𝑒𝑛𝑡 |
𝜖𝐺

1+
1

2
·|𝜖𝐺|

− 𝛽 · 𝜖𝑎|

3
2⁄

√𝑐   Equation 6 

 

Both A and β are empirical fitting terms, with A reflecting the magnitude of the 

strengthening while β reflects the relative contributions of the shear modulus 

and lattice spacing effects. In copper, a value for β of 3 is given, indicating that 

the modulus effect is the dominant hardening mechanism and that 

strengthening arises from interactions with screw dislocations [30]. In systems 

where the interaction between edge dislocations and lattice strains are 

dominant β takes a value between 16 and 32. The constant A is <<1, with a 

value of 1/700 used where no specific fitting has been performed. [31] 

 

The applicability of solid solution strengthening models over such a broad 

range of compositions is not widely established. Most solid solution 

strengthening models account for, at most, a few atomic percent of foreign 

atoms. Setting β as 25 and using the standard value of 1/700 for A, a 

reasonable fit to the data can be obtained. While the exact trend is not closely 

followed, the hardness magnitude of several GPa and the decreasing 

hardening contribution with increasing solute content are both reflected in the 

Fleischer model. The total hardness, however, is less than that observed in 

pure tungsten. Similar softening behavior has been observed in many 

materials systems, particularly those with a BCC crystal structure [32]. This 

softening is not adequately addressed by use of the Fleischer model alone. 

4.2.3. Nanocrystalline solid solution grain boundary pinning 
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A recent paper by Rupert et. al. [33] suggests that a new strengthening 

mechanism occurs in nanocrystalline solid solutions as an interaction between 

solutes and grain boundaries. This new mechanism was suggested based on 

the observation of a linear increase in yield strength with increasing solute 

content over a large concentration range of solute (0-20%), rather than the 

commonly observed square-root relationship observed in coarse-grained solid 

solutions. A model was derived using an approach similar to that used in the 

Fleischer model, but with an interaction parameter which considers global 

property changes rather than being limited to solute-dislocation interactions. 

The Rupert nanocrystalline solid solution model is given in Equation 7: 

 

𝛥𝜏𝑛𝑐,𝑆𝑆 ≈
𝐺𝑠𝑜𝑙𝑣𝑒𝑛𝑡·𝑏𝑠𝑜𝑙𝑣𝑒𝑛𝑡

𝑑
· (

1

𝐺𝑠𝑜𝑙𝑣𝑒𝑛𝑡

𝜕𝐺

𝜕𝑐
+

1

𝑏𝑠𝑜𝑙𝑣𝑒𝑛𝑡

𝜕𝑏

𝜕𝑐
) · 𝑐  Equation 7 

 

The shear modulus is given by G, d represents the grain size, b is the length of 

the Burger’s vector, and c is the solute concentration. This model accounts for 

both grain size and solid solution effects and can account for softening 

behavior in systems where solute addition results in a drop in shear modulus, 

as has been observed in nanocrystalline iron and nickel with copper solutes 

[34]. In both of these systems, the addition of copper reduces the shear 

modulus. For larger grain sizes there is a strengthening effect, but for 

nanocrystalline samples the addition of copper results in softening. As the 

addition of copper to tungsten also results in a reduction in shear modulus, this 

model predicts a softening effect across the full range of solute concentrations. 

The predicted softening, however, is strongest at low solute concentrations 

and does not fit the data well. 
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4.2.4.  Rule of mixtures 

 

None of the three above literature models provided an adequate fit to the data, 

nor did any combination of their contributions through superposition. The 

strengthening mechanisms considered do not appear to operate 

independently for this metastable copper-tungsten solid solution. The typical 

Hall-Petch grain boundary strengthening mechanism does not appear to be 

operative, either due to excessively small grain sizes or as a result of 

interference from other mechanisms. Solid solution softening rather than 

strengthening was observed as the sample hardness decreases with 

increasing solute content. Though no phase separation between copper and 

tungsten was observed, a simple rule of mixtures was also applied to model 

both hardness and reduced modulus. The Reuss model [35], given in Equation 

8, is typically used to represent a lower bound value of the property of interest. 

