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Abstract: A systematical exploration of the effect of aging time on the microstructure and mechanical
properties of cold-rolled Ni-W-Co-Ta medium–heavy alloy with 90% thickness reduction at the aging
temperature of 700 ◦C was performed. The results demonstrate that the volume fraction of the
precipitation (Ni4W), which persists under various aging times, increases from 13.7% (2 h) to 28.7%
(32 h) with the extension of aging time. Meanwhile, the microstructure after aging treatment is
still dominated by dislocation entanglement and dislocation walls, although the degree of lattice
distortion and dislocation density attributed to heavy deformation decreases. The maximum tensile
strength, yield strength, and microhardness (2286 MPa, 1989 MPa, 766 HV) of the cold-rolled Ni-
W-Co-Ta medium–heavy alloy under the 16 h aging treatment at 700 ◦C are reached, respectively.
The ductile–brittle mixed fracture morphology is maintained in the fracture morphology of the
medium–heavy alloy before and after aging treatment.

Keywords: cold-rolled Ni-W-Co-Ta medium–heavy alloy; aging time; microstructure; mechanical
properties

1. Introduction

The demand for medium–heavy alloys with high penetration capability, moderate
strength, toughness, and critical shear strain rate, particularly in the context of warhead
materials, is well established [1–3]. However, the high porosity and weak two-phase bond-
ing of traditional medium–heavy alloys, generated by powder metallurgy methods [3–5],
lead to poor comprehensive mechanical properties hardly applying to harsh service en-
vironments. In addition, the comprehensive mechanical properties cannot yet fully meet
the increasingly demanding service environment, although hot rolling [6], thermostatic
extrusion and the thermal torsion process [7], hot extrusion [8], and other hot deforma-
tion methods effectively mitigate the shortcomings of high porosity and weak two-phase
bonding of medium–heavy alloy [9]. Therefore, Ni-W-Co-Ta medium–heavy alloys with
excellent comprehensive mechanical properties, abandoning the traditional powder met-
allurgy method, are prepared with the approach of smelting, casting and forging for the
first time in our team. However, enhanced strength by cold rolling was realized on the
deterioration of the ductility, posing challenges for practical engineering applications [10].
As a result, the focus of research shifted towards developing methods to improve the
comprehensive mechanical properties of the cold-rolled Ni-W-Co-Ta medium–heavy alloy.

It is widely recognized that metal materials undergo substantial dislocation formation
following cold rolling. The strength of metal materials could be enhanced considerably
under the effect of rapid precipitation of the second phase because of a large number
of nucleation sites arising from the substructural defects after cold rolling. Therefore,
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the appropriate aging treatment of cold-deformed samples can not only diminish the
deformation energy storage of deformed samples but also foster the precipitation of the
strengthening phase to achieve a favorable synergy between mechanical properties and
ductility. For example, Zhang et al. [11] examined the effect of cold-rolling deformation
and aging treatment on the mechanical properties of Cu-0.45Cr-0.14Ti (wt%) alloys and
concluded that the time required for the alloys to reach maximum strength is shorter as
the degree of deformation increases. A similar conclusion, that higher strength and a
shorter time to reach maximum strength was obtained with the greater deformation after
aging treatment on Ti-Nb-Zr alloy, was drawn by He et al. [12]. Sadeghi-Nezhad et al. [13]
conducted a study on AA2024 alloy, whereby they reached the conclusion that the rolling
and aging treatment possessed the capability to augment the mechanical properties of
the alloy. Additionally, their findings posited that heightened deformation yielded more
pronounced enhancements in the alloy’s mechanical characteristics. Research findings
of Xia et al. [14] further substantiated that the ultimate tensile strength of the Fe-Si-Mn
aluminum alloy escalated in correlation with the degree of deformation. While the extent
of improvement remains relatively inconspicuous, the subsequent aging treatment has the
potential to enhance the ultimate tensile strength.

Drawing from the aforementioned research background, it is apparent that aging treat-
ment significantly amplifies the mechanical properties of cold-rolled specimens. Height-
ened deformation results in greater strength following the aging process when exposed
to the invariable aging temperature. However, with scarce literature addressing the mi-
crostructure and mechanical properties of medium–heavy alloy after cold rolling and
aging treatment, existing studies primarily concentrated on conventional low-density non-
ferrous metals. Consequently, this paper, expanding on prior research [15], carries out
aging treatment on cold-rolled medium–heavy alloys (90% deformation). With the aim of
offering technical support for the production of medium–heavy alloys with outstanding
comprehensive mechanical properties, the study systematically examines the develop-
ment of microstructure and mechanical properties of medium–heavy alloys after various
aging times.

