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A B S T R A C T   

Tungsten heavy alloys (WHAs) with two-phase composite structures display unique mechanical properties. Here, 
we explore the effects of rolling strain and annealing temperature on tensile behaviors of 90W7Ni3Fe WHAs. 
Cold rolling followed by low-temperature annealing (<1000 ◦C) induces an increase in yield strength at the 
expense of ductility. The ductility of WHAs can only be restored by raising the annealing temperature to 1000 ◦C. 
Keep the annealing at 1000 ◦C while gradually increasing the rolling strain not only improves the strength of 
WHAs but also maintain a good ductility. Once exceeding a critical rolling strain of 60 %, the yield strength of 
WHAs increases to 1480 MPa, while result in a substantial decrease in ductility. The evolutions of two-phase 
composite structures with rolling and annealing induces the alterations of the tensile properties of WHAs. 
These results provide a reference for designing thermal-mechanical processing recipes for WHAs.   

Tungsten heavy alloys (WHAs), or composites, typically containing 
78–98 wt % W and a nickel to iron ratio of 7:3, along with a balance of 
ductile phase metals like Ni, Fe, Cu, Co, Mo, have displayed excellent 
mechanical properties [1–9]. The two-phase WHAs have high density 
(16–18 g/cm3), high strength (1000–1700 MPa), good ductility (10–30 
%) and strong X-ray absorption capacity [10–12]. Therefore, it is widely 
used in aerospace, medical industry, and particularly in weapons as 
kinetic energy piercing shell cores [8,13–15]. The core experiences 
significant tensile and compressive stresses during firing to withstand 
stress spikes upon launch [12,16,17]. As a result, the advancement of 
WHAs with enhanced mechanical properties consistently garners 
attention. 

Several investigations demonstrate that the mechanical properties of 
WHAs can be further improved by thermo-mechanical processing 
[18–24]. The room-temperature tensile strength of a 93W4.9Ni2.1Fe 
alloy is increased from 960 MPa to 1487 MPa through hot-hydrostatic 
extrusion and heat treatment [25,26]. The yield strength of a 
90W7Ni3Fe alloy is elevated to 1295 MPa by rotary swaging, which is 
93 % higher than that of the as-sintered alloy (671 MPa) [27]. Overall, 
these studies were focused on enhancing tensile strength solely through 
pre-deformation, highlighting a potential gap in understanding the 
synergistic impact of both pre-deformation and heat treatment. On the 
other hand, the deformation processes used in these studies mainly focus 
on hot rolling, hot-hydrostatic extrusion, and rotary swaging, etc. The 

effect of cold rolling and annealing treatments on the mechanical 
properties of WHAs has not been studied in detail. Moreover, studies 
have indicated that the ultimate tensile strength and ductility of WHAs 
exhibit variation with the hot rolling strain, initially increasing until 
reaching 62 %, saturating at 74 %, and subsequently decreasing at 87 %. 
However, the underlying mechanisms remain unclear [28,29]. There-
fore, it is necessary to clarify the combined effects of rolling strain and 
annealing treatments on the tensile behaviors of WHAs. A comprehen-
sive understanding of the effects of pre-deformation and heat treatment 
on WHAs will provide valuable guidance for designing an appropriate 
thermal-mechanical processing protocol. 

In this study, we used 90W7Ni3Fe as model material to explore the 
effect of rolling strain and annealing temperatures on the tensile prop-
erties of WHAs. The as-sintered WHAs underwent an initial annealing 
process followed by rolling to varying strains and subsequent annealing 
at different temperatures. We found that a 1000 ◦C annealing treatment 
was essential to maintain a good ductility for 90W7Ni3Fe alloy in this 
work. With a gradual increase in the rolling reductions and keep the 
1000 ◦C annealing enabled an increase in strength without lost in 
ductility up to 50 % rolling strain. 

