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1. INTRODUCTION 

Tungsten heavy alloys (WHAs) are multiphase materials containing 80-97 weight-percent tungsten 

(W) grains in a lower melting point metal matrix and are usually made by liquid-phase sintering a compact 

composed of elemental powders such as nickel (Ni), iron (Fe), and/or cobalt (Co). The as-sintered 

material is generally vacuum-annealed to remove trapped hydrogen, solution-heat-treated to homogenize 

the matrix, and then water-quenched to reduce segregation of impurities. Mechanical properties can be 

tailored for a specific end use by thermomechanical (TM) processing techniques. Swaging followed by 

an aging heat treatment increases tensile and compressive strengths of as-sintered materials, while 

maintaining moderate ductility. Heavy alloys with higher weight-percent W have a smaller volume of 

matrix. The result is increased contiguity between W grains, which makes the alloy more susceptible to 

brittle fracture by providing lower energy paths for cracks to propagate. For applications where a 

combination of strength and toughness is required, alloy composition and TM processing should be 

selected to ensure that the resulting microstructure minimizes contiguity. 

This report examines the influence of microstructure on the fracture behavior and tensile properties 

of swaged and aged W-Ni-Fe and W-Ni-Co ternary alloys. Whereas the W-Ni-Fe system has been 

extensively studied, recent investigations indicate that W-Ni-Co alloys subjected to TM processing can 

attain excellent combinations of mechanical properties [1,2]. The W-Ni-Fe alloy was also studied in an 

as-sintered, vacuum-annealed, and solution-heat-treated condition (hereafter referred to as as-sintered). 

The fracture behavior of both alloys was assessed based on the surface characteristics of the broken ends 

of tensile specimens, which were tested in quasi-static and low-to-medium strain-rate (£) regimes. 

Correlations between microstructure, fracture behavior, and tensile properties are presented as a function 

of strain rate. Pertinent comments regarding the strain rate sensitivity of the two W heavy alloys are 

made. Applicability of the two WHAs for use as long rod kinetic energy (ICE) penetrators is addressed. 

2. BACKGROUND 

Ramesh and Coates [4] recently provided a summary of appropriate literature on the correlation 

between TM processing history, microstructure, mechanical property response, and failure characteristics 

for heavy alloys of various W contents [5-8]. Research in the quasi-static strain rate regime indicates that 

the flow stress of as-sintered heavy alloys increases with W content [5,9]. Others have shown that such 

factors  as  mechanical  working  [2-4,7,9]   and  post-sintering  and post-swaging heat treatments 
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[2,7,8,10,12-14]  contribute to improved tensile strengths.  Yet, alloys with increased tensile and 

compressive strengths generally show a concomitant reduction in ductility [5,6,11]. 

Investigators have shown that factors other than W content, such as matrix composition [2,15,16], 

impurity segregation [10,12,13,15-18], porosity [9,10,12,13], and intermetallics [12,17], influence the 

mechanical properties and fracture behavior of W heavy alloys. Extensive literature exists for W-Ni-Fe 

alloys which have a 7:3 ratio of Ni/Fe [3-14,16,19-21], as these materials can be manufactured to have 

good combinations of strength, toughness, and ductility and yet avoid the formation of brittle intermetaflic 

phases [9]. Intermetallics and impurities at W-W interfaces and interphase regions between the matrix and 

W grains [12,17,18] have been shown to degrade strength and ductility as a result of intergranular fracture. 

Hydrogen embrittlement has been shown to severely reduce tensile properties at low strain rates [18]. 