This model, also known as the inverse rule of mixtures, is generally used to 

predict elastic modulus, though it can in principle be applied to any material 

property of interest.  

𝑯𝑹𝒆𝒖𝒔𝒔 =  (
𝑽𝒇

𝑪𝒖

𝑯𝑪𝒖
+

𝑽𝒇
𝑾

𝑯𝑾
)

−𝟏

  Equation 8 

The hardness HReuss of copper-tungsten mixtures is calculated using the 

respective volume fractions Vf and hardnesses H of pure copper and tungsten. 

This model provides a superior fit of film hardness compared to the other 

hardening models discussed, but systematically overestimates the reduced 

modulus of the film. As tungsten is elastically isotropic, the strong texture 

should have no impact on its elastic properties. The origin of the suppressed 

modulus values is unclear. 
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5. Conclusions 

 

A combinatorial approach was used to deposit a copper-tungsten metastable 

BCC solid solution ranging from 12 to 45 atomic % copper. X-ray Diffraction 

(XRD) and Selected Area Diffraction (SAD) data show that a single BCC solid 

solution phase is present within the film. The shape, position, and intensity of the 

main XRD peak (110) vary continuously with copper content. Three local maxima 

are observed, corresponding to compositions at which larger grains have formed. 

The mechanical properties of the film, as determined via nanoindentation, vary 

with chemical composition. The hardness of pure tungsten was not improved 

upon by addition of copper, contrary to several previous reports, but corroborating 

the most recent investigations by Vüllers and Spolenak. Literature models for 

Hall-Petch hardening, solid solution hardening, and nanocrystalline solid solution 

softening were all applied in an effort to gain insight into the hardness of the film, 

though none provided an accurate representation of the observed hardness. In 

the absence of a more appropriate hardening model for the metastable copper-

tungsten system, a simple rule of mixtures was applied and provides as an 

acceptable fit to the film hardness. 
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8. Figure and Table Captions 

 

Table 1: Sputtering conditions for Cu-W compositional gradient film 

Base pressure 1 × 10
−5

 Pa 

Sputtering gas Argon 

Gas flow rate 35 sccm 

Sputtering pressure 0.22 Pa 

Deposition time 3.5 hours 

Cu target power 35 W 

W target power 84 W 

Substrate temperature Room temperature 
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Figure 1: (a) SEM surface micrographs and their average surface feature 

diameters, exhibiting decreasing surface microstructure size with higher 

copper content along Cu-W compositional gradient film (b) smooth, continuous 

spatial variation of chemical composition and film thickness variation between 

850 nm and 1000 nm as measured by XRF 
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Figure 2: (a) Offset logarithmic plot of XRD scans from 30° to 110° consistent 

with a single BCC phase with no significant change in texture with changing 

chemical composition (b) Detailed scans from 39° to 44° with continuous 

variation in the diffraction angle and intensity of the {110} diffraction peak. 

Three sites diffract more strongly than the others, indicating enhanced long-

range order at these chemical compositions. 
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Figure 3: (a) BFTEM (b) SAD patterns and (c) radially integrated SAD intensity 

at the three chemical compositions for which the strongest X-ray diffraction 

was observed 
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Figure 4: (a) Hardness and (b) reduced modulus of Cu-W compositional 

gradient film together with rule of mixture fits calculated from the measured 

values of pure copper and pure tungsten 
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Figure 5: (a) Plane spacing and (b) crystallite size calculated using the Scherrer 

equation and the data from the detailed XRD scans seen in Figure 2(b) 
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Figure 6: Calculated hardness contributions for Hall-Petch (grain boundary), 

Fleischer (solid solution), and Rupert (nanocrystalline solid solution) 

strengthening models together with measured film hardness 

 
  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 36 

Highlights 

 A combinatorial approach is used to study a metastable Cu-W solid solution 

 A lateral compositional gradient is achieved through co-sputtering 

 Three chemical compositions exhibit enhanced X-ray diffraction 

 Available strengthening models do not accurately predict the film’s hardness 
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