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1- Introduction
Heavy tungsten alloys are composed of strong tungsten

particles and ductile matrix phases. Due to their high
density and superior mechanical properties, these alloys
are utilized in applications such as counterweights,
radiation shielding, and kinetic energy penetrators. These
alloys are typically produced via powder metallurgy,
where tungsten powders are mixed with other powders
such as Ni-Cu, Ni-Fe, Ni-Co, or Ni-Cr, followed by
compaction and sintering. The mechanical properties of
these composites are highly dependent on factors such as
impurity levels, strength, and the morphology of phase
boundaries, especially at the tungsten-tungsten and
tungsten-matrix interfaces. Post-sintering, these alloys
often exhibit suboptimal mechanical properties due to
factors such as hydrogen embrittlement from sintering in a
hydrogen atmosphere, excessive tungsten particle growth,
weak bonding between tungsten particles and the matrix
due to impurity segregation at the interfaces, and the
formation of intermetallic phases caused by slow cooling
rates. Heat treatment is proposed as an effective method to
address these issues, including the removal of hydrogen
embrittlement, enhancement of interface strength, and
reduction of tungsten particle contiguity. This process aids
in the elimination of hydrogen from the alloy’s structure,
thereby significantly improving its mechanical properties.
Additionally, heat treatment facilitates the infiltration of
the matrix phase into the tungsten particle interfaces,
thereby reducing particle contiguity. This study examines
the effect of multi-stage annealing heat treatment on the

bonding strength between the matrix and tungsten particles
and the contiguity of these particles.

2- Experimental

Heavy tungsten alloy samples with a chemical
composition of W93.5-Ni4.5-Fel.95 (wt%) were prepared
using pure elemental powders with particle sizes ranging
from 2 to 5 micrometers. The powders were mixed for 3
hours using a rotary ball mill. The mixed powders were
then compacted under a pressure of 200 MPa using a cold
isostatic press (EPSI-Q25). Subsequently, the samples
were placed in a horizontal tube furnace (Carbolite STF
15/75/610D) under a hydrogen atmosphere and sintered at
1480°C for one hour until a density of 99.7+0.2% of the
theoretical density was achieved. After the sintering
process was completed, the samples were air-cooled (S1).
Following the sintering stage, the samples were held at
1200°C for 2 hours under vacuum and then air-cooled
(S2). A multi-stage heat treatment was also applied to the
samples, as shown in Figure 1. Initially, the samples were
held at 1200°C for 2 hours under a nitrogen atmosphere
and then quenched in water Subsequently, in two
consecutive stages, the samples were held at 1200°C under
a nitrogen atmosphere for one hour and then quenched in
water (S3). The microstructure of the polished samples
was examined using optical microscopy (Olympus Cx23)
and scanning electron microscopy (SEM) (LEO-VP 1450).
The contiguity of tungsten particles in the microstructure
was calculated from scanning electron microscopy images
using the following equation:
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Css = 2Nss/(2Nss + Nsl) (1)

Where Nss is the number of intersections of the test line
with tungsten-tungsten boundaries, Nsl is the number of
intersections with tungsten-matrix interfaces, and Css
represents the contiguity of tungsten particles. Tensile tests
were conducted at room temperature. The samples were
prepared according to ASTM-ES standards and subjected
to tensile testing using a Zwick-Roell Z250 testing
machine equipped with an extensometer. The fracture
surfaces obtained from the tensile tests were also analyzed
using scanning electron microscopy (TESCAN BRNO-
Mira3 LMU).
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Figure 1: Schematic of the sintering process and cyclic heat
treatment on tungsten heavy alloy samples.

3- Results and Discussion

This study investigates the effect of cyclic heat treatment
on tungsten-heavy alloys by comparing heat-treated
samples (S2 and S3) with sintered samples (S1). After
undergoing liquid-phase sintering, the alloy consists of a
matrix (iron and nickel) with dispersed tungsten particles.
The density of the samples was measured to be 99.7% +
0.2 of the theoretical density. One of the most critical
factors influencing the mechanical properties of tungsten
heavy alloys is the contiguity of tungsten particles. Figure
2 illustrates the tungsten particle contiguity in the samples,
calculated using equation (1). The cyclic annealing heat
treatment reduced particle contiguity from 0.44 to 0.31,
demonstrating the significant influence of this process on
the alloy’s microstructure.