WHAs generally fail by one or more of the following mechanisms [3,18-21]: intergranular fracture 

between W-W interfaces, fracture or decohesion along the W-matrix interface, intragranular cleavage 

and/or fracture of W grains, and/or failure by rupture of the matrix. The fracture mode is related to 

microstructural factors and the rate and nature of loading. Ductile fracture is characterized by 

intragranular cleavage of W grains. The matrix of an as-sintered W alloy is reasonably ductile and 

capable of being work-hardened, which tends to retard crack propagation [3,20]. However, high W 

content alloys (>93 weight-percent) tend to fracture in a brittle, intergranular manner as a result of 

increased contiguity between W grains [10-13], which provides a lower energy fracture path. Because 

WHAs are strain-rate sensitive (i.e., exhibit an increase in flow stress with increasing strain rate), a need 

exists to evaluate the mechanical behavior of W heavy alloys used in component designs that are subjected 

to elevated rates of strain, such as armor-piercing penetrators. 

Studies have characterized the mechanical properties and fracture behavior of W heavy alloys at higher 

strain rates [3,4,8,21,22]. By developing a basic understanding of the relationship between microstructure 

and fracture behavior, a specific W heavy alloy can be manufactured to have mechanical properties that 

are suitable for the end-use design of the component. In some cases, it is desirable to produce a high- 

density W heavy alloy that has elevated tensile and compressive yield strengths, yet retains a reasonable 

degree of ductility. High strength and moderate ductility can be attained for heavy alloys with up to 

93-weight-percent W [5], making such materials attractive for use as long rod KE penetrators used to 

defeat heavy armor. 



The modern KE projectile fired from a main tank cannon consists of a subcaliber, fin-stabilized, long 

rod penetrator surrounded by a multisegment sabot. The primary function of the sabot is to ensure in-bore 

structural integrity of penetrator during launch. In addition, it must discard after exiting the gun muzzle 

in such a manner as to minimize aerodynamic disturbances that may affect the flight characteristics of the 

penetrator. The sabot should be designed to meet these requirements, while minimizing the parasitic 

weight of the projectile [23,24,25]. A typical KE projectile, with one sabot petal removed to expose the 

penetrator, is shown in Figure 1. 

Obturator 

Sabot 

Penetrator 

Windshield 

Figure 1. Typical KE projectile. 

While the previously referenced studies have examined the mechanical properties of WHAs at strain 

rates in the 102- to K^-s-1 regime, the strain rates associated with a terminal ballistic event are on the 

order of 104 to 105 s_1. Mechanical properties at these high rates of strain are of interest to those 

developing analytical and computational penetration mechanics models. Experimental studies have shown 

that the penetration performance of conventionally processed WHA penetrators into steel targets increases 

with density, yet does not exhibit a clear dependence upon increasing tensile and compressive properties 

[26,27]. However, mechanical properties and fracture characteristics will have a greater influence on the 

response and performance of long rod WHA penetrators vs. advanced armor combinations, which subject 

the penetrator to transverse loading. Such armor systems are generally positioned on armored vehicles 

at high obliquities, introducing a complex three-dimensional loading condition on the rod during the 

penetration process. Yet, the penetrator first experiences dynamic loading conditions during launch and 

flight. 



Mechanical properties and fracture behavior, both of which are strongly dependent on microstructure, 

must be fully considered during the design of a long rod penetrator. Conventional design practices 

commonly use quasi-static mechanical property values. Modern trends have moved toward characterizing 

mechanical properties at appropriate dynamic strain rates and implementing them into the design process. 

Such properties are representative of the dynamic loading conditions associated with the interior (launch), 

exterior (flight), and terminal ballistic (penetration) phases experienced by a long rod penetrator. 

By exploiting the rate sensitivity of WHAs, KE projectiles may be designed using the elevated 

mechanical properties associated with launch strain rates. This would allow a given subcaliber penetrator 

to carry more of the launch load and thus reduce sabot mass. From a system perspective, this would 

present the end user with the choice of (1) using the original penetrator fired at an increased muzzle 

velocity or (2) substituting a more robust penetrator which could be launched at a comparable velocity to 

the original rod that was designed to quasi-static mechanical properties. Strain rates on the order of 10° 

to 10 s~ are representative of the conditions experienced by long rod penetrators during launch from 

large-caliber powder cannons. The mechanical properties and fracture behavior of both alloys examined 

in this report were evaluated in this strain rate regime. 