The as-annealed 90W7Ni3Fe alloy was rolled down to 10 % thickness 
reduction, followed by annealing at 500 ◦C, 600 ◦C, 800 ◦C, and 1000 ◦C 
for 1 h, and the series of WHAs are labeled as R10, R10-AN500, R10- 
AN600, R10-AN800, and R10-AN1000, respectively. Subsequently, we 
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progressively elevated the rolling strain from 10 % to 60 % and annealed 
the WHAs at different temperatures after rolling. Tensile samples with 
dimensions of 15 mm (length) x 4 mm (width) x 2 mm (thickness) un-
derwent room-temperature tensile tests at a strain rate of 1 × 10–3 s-1. 
Each type of WHAs was repeated for three times. After tensile test, the 
surface deformation features and fracture surfaces of WHAs were 
examined using Hitachi SU6600 scanning electron microscope (SEM) 
and electron backscattered diffraction (EBSD) on a FEI Helios NanoLab 
dual-beam system. 

Fig. 1(a) shows the microstructure of as-annealed WHAs, which 
consist of near spherical body-centered cubic W particles embedded in 
face-centered cubic γ-NiFe phase. Fig. 1(b) displays the size distribution 
of W particles with an average particle diameter of ∼15 µm. Fig. 1(c) 
shows the engineering stress-strain curves of WHAs with different 
thermal-mechanical treatments. The yield strength of R10 WHAs in-
crease obviously after 10 % rolling strain, while accompanied by a 
substantial decrease in elongation compared to the as-annealed WHAs. 
However, the tensile elongation does not recover after annealing at 500 
◦C, and abnormally a slight increase in yield strength, as shown in Fig. 1 
(c). As shown in Fig. S1(a), a similar phenomenon also occurs in WHAs 
annealed at 600 ◦C and 800 ◦C. The increase in strength after low- 
temperature annealing is likely caused by a decrease of easy glide dis-
locations in both γ-NiFe phase and W particles [30,31]. When increasing 
the annealing temperature to 1000 ◦C, the ductility of rolled and 
annealed WHAs back to >15 %, accompanied with slight decrease in 
yield strength, as shown in Fig. 1(c) for R10-AN1000 WHAs. Addition-
ally, the effects of annealing temperature on mechanical properties of 
WHAs still hold the same trend for 20 % and 30 % rolled samples, as 
shown in Fig. S1(b) and (c). Furthermore, keep the annealing treatment 
at 1000 ◦C can also recover the ductility of WHAs with rolling strain up 
to 50 %, as shown in Fig. 1(d). In brief, annealing at lower temperatures 
(<1000 ◦C) leads to further strengthening, while annealing at 1000 ◦C 

could substantially maintain a good elongation. However, once the 
rolling strain increases to 60 %, the yield strength raises to 1480 MPa, 
while the elongation drops to 5.5 % even after annealing at 1000 ◦C. 
This indicated that there is a critical rolling strain and below which a 
synergy of strength and ductility can be achieved via 
thermal-mechanical processing. 

Fig. 2 shows the surface morphologies of WHAs after tensile fracture. 
As shown in Figs. 2(a)–(c), the formation of numerous slip traces in two 
phases indicate a good deformability of the as-annealed WHAs. In 
addition, the W-W interparticle fracture and W cleavage microcracks are 
effectively arrested by the γ-NiFe phase, which consume the strain en-
ergy and increase the toughness of the as-annealed WHAs [28,29,32]. 
For the R10 WHAs, the deformation of W particles is restricted 
compared to the as-annealed samples since only a few slip traces are 
produced (Figs. 2(d) and (e)), while the γ-NiFe phase still have very good 
deformability, as shown by the dense slip traces in Fig. 2(f). After 
annealing at 500 ◦C, no evident slip traces were observed in the W 
particles within R10-AN500 WHAs, and only cleavage fracture occurred 
in W particles (Figs. 2(g) and (i)). This is related to the recovery of easy 
glide dislocations in W particles after low temperature annealing, which 
deteriorate the deformability of W particles and increase the yield 
strength [22,32]. Once increasing the annealing temperature to 1000 ◦C, 
the deformability of W particles is fully recovered, as shown by the 
intense slip traces formed in W particles (Figs. 2(j) and (l)). Similar 
deformation characteristics are also observed in R20 series of WHAs 
(Fig. S2). It is obvious that the modulation of defect structures in two 
phases by rolling and heat treatment is an effective mean to tune the 
mechanical properties of WHAs. 