Figure 3 presents the tensile strength (MPa) and
elongation (%) results from tensile tests conducted on the
samples after sintering and cyclic heat treatment. The
tensile strength of the samples increased from 842 MPa
(S1) to 960 MPa (S3), while elongation improved from
3.5% in S1 to 9.9% in S3. This improvement is attributed
to the strengthening of interfacial bonds between the
tungsten particles and the matrix, a reduction in hydrogen
embrittlement in the matrix, and a decrease in particle
contiguity. Previous studies by German et al. confirmed
that reducing particle contiguity in tungsten-heavy alloys
leads to improved mechanical properties. Similarly, Ravi
et al. showed that in a 90W-6Ni-2Fe-2Co alloy, heat

treatment in a vacuum followed by quenching increased
the tensile strength from 619 MPa to 934 MPa due to
enhanced tungsten-matrix bonding and reduced hydrogen
embrittlement.
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Figure 2: The tungsten particle contiguity in samples of
tungsten heavy alloy (samples S1, S2, and S3).
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Figure 3: Ultimate tensile strength and elongation of
tungsten heavy alloy samples S1, S2, and S3.

Fractography of the samples using scanning electron
microscopy (SEM), shown in Figure 4, revealed four
primary modes of fracture: 1) brittle fracture of tungsten
particles, 2) brittle fracture of the matrix, 3) separation at
the tungsten-matrix interface, and 4) tungsten particle-
particle separation due to particle contiguity. In sample S3,
matrix fracture and separation at the tungsten contiguity
regions were the dominant modes of failure, indicating that
the cyclic heat treatment improved the bonding strength
between tungsten particles and the matrix.
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Figure 4: Scanning electron microscope images of the
fracture surface from the tensile test of samples A: S1, B: S3

In addition, cyclic heat treatment at 1200°C followed
by quenching addressed the issue of segregation of
elements such as C, O, N, and S at the tungsten-matrix
interface. This process homogenized the matrix
composition and prevented re-segregation. Moreover, the
mismatch in thermal expansion coefficients between
tungsten and the matrix (4.6 x 10"-6/°C for tungsten vs.
2.0 x 107-6/°C for the matrix) induced mechanical stresses
at the interface, reducing tungsten particle contiguity.
Although some hydrogen embrittlement persisted, cyclic
heat treatment effectively improved the mechanical
properties by enhancing interfacial bonding strength,
reducing particle contiguity, and mitigating embrittlement.

4- Conclusion

This study investigated the effect of cyclic heat treatment
after sintering on tungsten heavy alloy samples. The results
showed that cyclic heat treatment reduced particle
contiguity from 0.44 to 0.31, with only a slight increase in
hardness from 28.5 to 31 Rockwell C. The treatment also
enhanced tensile strength, increasing from 842 MPa to 960
MPa, and improved elongation from 3.2% to 9.9%.
Additionally, the fracture mode changed from interfacial
tungsten particle-matrix failure to matrix failure.
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Effect of Cyclic Annealing Heat Treatment on Tungsten Particles and Matrix Interface in Heavy
Tungsten Alloy

Ali Harimi Hasan Najafi Abolfazl Rezace-Bazzaz kazem Zavichi Turk  Gholamreza Ebrahimi

Abstract Heavy tungsten alloys are made by liquid phase sintering for application in protective weights, radiation
shields, and anti-missiles. The change in each of the production parameters of these alloys affects the mechanical
behavior of these alloys. The aim of this research is to assess the effect of annealing heat treatment cyclic on the bonding
strength of tungsten particles with the matrix. Tungsten alloy with a chemical composition of 93.5W-5.4Ni-1.95Fe (in
wt. %) is first compressed in a plastic mold (cold isostatic) following by liquid phase sintering at 1480 °C and two cycles
of annealing heat treatment. In order to study the mechanical properties, tensile and hardness tests are used. Also, the
microstructures and fracture surfaces (after tensile test) of the samples are examined using optical and scanning electron
microscopes. The obtained results show that due to the thermal stresses during cooling and heating through the cyclic
annealing heat treatment, the matrix phase is penetrated into the interface of tungsten particles which causes a decrease
in the contiguity (from 0.44 to 0.31). Also, the cyclic annealing heat treatment reduces the impurities in the interface
between tungsten particles and the matrix, resulting in an increase in strength (from 842 MPa to 960 MPa). Comparison
of fracture surfaces of samples with annealing cyclic shows the change of brittle fracture mechanism to soft fracture.
Keywords Heavy tungsten alloys, Sintering, Heat treatment, Particles/matrix interface, Contiguity.
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