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Abstract

This study investigates the development of a high-density W-Ni-Fe alloy using liquid-phase
sintering and examines its microstructure and mechanical properties. Critical parameters,
including sintering time and heating rate, were optimized to achieve enhanced density,
microhardness, tensile strength, and γ-ray shielding properties. The results show that
optimal sintering conditions (45 min at a heating rate of 30 K/min and a sintering temper-
ature of 1753 K) lead to a uniform dispersion of tungsten particles, with a high-volume
fraction of tungsten in the matrix and enhanced bonding within the γ(Ni-Fe) matrix. The
alloy achieved a density of 16.99 g/cm3 and exhibited superior mechanical performance,
with a tensile strength of 846.66 MPa and an elongation of 10.5%, as well as excellent γ-ray
attenuation capabilities. These results demonstrate its suitability for nuclear applications.

Keywords: W-Ni-Fe series alloy; liquid-phase sintering; microstructure; shielding properties;
tensile properties

1. Introduction
Tungsten-heavy alloys, particularly W-Ni-Fe systems, have attracted significant atten-

tion for nuclear applications due to their unique combination of high density (17–19 g/cm3),
excellent mechanical strength, superior gamma/X-ray attenuation, and exceptional thermal
stability [1–4]. Tungsten provides high density and radiation shielding, while nickel and
iron enhance ductility, machinability, and microstructural uniformity [5]. The selection of
Ni and Fe is based on their synergistic effects: Ni improves wettability and increases W
solubility in the γ-phase, while Fe enhances matrix fluidity and reduces the liquid phase
formation temperature by approximately 50 K compared to binary W-Ni systems [6]. These
properties make W-Ni-Fe alloys promising candidates for nuclear reactor components,
radiation shielding, and radioactive waste containers [7–9].

Liquid-phase sintering (LPS) has emerged as a widely studied technique for optimiz-
ing the microstructure and mechanical properties of W-Ni-Fe alloys [10,11]. During LPS,
critical processes such as the dissolution of tungsten into the γ-(Ni,Fe) matrix, particle
rearrangement, and densification play key roles in achieving a homogeneous microstruc-
ture and improved mechanical performance [12]. The ternary W-Ni-Fe system achieves
superior densification through enhanced capillary forces during LPS, with precise control of
sintering parameters—including sintering time, temperature, and heating rates—proving
essential for balancing densification and grain growth while avoiding issues such as phase
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segregation and porosity [13–15]. Studies have demonstrated that mechanical properties,
including tensile strength and elongation, can be significantly improved by optimizing
these parameters [16,17]. Research indicates that precise control of sintering conditions,
such as a heating rate of 30 K/min and a sintering time of 45 min, significantly enhances
the density, tensile strength, and microhardness of these alloys, making them suitable for
extreme environments [18,19].

While previous studies have demonstrated that precise control of sintering parameters
can enhance individual properties of W-Ni-Fe alloys [18,19], these investigations have
primarily focused on isolated improvements without establishing comprehensive correla-
tions between processing conditions, microstructural evolution, and multiple performance
metrics. Specifically, the simultaneous effects of sintering parameters on grain refinement,
phase distribution, porosity elimination, and their combined influence on both mechanical
properties and gamma-ray shielding performance remain insufficiently explored. Further-
more, quantitative relationships linking sintering kinetics to microstructural features and
final material performance have yet to be systematically established for this alloy system.

Recent research has emphasized the importance of refining microstructure, reducing
porosity, and optimizing the sintering process to further improve the density, mechanical
strength, and radiation shielding properties of W-Ni-Fe alloys [20–22]. However, challenges
such as excessive grain coarsening and pore formation due to prolonged sintering remain
prevalent. The complex multi-phase structure of W-Ni-Fe alloys—primarily consisting of
a W phase and a γ-(Ni,Fe) matrix—can result in uneven particle distribution and weak
interfacial bonding, ultimately reducing the overall density and structural integrity of the
material [23–25]. Incomplete densification during sintering can also leave residual pores,
which serve as stress concentrators, significantly degrading the alloy’s mechanical prop-
erties. These limitations hinder the broader application of W-Ni-Fe alloys in demanding
environments, necessitating optimized processing techniques to address these deficiencies.