3.  MATERIALS 

3.1 Alloy Composition and Processing Methods. The weight-percentage compositions of the two 

commercially available alloys used were 93W-4.9Ni-2.1Fe and 91 W-6Ni-3Co. The nominal densities were 

17.65 g/cm3 for the W-Ni-Fe alloy and 17.45 g/cm3 for the W-Ni-Co material. The W-Ni-Fe alloy was 

examined in both an as-sintered (and solution heat treated) condition and after swaging and aging. 

However, the as-sintered material was from a different lot than the one that was swaged and aged. The 

as-sintered condition provides the basic microstructure of the alloy prior to TM processing. The swaged 

and aged processing condition for each alloy was selected such that both materials had comparable levels 

of ductility as measured in terms of quasi-static tensile elongation. Both alloys were swaged by cold- 

working to a 25% reduction in area, followed by an aging heat treatment for 2 hr at temperature (W-Ni-Fe 

at 400° C and W-Ni-Co at 500° C). 

3.2 Microstructure. Properties and characteristics of a material are based on its microstructure. 

Consequently, a processing step that alters the properties of a material will change its microstructure. 

Virgin material samples were sectioned from the ends of the failed tensile specimens, mounted in a clear 



medium, and polished for optical microscopy. The microstructure was examined in both the longitudinal 

(along length of the bar) and transverse (across diameter of the bar) directions. The photomicrographs 

of the longitudinal and transverse microstructures are shown in Figures 2-7, respectively. Table 1 

provides average grain size and contiguity measurements. 

The W grains for most as-sintered WHAs are usually spherical in shape. The microstructure of the 

as-sintered W-Ni-Fe alloy shows a disparity between longitudinal (Figure 2) and transverse (Figure 3) 

grain size. The grains appear elliptical in the longitudinal direction. This may be due to "slumping" of 

the W grains, which may have occurred during liquid-phase sintering of this barstock [1]. Note that the 

matrix is clearly visible between most of the W grains, although some contiguity does exist 

The microstructure of the swaged and aged W-Ni-Fe alloy (Figures 4 and 5) shows that less matrix 

is visible compared to the as-sintered material. Voids are visible in the matrix and a few W grains, 

indicating porosity and/or the presence of impurity inclusions. The swaged and aged W-Ni-Co alloy 

(Figures 6 and 7) has smaller grains, less W-W contiguity, and more binder matrix than the W-Ni-Fe 

material. Smaller grain size results from a lower sintering temperature. This is consistent with the 

processing methods used by the manufacturer to make the two materials used in the study, as the W-Ni-Fe 

alloy was sintered at a higher temperature than W-Ni-Co material [1]. 

The W grains for both swaged and aged W-Ni-Fe and W-Ni-Co alloys are elongated in the direction 

of swaging. Bentley and Hogwood have shown that W grains are able to deform (elongate) to almost the 

same percentage as the applied deformation (up to 30% deformation) [28]. Their work indicates that the 

increase in longitudinal grain size is accompanied by a decrease in grain size in the transverse direction. 

A comparison of the change in grain sizes could not be made for the as-sintered and swaged and aged 

W-Ni-Fe samples because each was from a different lot of material. Yet, a qualitative comparison of grain 

size ratio (longitudinal \y grain size/transverse W grain size) for the swaged and aged alloy shows a 

reasonable correlation with the results reported by Bentley and Hogwood [26] for a comparable W-Ni-Fe 

material. 