2. The Experimental Materials and Research Methods

The experimental materials with element composition of 38.53% W, 5.09% Co, 0.97%
Ta, and remaining Ni were obtained by Vacuum induction melting (VIM) and Vacuum
arc remelting (VAR). The specific preparation procedure is described in Reference [15].
The novel heat-treated Ni-W-Co-Ta high-density alloy was cut into plate specimens of
100 mm × 40 mm × 10 mm along the forging direction for cold rolling. The reduction
amount was about 2% in every pass, and the total cumulative deformation was 90%.

The cold-rolled sheets were aged in a tubular high-temperature resistance furnace at
700 ◦C at various times (2 h, 4 h, 8 h, 16 h, 24 h, 32 h) and aircooled to room temperature.
The phase composition analysis of the Ni-W-Co-Ta medium–heavy alloy after aging was
conducted by X-ray diffraction (XRD) D8ADVANCE possessing tube current of 40 mA
and voltage of 40 kV, with an angular span from 30◦ to 100◦and incremental step size
of 0.02. Following this, the sample underwent grinding and polishing and was then
subjected to corrosion using a mixture of 20 mL nitric acid and 60 mL hydrochloric acid
for 510 s. After being ground and polished, the microstructure of the sample, which was
corroded in a mixture of 20 mL nitric acid and 60 mL hydrochloric acid for 510 s, was
observed using an OLYMPUSPMG3 optical microscope (OM). A 10 mm × 10 mm × 1 mm
sheet was intercepted parallel to the deformation direction, and a Φ3 mm wafer was
punched out after mechanical grinding to 70 µm. The microstructure of the wafer that was
thinned subsequently using the Gatan691 ion thinning instrument was characterized with
the JEM2010 transmission electron microscope. Lastly, the average microhardness, with
five points measured for each sample of the alloy before and after aging treatment, was
quantified using the HVS-1000A digital.
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The mechanical properties of the specimens were evaluated both before and after
aging treatment utilizing the Instron 5587 tensile testing machine, with sample dimensions
as depicted in Figure 1. Furthermore, the fracture morphology was meticulously examined
using the JSM-7800F field emission-scanning electron microscope.
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Figure 1. Dimensions of sample in millimeters (mm) for tensile specimens (thickness is 1 mm).

3. Results and Analysis
3.1. XRD Analysis

The X-ray diffraction (XRD) patterns and dislocation density of the Ni-W-Co-Ta
medium–heavy alloy following aging treatments at 700 ◦C for varying aging times are
showcased in Figure 2. Clearly, the emergence of new diffraction peaks corresponding to a
novel phase, which is proven to be Ni4W, with respective volume fractions of 13.7%, 16.3%,
18.6%, 23.1%, 26.4%, and 28.7% following aging times of 2 h, 4 h, 8 h, 16 h, 24 h, and 32 h,
by comparing analysis with the PDF card (65–2673) is discernible from the sample (90%
deformation), as shown in Figure 2a. Notably, a rightward shift of the XRD peaks of the
cold-rolled Ni-W-Co-Ta medium–heavy alloy appears after prolonged high-temperature
aging treatment because of the occurrence of recovery and recrystallization that results
in lessened dislocation density, reduced residual internal stress, and a certain degree of
grain growth. That the full width at half maximum (FWHM) of XRD diffraction peaks
is inversely related to the grain size from the Scherrer formula [16] reveals the increased
grain size with enhancive aging time from the trend that the FWHM of the diffraction peak
gradually decreases under various aging times (2, 4, 8, and 16 h) from Figure 2b. However,
an unusual FWHM broadening increase after 24 and 32 h originated from the peak overlap
((211) from Ni4W and the (111) of Ni17W3) happens. The broadening of the (211) of β phase
diffraction peak in the TB17 titanium alloy after aging at 350 ◦C is also due to the overlap
of characteristic peaks of the newly formed phase and β phase is similar to this study [14].