While lead offers high attenuation at lower energies due to its higher atomic number
(Z = 82), tungsten-based materials can be more efficient at higher energies, especially when
combined with structural stability and reduced toxicity. Compared to other commercial W-
Ni-Fe or W-Ni-Cu alloys with similar compositions, the half-value layer (HVL) of 4.11 cm
achieved in this work is comparable to or better than the reported range of 4.2–4.6 cm for
90–93 wt.% W alloys at 662 keV.

This study addresses the identified gaps by systematically investigating the microstruc-
tural evolution, mechanical properties, and gamma-ray shielding performance of 90W-
7Ni-3Fe alloy under controlled liquid-phase sintering conditions. Unlike prior work, we
establish quantitative process–structure–property correlations by (1) analyzing the effects of
sintering time (30–90 min) and heating rate (10–50 K/min) on densification, grain growth,
and phase distribution using SEM and XRD; (2) evaluating mechanical properties (density,
tensile strength, elongation, microhardness) through standardized testing; and (3) assessing
gamma-ray shielding performance via HVL measurements at 662 keV. This integrated
approach provides practical guidelines for optimizing tungsten heavy alloys for struc-
tural and radiation shielding applications, where simultaneous improvements in density,
mechanical integrity, and shielding effectiveness are essential.

2. Materials and Methods
2.1. Materials and Sample Preparation

The elemental powders of tungsten (W), nickel (Ni), and iron (Fe) used for preparing
W-Ni-Fe alloys exhibit distinct physical characteristics and high purity, ensuring opti-
mal performance during LPS. Their physical and chemical properties, volume percentage
content, and impurity levels are summarized in Table 1. Tungsten powder, with its excep-
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tionally high density, serves as the primary phase, providing superior radiation shielding,
high mechanical strength, and corrosion resistance. Nickel powder functions as a binder
phase, offering excellent ductility, oxidation resistance, and good wettability, which en-
hances bonding between W particles. Iron powder, in combination with nickel, forms the
γ-(Ni,Fe) matrix at temperatures above 1500 K, improving alloy uniformity and toughness
while optimizing liquid-phase behavior during sintering.

Table 1. Characteristics of elemental powders: W, Ni, and Fe.

Powder Characteristics W Ni Fe

Percentage content (%) 90 7 3
Mean particle size (um) 3.0 2.2 5.5
Morphology Spherical Spherical Spherical
True density (g·cm−3) 19.3 8.9 7.87
preparation methods Reduction method Carbonyl method Carbonyl method
Purity (wt.%) ≥99.8 ≥99.5 ≥99.5
Main impurities (wt.%)
Carbon (C) 0.01 0.2 0.02
Oxygen (O) 0.04 0.15 0.01
Silicon (Si) - - 0.05
Manganese (Mn) - - 0.04
Phosphorus (P) - - 0.01

The preparation of W-Ni-Fe alloy samples involves three main steps: ball milling,
press forming, and vacuum LPS. First, W, Ni, and Fe powders are weighed according to the
target composition (90W-7Ni-3Fe) and mixed using a planetary ball mill under controlled
parameters (milling time: 1 h, ball-to-powder ratio: 2:1, milling speed: 100 rpm). These mild
milling conditions are intentionally selected to achieve homogeneous spatial distribution of
the three elemental powders without inducing mechanical alloying or significant particle
refinement. This process ensures that Ni and Fe particles are evenly dispersed around W
particles (Figure 1), which is sufficient for subsequent LPS where complete homogenization
occurs via dissolution and reprecipitation. The milling also moderately activates particle
surfaces, thereby improving sintering behavior.