Lower overall W content and a higher W content matrix are responsible for the reduced contiguity 

and increased volume fraction of matrix in the W-Ni-Co alloy. The W-Ni-Fe binder phase consists of 

about 24-weight-percent W; whereas, the W-Ni-Co matrix has roughly 38-weight-percent W [1,14]. Small 

W grains are visible in the W-Ni-Co binder, similar to those observed by Lankford et al. for a comparably 
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Figure 2.  Longitudinal raicrostructure of as-sintered 93W-4.9Ni-2.1Fe (2Q0x). 

y*   I/"' vv"o-* 
1^ 'X, ->- 

/      V, - 

si-& :l-ft^: 

Figure 3. Transverse microstructure of as-sintered _93W-4.9Ni-2.IFe (200x). 
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Figure 4. Longitudinal microstructure of swaged and aged 93W-4.9Ni-2.1Fe (200x). 
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Figure 5. Transverse microstructure of swaged and aged 93W-4.9Ni-2.1Fe (200x). 
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Figure 6.  Longitudinal microstructure of swaged and aged 91W-6Ni-3Co (200x). 
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Figure 7.  Transverse microstructure of swaged and aged 91W-6Ni-3Co (200x). 



Table 1. Grain Size and Contiguity in Longitudinal and Transverse Directions 

Average Grain Size 
(um) 

Contiguity 

Longitudinal Transverse Longitudinal Transverse 

As-sintered W-Ni-Fe 41 31 .31 .29 

Swaged and Aged W-Ni-Fe 49 28 .35 .41 

Swaged and Aged W-Ni-Co 36 23 .29 .32 

swaged and aged material [3]. Although similar in some aspects, the microstructures of the two alloys 

are different enough to produce a wide range of mechanical properties. Both alloys have been subjected 

to an extensive mechanical property characterization [14]. Further discussion concerning the relationship 

between microstructure and fracture behavior is limited to tensile properties and failures. 

3.3 Tensile Properties. Uniaxial tensile tests were performed in the quasi-static (£ = 10"4 s-1) and 

low-to-medium (t = 10° s_1) strain rate regimes by Dudder [14]. The specimens were right circular 

cylinders having threaded ends, a 25.4-mm-gauge length, and 6.35-mm-gauge diameter. The results are 

shown in Table 2. The as-sintered W-Ni-Fe alloy yields at a relatively low value and then work hardens 

with increasing strain to a modest ultimate tensile strength (UTS) when tested in the quasi-static strain rate 

regime. This is due to the strain-hardening of the W grains and matrix, although the relative role that each 

plays is not fully understood [4]. Conversely, when swaged or aged, both alloys yield at much higher 

stress levels, yet do not exhibit any appreciable strain-hardening. The higher flow stress results from the 

prior cold-working by swaging and precipitation-strengthening from aging. Note that comparable levels 

of TM processing produce higher yield strength and UTS values for the W-Ni-Co alloy as compared to 

W-Ni-Fe. One might expect that the alloy with the overall higher W content would have the higher tensile 

strength, yet this is not the case. The higher tensile strength of the swaged and aged W-Ni-Co alloy is 

attributed to the cobalt content as well as increased W in the matrix. This permits both the W grains and 

the matrix to be work-hardened to higher levels during swaging, which increases the flow stress of the 

material. 

The strain rate dependence of the W heavy alloys becomes evident as the rate of tensile loading is 

increased from £ = 10~4 s-1 to £ = 10° s_1. The UTS increases as a function of increasing strain rate for 



Table 2. Tensile Properties of W-Ni-Fe and W-Ni-Co Heavy Alloys at 21° C 
(Dudder 1990) 

Strain Rate/Property As-sintered 
W-Ni-Fe 

Swaged and Aged 
W-Ni-Fe 

Swaged and Aged 
W-Ni-Co 

Quasi-Static (£ = 10-4 s_1) 

0.2% Yield Strength (MPa) 572 1185 1475 

Ultimate Strength (MPa) 896 1206 1509 

Reduction in Area (%) 36.3 16.1 14.1 

Total Elongation (%) 31.1 9.2 9.6 

Low-to-Medium (t = 10° s"1) 

Ultimate Strength (MPa) 1034 1468 1736 

Reduction in Area (%) 32.2 6.9 17.6 

Total Elongation (%) 21.9 3.8 7.1 

each alloy, regardless of processing condition, as shown in Figure 8. Lankford et al. examined the tensile 

behavior of a similar 25% swaged and aged W-Ni-Co alloy at a dynamic strain rate of 103 s-1 and 

observed an even larger increase in UTS [3] as plotted in Figure 8. Note that the UTS for the low-to- 

medium strain rate falls between the quasi-static and dynamic values. 