It can be observed that the dislocation density of the cold-rolled samples continu-
ously declines with prolonged aging time in Figure 2c. The number of corresponding
dislocation densities is calculated from the average grain size and microstrain, as shown in
Equation (1) [17]. In the unaged sample, the dislocation density of the experimental steel is
1.46 × 1015 m−2. After aging treatments of 2 h, 4 h, 8 h, 16 h, 24 h, and 32 h, the disloca-
tion density of the cold-rolled high-density alloy gradually decreases to 1.279 × 1015 m−2,
1.163 × 1015 m−2, 1.011 × 1015 m−2, 9.7 × 1014 m−2, 8.71 × 1014 m−2, and 8.28 × 1014 m−2,
respectively.

ρ =
2
√

3
(
ε2) 1

2

Db
(1)

where ρ is the dislocation density, ε denotes the microscopic strain, D represents the average
grain size, b is the Berger vector.
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Figure 2. (a) XRD patterns; (b) FWHM and (c) dislocation density of cold-rolled samples after
different aging time treatments at 700 ◦C.

3.2. OM Analysis

Figure 3 depicts the microstructure of the cold-rolled Ni-W-Co-Ta medium–heavy alloy
subsequent to aging treatments at 700 ◦C for varying times. Following severe 90% cold-
rolling deformation, the grains of the Ni-W-Co-Ta medium–heavy alloy undergo elongation
along the rolling direction, rendering them arduous to differentiate. Simultaneously, the
proliferation of slip bands occurs, leading to the partitioning of grains into diminutive units
due to the interactions between adjacent slip bands, alongside the presence of a small num-
ber of undissolved tungsten particles in various configurations (elongated strips along the
rolling direction, fractured into spherical and spindle shapes) at the grain boundaries [10].
After a 2 h aging treatment, the interaction between the slip bands disappeared, but the
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matrix still showed elongated fiber texture morphology along the rolling direction, and the
undissolved tungsten particles showed spherical distribution on the matrix, as shown in
Figure 3a. Extending the aging time to 4 h yields the typical microstructure that remains
largely unchanged compared to the 2 h aging time, as depicted in Figure 3b. Additionally,
the quantity of slip bands diminishes visibly, making them challenging to discern, while the
fibrous structure undergoes a degree of coarsening after aging treatment, and the recovery
areas can be clearly observed, lasting 8 h in Figure 3c. The decreased number of slip
bands continues, and the interactions between them gradually dissipate, resulting in the
matrix adopting an elongated fibrous morphology along the rolling direction with a further
increase in aging time to 16 h, as evidenced in Figure 3d. The matrix retains its fibrous
organizational characteristics following a 24 h aging treatment, at which point the slip
bands nearly vanished and the proportion of recovery areas increased (Figure 3e). With the
aging time increasing to 32 h, the morphology of the fibrous structure gradually becomes
less distinct, and the proportion of the recovery areas further increased, intensifying the
phenomenon of grain recovery, as depicted in Figure 3f.
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3.3. TEM Analysis

In Figure 4a,b, the bright-field image and the corresponding darkfield image of the
cold-rolled Ni-W-Co-Ta medium–heavy alloy are presented after the 2 h aging treatment
at 700 ◦C. Notably, the upper right corner of Figure 4a reveals the selected area electron
diffraction (SAED), demonstrating the diffraction spot of the Ni17W3 phase in the matrix
along the [001] band axis, accompanied by additional weak spots. The faint spots (marked
with red circles) represent the W particles, while the brighter spots (marked with yellow
circles) represent the Ni4W, which were confirmed by calibrating the diffraction spots. As
the aging treatment progresses, the diffraction spots of W atoms gradually diminish while
those of the Ni4W phase intensify. This phenomenon arises from the strong short-range
order of W atoms in the Ni matrix within the cold-rolled medium–heavy alloy. Subsequent
to aging treatment, this order gradually dissipates, leading to the precipitation of the Ni4W
phase [9].