Figure 1. Formation process of LPS in W-Ni-Fe Alloy: (a) bonding, (b) aggregation and rearrangement,
(c) precipitation and growth, and (d) alloy solidification and forming.

The mixed powder is then dried and compacted into cylindrical or rectangular green
bodies using a hydraulic single-column press at 300 MPa for 5 min. High-pressure com-
paction increases particle packing density and minimizes initial porosity. Finally, the
compacted samples undergo vacuum LPS in a ZG-0.01L medium-frequency induction
furnace at a vacuum level of 5 Pa and a sintering temperature of 1753 K. The heating rates
are controlled within 10–50 K/min, while the sintering times vary from 15 to 90 min.

In the iron (Fe)–nickel (Ni) alloy system, when the sintering temperature is below the
eutectic temperature of approximately 1425 ◦C, the γ(Ni-Fe) liquid phase forms, promoting
the rearrangement and densification of W particles. This dissolution–reprecipitation pro-
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cess, governed by the Gibbs free energy change, facilitates the formation of a high-density
alloy with a refined microstructure. Thermodynamically, the formation of the γ(Ni-Fe)
phase is favored by the reduction in system energy, driving the rearrangement of atoms
and improving interfacial bonding between the W particles and the matrix. As the sintering
progresses, the liquid phase aids in densification, reducing porosity and enhancing the
mechanical properties of the alloy. The phase diagram of the Fe-Ni system provides insight
into the equilibrium conditions for the γ(Ni-Fe) phase formation, supporting the alloy’s
structural development. This systematic preparation method ensures uniform composi-
tion, reduced porosity, and enhanced mechanical properties in the final W-Ni-Fe alloy, as
illustrated in Figure 1.

2.2. Experimental Design

The experimental design systematically evaluates the effects of various sintering times
and heating rates on the microstructure and mechanical properties of the W-Ni-Fe alloy.
Ten experimental groups were established, with sintering times ranging from 15 min to
90 min and heating rates ranging from 10 K/min to 50 K/min. Short sintering times,
such as 15 min at a heating rate of 10 K/min, focus on studying the initial stages of
microstructural evolution and phase formation. Moderate sintering times, such as 30 min
at 20 K/min, aim to investigate the influence of sintering parameters on the densification
process and microstructural evolution. Based on the systematic experimental investigation
conducted in this study, the sintering condition of 45 min and 30 K/min was identified as the
optimal parameter combination, achieving maximum densification, grain refinement, and
a balanced improvement in mechanical properties. Longer sintering times, such as 60 and
90 min, are included to assess the long-term effects on microstructure and properties under
extended heating conditions. Extended sintering times of 60 and 90 min at higher heating
rates (40 K/min and 50 K/min, respectively) are included to investigate the effects of
excessive sintering, such as pore formation, grain coarsening, and performance degradation.
This systematic approach provides a comprehensive evaluation of the relationship between
sintering parameters and the alloy’s densification, phase distribution, and mechanical
properties. The specific liquid-phase sintering parameters for each sample group are listed
in Table 2. Figure 2 shows the macroscopic appearance of the powder compacts after
ball milling (green bodies) and the corresponding sintered samples after liquid-phase
sintering under different conditions. As illustrated in Figure 2, the sintered samples exhibit
progressive densification and surface shrinkage with increasing sintering time from 15 to
90 min, consistent with the density measurements presented in Section 3.1. The sample
sintered at 45 min (optimal condition) displays the most uniform surface morphology
and minimal dimensional distortion, correlating with its highest density and mechanical
properties reported in Table 2.

Table 2. Sintering process parameters of high-density W-Ni-Fe alloy.