In terms of ductility, the as-sintered W-Ni-Fe still remains fairly ductile at the low-to-medium strain 

rate, whereas the W-Ni-Fe alloy (3.8%) has considerably less elongation than the W-Ni-Co material (7.1%) 

in the swaged and aged condition as shown in Figure 9. This is significant because the W-Ni-Co alloy 

has the higher UTS. Note also that the dynamic ductility of the W-Ni-Co alloy at t = 103 s_1 is still at 

a reasonable level. 

The ductility of the W-Ni-Co material at the low-to-medium and dynamic strain rates suggests that 

a strong interface between W grains and the matrix exists. The integrity of the interface plays a major 

role in determining the fracture behavior of WHAs. Ductility and fracture behavior are key elements 

considered by projectile designers during the selection of a penetrator material. Both of these 

characteristics strongly influence (1) the ability of the projectile to survive launch and (2) the response and 

performance of a long rod penetrator against targets that impart lateral loads. 
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4.  FRACTURE CHARACTERISTICS 

The fracture surfaces were characterized using scanning electron microscopy (SEM). Areas of interest 

included individual W grains, W-W grain boundaries, W-matrix interfaces, and the matrix. SEM 

photomicrographs indicate that the fracture behavior and tensile properties of the W heavy alloys are 

strongly influenced by microstructure and rate of loading. 

The predominant fracture mode in the quasi-static loading regime, regardless of microstructure, was 

cleavage of the W grains (Figures 10,12, and 14). Another failure mode was matrix rupture, particularly 

for the as-sintered W-Ni-Fe (Figure 10) and swaged and aged W-Ni-Co (Figure 14) alloys. The SEM 

image of the swaged and aged W-Ni-Fe alloy (Figure 12) reveals partial W-matrix separation, intragranular 

porosity, and thin areas of matrix between W grains. Note the intragranular crack that has been arrested 

by the surrounding matrix (middle of Figure 14). Fracture modes of the as-sintered W-Ni-Fe and swaged 

and aged W-Ni-Co alloys were similar to those observed by Lankford et al. for comparable materials 

tested in the quasi-static strain rate regime [3]. 

Fracture behavior of the alloys at the low-to-medium strain rate was characterized by mixed modes 

of microstructural failure. Intergranular surfaces (W-W facets), which form during separation of 

contiguous W grains, were observed in each SEM image (Figures 11, 13, and 15) at the higher strain rate. 

The fracture modes of as-sintered W-Ni-Fe also included matrix rupture and some cleavage of W grains 

(Figure 11). The large areas of matrix rupture suggest a ductile failure, which was indeed the case as the 

elongation to failure for the as-sintered material is relatively high at this strain rate. 

Intragranular cleavage and fracture, separation of W-W facets, W-matrix decohesion, and isolated 

matrix rupture are visible for the swaged and aged W-Ni-Fe alloy (Figure 13). Separation of matrix from 

the W grains led to the nucleation of voids that coalesced as the severity of decohesion increased. The 

separation of contiguous W-W interfaces and the decohesion between W grains and matrix observed at 

the higher strain rate were responsible for the low ductility of the W-Ni-Fe alloy. The matrix was 

incapable of arresting the formation of voids and the intergranular cracks that formed as a result of W-W 

separation. 