An image of the distribution of the precipitated phase with an average size measuring
6.74 nm is shown in Figure 4b. A situation unfolds after embarking on a 4 h aging treatment:
the dislocation density wanes, the quantity of the precipitated phase increases, and the
average grain size expands to 7.6 nm, as shown in Figure 4c,d. Upon extending the aging
time to 8 h, the dislocation density further decreases, the short-range ordering of W atoms
dissipates, and the diffraction spots of the Ni4W phase (size: approximately 8.84 nm)
become more pronounced, as depicted in Figure 4e,f. Subsequent to the 16 h aging time,
the recovery areas incur a reduction in lattice distortion, internal stress, and dislocation
density. Ni-W-Co-Ta medium–heavy alloys are in a thermodynamically unstable high free-
energy state due to the increase in the density of structural defects such as vacancies and
dislocations and the elevation of the distortion energy, which has the tendency to recover
to the low free-energy state before the deformation, but the recovery is slow at room
temperature because of the low temperature and small atomic mobility. However, when
the alloy is at the aging temperature, the atomic diffusion ability is enhanced, and with the
extension of the aging time, more atoms undergo diffusion and gradually migrate to the
equilibrium position, the number of vacancies decreases, the degree of lattice distortion
decreases, and the internal stress is released. At the same time, the growing dislocations
are slipped and rearranged, the heterologous dislocations on the same slip surface can
be attracted to each other and offset, and the two dislocation lines of the dislocation
dipole offset, with dislocations predominantly existing in the microstructure in low-energy
dislocation entanglement and dislocation walls [18], as illustrated in Figure 4g. In Figure 4h,
a rise in the quantity of precipitation is observed, while the grain size undergoes minimal
change, measuring approximately 9.4 nm. The recovery becomes more apparent, with the
dislocation density continuing to decrease, the quantity of the precipitation displaying
dispersed distribution and showing a typical increased trend of the size of the precipitated
phase expanding to 10.64 nm (24 h) and 11.52 nm (32 h) as the aging time extends to 24 and
32 h. Evidently, the dislocation density of cold-rolled samples gradually decreases, and
the quantity and size of the precipitation expand with the growing aging time at the same
temperature, as depicted in Figure 4i–l.
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Figure 4. TEM images of cold-rolled samples after different aging time treatments at 700 ◦C (a,b) 2 h;
(c,d) 4 h; (e,f) 8 h; (g,h) 16 h; (i,j) 24 h; (k,l) 32 h.
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3.4. Microhardness

The microhardness of the 90% deformation rolled sample both before and after aging
treatment at 700 ◦C for varying times is presented in Figure 5. Following the aging
treatment, the microhardness of the cold-rolled specimen experiences an initial surge
followed by a gradual decline with the extension of aging time. The microhardness of
the sample undergoes a rapid ascent from 584 HV before aging to 687 HV after the aging
treatment under 2 h. This increase in hardness is attributed to the precipitation of the
Ni4W, a brittle and hard phase, during the aging process. In addition, the microhardness
of the specimens gradually ascends to 719 HV (4 h), 735 HV (8 h), and 766 HV (16 h) with
the progression of aging time, which is primarily driven by the incremental precipitation
of the Ni4W phase, leading to an amplified precipitation strengthening effect. At the
same time, the combined influence of reduced dislocation density further released residual
internal stress, and the Ni4W precipitation with augmented size leads to the regression of
microhardness (725 HV and 706 HV) as the aging time extends to 24 h and 32 h.
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3.5. Strength and Elongation

The strength and elongation of the cold-rolled alloy before and after aging treatment
are presented in Figure 6. Following the aging treatment, the strength of the cold-rolled
samples embarks on the same trend as microhardness, experiencing an initial surge fol-
lowed by a gradual decline as the aging time extends. The maximum is reached under the
aging treatment (temperature: 700 ◦C; aging time: 16 h), where the tensile strength soars
to 2286 MPa (UTS) and the yield strength ascends to 1989 MPa (YS). However, a contrary
tendency emerges for elongation. This phenomenon finds its roots in the simultaneous
precipitation and growth of the second phase, recovery of cold-rolled microstructure, and
recrystallization processes in aging precipitated alloy after cold deformation [19–21] after
aging treatment. In the aging process, the alloy has two reactions: recovery and precip-
itation of Ni4W (hard and brittle phase). After 2 h of aging treatment, the strength and
hardness increase significantly while the toughness decreases, indicating that the second
precipitation phase has begun to form inside the alloy after a short aging treatment. The
dislocations bypass the precipitation phase and need a certain amount of shear stress, and
the dislocation resistance of the material increases, contributing to improved strength and
hardness. At the same time, recovery occurs in some regions. The atoms gradually migrate
to the equilibrium position because of enhanced diffusion ability, generating a reduced
number of vacancies, a decreased degree of lattice distortion, released internal stress, and a
lessened dislocation density. However, the effect of recovery is weak, and the second phase
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of strengthening dominates. With the extension of aging time, the matrix continues to
precipitate more second phase, and the effect of recovery is still replaced by the dispersion
strengthening of the second phase. The strength and hardness continue to rise, and the
toughness continues to decline; when aging time reaches 16 h, the content of precipitated
phases gradually increases, but the enhancement of strength and hardness also becomes
weaker. According to the second phase strengthening theory, after the nucleation of the
precipitated phase grows up to the critical size, it is characterized as an undeformable
particle, and the relationship between its strength increment and the volume fraction of the
second phase and the particle size is as follows [22]. (Equation (2)):