Sample No. Heating Rate (K/min) Sintering Time (min) Sintering
Temperature (K)

1# 25 15 1753
2# 25 30 1753
3# 25 45 1753
4# 25 60 1753
5# 25 90 1753
6# 10 45 1753
7# 20 45 1753
8# 30 45 1753
9# 40 45 1753

10# 50 45 1753
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Figure 2. Photographs of samples: (a1) W powder, (a2) Ni powder, and (a3) Fe powder; (b1) before
liquid-phase sintering and (b2) after liquid-phase sintering; and (c) morphology of the powders
after milling.

2.3. Characterization Methods

The microstructural evolution of W-Ni-Fe alloys during LPS was characterized using
advanced analytical techniques. Phase constitution, γ-(Ni,Fe) formation, and grain refine-
ment were analyzed by X-ray diffraction (XRD; XD-3, Cu Kα radiation) over a 2θ range
of 10–90◦. Surface morphology, grain distribution, and phase boundaries were examined
using scanning electron microscopy (SEM; JEOL-JSM-6490LA, Tokyo, Japan) equipped
with energy-dispersive X-ray spectroscopy (EDS) for elemental analysis.

Mechanical properties were evaluated through microhardness and tensile testing.
Microhardness measurements were performed using an HXD-1000B microhardness tester
(Shanghai Jiapeng Technology Co., Ltd., Shanghai, China) with a diamond pyramid inden-
ter under a 300 g load and a dwell time of 20 s. Tensile tests were conducted on a PWS-E100
electro-hydraulic servo universal testing machine (Shanghai Benang Scientific Instrument
Co., Ltd., Shanghai, China) at a constant loading rate of 0.1 mm/min in accordance with
ASTM E8/E8M-16a standard. Strain was precisely monitored using an extensometer to
assess deformation behavior. Specimen dimensions and photographs are shown in Figure 3.

22

12
5

7.
5 2.
5

(a) Strength test specimen size (Unit: mm) (b) Strength test specimen picture  

Figure 3. Strength test specimen of W-Ni-Fe Alloy.

The density of sintered samples was measured using Archimedes’ principle. These
characterization methods provide a comprehensive understanding of the relationships be-
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tween sintering parameters, microstructure, and mechanical performance, offering valuable
insights for optimizing the alloy’s properties.

The gamma-ray shielding performance of the W-Ni-Fe alloy was evaluated to assess
its radiation attenuation capability for nuclear engineering and radiation protection ap-
plications. Measurements were conducted using a BH1326 γ-ray shielding tester under
the following conditions: 137Cs radioactive source (662 keV), 200 µm AL window NaI
scintillation probe, source-to-probe distance of 72.5 mm, and high voltage of −676 V. The
measurement principle is illustrated in Figure 4 [23,24]. Gamma rays, as photon streams,
lose most or all of their energy upon interaction with materials. Materials with higher
atomic numbers exhibit stronger γ-ray absorption, resulting in greater radiation intensity
reduction. In this study, alloy samples of varying thicknesses were exposed to the γ-ray
source, and the transmitted radiation intensity was measured using the scintillation de-
tector. The narrow-beam γ-ray intensity decreased significantly after passing through the
samples, confirming effective radiation absorption. Background counts (N1) and source
counts (N2) are listed in Table 3.

 

Figure 4. Schematic diagram of shielding performance test for W-Ni-Fe Alloy.

Table 3. Shielding experiment data: background counts (Nb) and γ-ray source counts (Nγ).

Sample No. N1 N2 N3 N4 N5 NV N0 = Nγ − Nb

Nb 2889 2860 2839 2910 2893 2878.2
24,541.4Nγ 27,193 27,503 27,413 27,407 27,582 27,419.6

The attenuation of γ-ray intensity follows an exponential law when passing through
materials. The relationship for the linear attenuation coefficient is expressed as [24,25]

N = N0e
µR/ρ, where N0 and N represent the number of γ-rays before and after passing

through the sample, respectively; R is the mass density of the sample in g/mm3; and µ is
the linear absorption coefficient of γ-rays in mm−1. Taking the natural logarithm of both
sides of this equation yields ln (N0

N ) = µR/ρ. This allows for the calculation of the linear
absorption coefficient µ given the density of the material. The mass density R (in g/mm3) is
related to the density ρ by R

ρ = d. where d is the specific mass density. This relationship can
be used to determine the material’s shielding effectiveness, including the half-thickness for
absorption, which is a key parameter for evaluating the material’s ability to attenuate γ-ray
intensity. In other words, the half-thickness for absorption is d1/2 =

ln2
µ = 0.693

µ , which is an
important parameter for evaluating the material’s shielding effectiveness.