The fracture modes for the swaged and aged W-Ni-Co material included intragranular fracture and 

cleavage, separation of W-W facets, and the rupture of matrix (Figure 15).  Note the lack of W-matrix 

12 
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decohesion, indicating that the W-Ni-Co alloy has a strong bond between the matrix and W grains. This 

may be due to a diffusion mechanism associated with the presence of Co [1]. Good cohesion resulted in 

a material that was capable of transferring the stresses between W grains and the binder at the higher 

strain rate without initiating and propagating intergranular cracks. This desirable fracture behavior and 

a higher UTS value at the low-to-medium strain rate were attributable to increased volume of matrix and 

increased W and Co content in the matrix of the W-Ni-Co alloy. The fracture behavior of the swaged and 

aged W-Ni-Co alloy material was qualitatively similar to that observed by Lankford et al. [3] for a 

comparable alloy tested at a higher strain rate (103 s_1). However, quantitative metallography was not 

performed to determine if the distribution of failure modes was the same at the low-to-medium and 

dynamic loading rates. 

5.  CONCLUSIONS 

The influence of microstructure and loading rate on the fracture behavior and tensile properties of 

93W-4.9Ni-2.1Fe-weight-percent and 91W-6NI-3Co-weight-percent alloys was investigated. Fracture 

characteristics of specimens pulled in uniaxial tension at quasi-static (t = 10~4 s_1) and low-to-medium 

(£ =10 s~ ) strain rates were identified. Failure modes and tensile properties were correlated with respect 

to microstructure of the two alloys and indicate the following: 

(1) For comparable levels of swaging and aging, the 91W-6Ni-3Co alloy had higher tensile 

strengths than the 93W-4.9Ni-2.1Fe material, indicating that overall W content is not the 

primary mechanism responsible for increased strength. The W-Ni-Co alloy had more W 

in the matrix (38 weight-percent) compared to the W-Ni-Fe material (24 weight-percent). 

The higher volume percentage of matrix, increased weight-percent of W, and presence 

of Co in the matrix, combined with the smaller average grain size, contributed to 

enhanced work-hardenability of the W-Ni-Co alloy during swaging, resulting in an 

effective increase in flow stress. The increase in tensile strength as a function of strain 

; rate was consistent with the results observed for the W-Ni-Co alloy at a higher strain rate 

of 103 s_1 [3]. 

(2) Ductile W grain cleavage was the predominant failure mode for both alloys tested in the 

quasi-static strain rate regime. Failure at contiguous W-W interfaces and decohesion 

between W grains and the matrix at the low-to-medium strain rate reduced the ductility 

16 



of the swaged and aged W-Ni-Fe alloy. Intergranular fracture readily occurred because 

the matrix was incapable of preventing void nucleation and coalescence, resulting in 

crack initiation and growth. Increased volume fraction of a stronger matrix, less W-W 

contiguity, and better cohesion between matrix and W grains provided the swaged and 

aged W-Ni-Co alloy with higher strength and ductility at the low-to-medium strain rate. 

This is a consequence of the more uniform distribution of stress within the material. 

Both alloys in the swaged and aged processing condition are suitable for use as KE penetrator 

materials. Although the as-sintered W-Ni-Fe alloy has high density, excellent ductility, and good fracture 

characteristics (especially at the low-to-medium strain rate), its low tensile yield strength would require 

a KE projectile to have a massive sabot to ensure structural integrity of the penetrator during launch. This 

would add parasitic weight to the projectile and result in a lower muzzle velocity for a given amount of 

propulsion energy. The swaged and aged W-Ni-Fe alloy is attractive as a long rod penetrator material 

because of its high density and reasonably high tensile strengths. Yet, the low ductility and dubious 

fracture characteristics (intergranular fracture and decohesion) at the launch strain rate are not conducive 

for the design of a lightweight sabot for a long rod penetrator nor to defeat armors that impart large lateral 

loads. However, the swaged and aged W-Ni-Co alloy possesses superior tensile strengths and ductilities 

and reasonable fracture characteristics at both the quasi-static and low-to-medium strain rates. This 

combination makes the W-Ni-Co alloy an excellent candidate for consideration as a long rod KE 

penetrator material and is also favorable for the design of a minimum mass sabot to launch such a 

subcaliber, armor-piercing munition. 
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