YSPO ∝ f 1/2d−1 · ln d (2)

where YSPO denotes the strength increment; f represents the volume fraction of the second
phase; d is the particle size. When the particle grows to the critical size, the volume
fraction of the precipitated phase gradually weakens its strengthening effect, and finally,
the strength and hardness of the alloy start to decrease under the combined effect of the
coarsening of the precipitated phase and the recovery effect [23]. Moreover, Figure 6
unveils the continuous decline in elongation as the aging time prolongs in medium–heavy
alloys, owing to the amplified precipitation of the hard phase (Ni4W). This increase in
lattice mismatch creates the condition for crack generation during the stretching process,
ultimately leading to a decline in elongation.
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Figure 6. Strength and elongation of cold-rolled samples after different aging time treatments at
700 ◦C.

3.6. Fracture Morphology

Figure 7 exhibits the tensile fracture morphology of the cold-rolled specimen after
varying aging time treatment at 700 ◦C. There is a reduction in dimple size, an increase
in the number of micropores, and an expansion of the cleavage surface area following
a 2 h aging treatment. And the dimples and micropores exhibit few alterations, while
the cleavage surface area continues to expand upon extending the aging time to 4 h, as
illustrated in Figure 7b. Following 8 h aging treatment, dimples become challenging to
recognize due to their diminished size and shallower depth, with a further increase in the
cleavage surface area (shown in Figure 7c). Furthermore, the section becomes irregular, the
quantity of micropores escalates, and the cleavage surface area expands when the aging
time reaches 16 h, as demonstrated in Figure 7d. In contrast to the morphology after 16 h of
aging, the dimple size increases, but their depth diminishes, leading to a decrease in the
cleavage surface area under a 24 h aging period, as depicted in Figure 7e. Upon extending
the aging time to 32 h, the cleavage surface area continues to decrease, while the dimpled
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morphology remains largely unaltered, as evidenced in Figure 7f. Ni-W-Co-Ta medium–
heavy alloys have organizational inhomogeneity after cold rolling, which is mainly affected
by grain orientation, and because this inhomogeneity makes the energy stored in different
regions differ, the distribution of the second phase in the aging process is not uniform. Due
to the presence of the second phase, this will hinder the dislocation movement, leading
to the precipitation-hardening effect. Hence, some areas possess high strength but low
ductility, causing cleavage fracture. In another part of the region, with relatively good
ductility due to the recovery of the aging process, ductile fracture occurs. Therefore, the
fracture morphology is characterized by ductile–brittle mixed fracture.
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4. Conclusions

This investigation delves comprehensively into the influence of aging time on the
microstructure and mechanical properties of the cold-rolled Ni-W-Co-Ta medium–heavy
alloy. The ensuing conclusions unfold as follows:
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1. The aging process triggers the precipitation of the Ni4W phase from the cold-rolled
medium–heavy alloy. The Ni4W phase reaches a size of about 11.52 nm, accompanied
by a proportional increase in volume fraction to 28.7% as the aging time progresses
from 2 h to 32 h.

2. Prolonged aging treatment of the cold-rolled Ni-W-Co-Ta medium–heavy alloy results
in alleviated lattice distortion resulting from severe deformation, reduced internal
stresses within grains, and decreased dislocation density, notably characterized by
dislocation entanglement and dislocation walls within the microstructure.

3. The cold-rolled Ni-W-Co-Ta medium–heavy alloy attains maximum hardness, ten-
sile strength, and yield strength at 766 HV, 2286 MPa (UTS), and 1989 MPa (YS),
respectively, following the 16 h aging treatment at 700 ◦C.

4. After the aging treatment, the fracture morphology of the cold-rolled Ni-W-Co-Ta
medium–heavy alloy exhibits a distinctive ductile–brittle mixed fracture characteristic.
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