EBSD scans were further carried out to reveal the deformation 
mechanisms of the rolled and annealed WHAs, as shown in Fig. 3. Fig. 3 
(a), (d) and (g) show the inverse pole figure (IPF)-Z map of the R10 
WHAs after different heat treatments. It can be observed that the shape 

Fig. 1. (a) Initial microstructures and (b) size distribution of W particles in as-annealed WHAs. (c) Engineering stress-strain curves of rolled WHAs with different 
annealing temperatures. (d) Engineering stress-strain curves of annealed WHAs with different rolling strain. 
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and size of W particles are similar in three samples. For R10 WHAs, cold- 
rolling introduces numerous dislocation structures in two phases, 
especially in γ-NiFe phase, as highlighted in Fig. 3(b). As a result of 
dislocation accumulation at the phase boundary, a high interfacial stress 
triggers dislocations in the W particles, facilitating a coordinated 
deformation of the γ-NiFe phase and W particles [24,25]. After tensile 
fracture, numerous sparse dimples are usually formed in γ-NiFe phase in 
R10 WHAs [26,33], as shown in Fig. 3(c). After annealing at 500 ◦C, a 
slightly decrease in dislocation density occurs in both γ-NiFe phase and 
W particles, as displayed in Fig. 3(e). In particular, low-temperature 
annealing has a tendency to eliminate all easy glide edge dislocations 
in W particles, thereby diminishing their deformation capacity [34–38]. 
Consequently, plastic deformation predominantly occurs in γ-NiFe 
phase and produce dense dimples, and results in cleavage fracture in W 
particles, as displayed in Fig. 3(f). Following annealing at 1000 ◦C, the 
dislocations in the γ-NiFe phase exhibited significant recovery, accom-
panied by the formation of some recrystallized small grains, as shown in 
Fig. 3(g). Moreover, the presence of a smaller fraction of high dislocation 
density regions in the γ-NiFe phase (as shown in Fig. 3(h)) enables the 
R10-AN1000 WHAs to maintain a comparable ultimate tensile strength 
to that of the R10 WHAs. As shown in Fig. 3(i) and Fig. S3(a), the similar 
fracture morphologies between R10-AN1000 and as-annealed WHAs 
suggest that the deformability of two phases are largely recovered 
[35–38]. In a nutshell, 1000 ◦C post-annealing effectively eliminates the 

pre-stored dislocation structures within the γ-NiFe phase and immobile 
screw dislocation in W particles, thereby enhancing the coordinated 
deformation capacity of two phases. 

However, the high-temperature annealing induced recovery of 
ductility gradually disappeared once the rolling strain increases to 60 %. 
In particular, the strength of the WHAs increases considerably when the 
rolling strain is increased from 50 % to 60 %, while the ductility de-
creases significantly, as shown in Fig. 1(d). The presence of slip traces 
crossing two phases indicates a good coordinated deformation, and the 
ductile γ-NiFe phase effectively blunt the cracks in R50-AN1000 WHAs, 
as shown in Figs. 4(a) and (b). On the contrary, the absence of obvious 
slip lines in two phases manifest a reduced deformation capacity of R60- 
AN1000 WHAs, as highlighted in Fig. 4(d). As a result, the cracks cannot 
be blunted, and extended through the γ-NiFe phase into the adjacent W 
particles, as shown in Fig. 4(e). To elucidate the diminished deform-
ability of the γ-NiFe phase in the R60-AN1000 sample, a comparative 
analysis of sample morphologies at varying rolling strains was con-
ducted. The distribution of γ-NiFe phase was observed to become more 
uniform with increasing rolling strain, accompanied by a gradual 
decrease in the average thickness between each layer of the long-axis 
fibrous W particles, as depicted in Fig. S4. This alteration has led to a 
diminished capacity of the ductile γ-NiFe phase in the R60-AN1000 alloy 
to accommodate deformation and inhibit crack propagation, as illus-
trated in Fig. S5. Alterations in the co-deformation capability of the two 

Fig. 2. SEM images showing the surface deformation features of (a-c) as-annealed, (d-f) R10, (g-i) R10-AN500 and (j-l) R10-AN1000 WHAs after tensile fracture. The 
details of deformed W particles and γ-NiFe phase are enlarged. The green arrows indicate cracks or microcracks, and the orange arrows mark the slip steps in 
two phases. 
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phases could also induce a shift in the fracture mode of the WHAs. As 
shown in Fig. 4(g), the proportion of W-W interparticle fracture, which 
is an unfavorable feature for mechanical performance due to its weaker 
bonding [6,22,1,39], diminishes as the rolling strain increases from 0 % 
to 50 %. Meanwhile, the percentage of γ-NiFe phase tearing (γ-γ) 
gradually increase, which contributes to the enhancement of ductility. 
In R60-AN1000 alloy, the γ-NiFe phase formed a knife-edge shaped 
fracture surface (Fig. 4(f)) due to a decrease in average thickness. In 
contrast, the fracture surface of R50-AN1000 alloy (Fig. 4(c)) still ex-
hibits numerous dimples because of the excellent deformability of the 
γ-NiFe phase. This is a common phenomenon for WHAs with rolling 
strain of 20 %− 40 % and annealed at 1000 ◦C, as illustrated in Figs. S3 
(b)-(d). Notably, the W particle cleavage (WC) increase with rolling 
strain, which indicates a gradually harden of the W particles. As a result, 
the shift in fracture mode of the γ-NiFe phase and the rise in the pro-
portion of W particle cleavage (WC) contribute to a substantial increase 
in the strength of R60-AN1000 alloy. 

Fig. 5 compared the ductility and yield strength of 90W7Ni3Fe 
WHAs with different combination of rolling and annealing conditions. 
With increasing rolling strain, a typical strength-ductility tradeoff also 
appears in the two-phase composite WHAs. Low-temperature annealing 
(<1000 ◦C) cannot recover the deformability of WHAs while it alter-
natively can slightly increase the yield strength, as shown in Fig. 5. 
Notably, annealing at 1000 ◦C for 1 h achieves an optimal balance be-
tween strength and ductility for the WHAs when the rolled strain is less 
than 60 %. Upon reaching a rolling strain of 60 %, the yield strength 
significantly increases, while the tensile elongation decreases to 5.5 %. 
The thermal-mechanical processing largely alter the initial dislocation 
structures in two phases thus cause a significant change in their me-
chanical performance. The evolution of the shape of W particles and the 

thickness of γ-NiFe phase also play an important role in coordinating 
deformation of two phases. Once the blunting effect of ductile γ-NiFe 
phase is completely lost (R60 and R60-AN1000 WHAs), the WHAs only 
have limited deformability. 

In summary, we explore the combination effects of rolling and 
annealing on the tensile behaviors of WHAs. Annealing at 1000 ◦C could 
effectively toughen the rolled WHAs and achieve a balance between 
strength and ductility, particularly for rolling strain less than 50 %. The 
evolution of tensile properties of rolled and annealed WHAs is strongly 
related to the defect structures and the shape of W particles and the 
thickness of γ-NiFe phase. This study makes contributions to the un-
derstanding of deformation behaviors of 90W7Ni3Fe and provides a 
reference for development high-performance WHAs. 
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