3. Results and Discussion
3.1. SEM Morphology

The microstructural development of the W-Ni-Fe alloy exhibits a strong dependence on
sintering time, as quantified in Figure 5. During the initial stage Figure 5a, discontinuous
W-W contacts and heterogeneous Ni-Fe binder distribution dominate, consistent with
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incomplete particle rearrangement in solid-state sintering. Therefore, it can be seen from the
SEM morphology of 1# specimen that small, irregularly shaped particles with a disordered
arrangement were observed. Tungsten (W) crystals formed extensive intergranular contact
areas, while the nickel (Ni) binding phase was unevenly distributed. After 30 min of
liquid-phase sintering, the W grains transition to ellipsoidal geometries with partial matrix
wetting, while residual porosity reflects kinetic limitations in liquid redistribution. Figure 5b
shows the surface morphology of the 2# sample with round W crystals embedded in the
nickel-iron (Ni-Fe) substrate phase. Due to the short sintering duration, the substrate
phase distribution was uneven, resulting in incomplete precipitation and scattered W
crystals within the Ni liquid phase. Progressive sintering to 45 min enhances binder phase
continuity, though W grain growth remains limited, suggesting solution-reprecipitation
is rate-limited by interfacial diffusion. Figure 5c shows the W crystals exhibited clear
boundaries and were well-covered by the substrate phase. However, minimal growth of
the W crystals was observed. Extended sintering to 60 and 90 min leads to pronounced
coarsening of W grains, which adopt a spherical morphology with smooth surfaces. This
reflects the dominance of Ostwald ripening, where smaller grains dissolve into the liquid
phase, and larger grains grow to minimize interfacial energy. Figures 5d and 5e depict the
surface morphologies of the 4# and 5# samples after 60 and 90 min of sintering, respectively.
The W crystals grew larger, increasing the spacing on the alloy surface and taking on a
spherical appearance. During liquid-phase sintering, the Ni-Fe substrate phase dissolved
smaller crystals, particularly at sharp crystal angles.

 
Figure 5. Effect of sintering time on the morphology of W-Ni-Fe alloy: (a) 15 min, (b) 30 min,
(c) 45 min, (d) 60 min, and (e) 90 min.

These observations align with the three-stage liquid-phase sintering model: (i) particle
rearrangement (0–30 min), (ii) solution-reprecipitation-controlled growth (30–60 min), and
(iii) coalescence-dominated densification (>60 min). The temporal separation of these stages
underscores the critical role of sintering duration in optimizing density (maximized at
90 min) versus grain size control (compromised beyond 60 min). It can be seen that its
sintering process of W-Ni-Fe Alloy is similar to that in Figure 1.

Figure 6 illustrates the surface morphology of the W-Ni-Fe alloy, which evolves
significantly with varying heating rates. The heating rate during sintering plays a critical
role in grain refinement and the formation of the γ(Ni, Fe) matrix phase. In the 6# sample,
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the average grain size is 23.6 µm, with relatively large spacing between the grains, leading
to a less dense structure. A small amount of voids is observed at the interface between the
W grains and the substrate phase, likely caused by phase boundary contamination and
precipitation due to an excessively slow temperature rise and prolonged sintering times. As
the heating rate increases, the surface particles in the 8# sample become more elliptical and
smaller compared to those in the 6# sample. At a heating rate of 50 ◦C/min (10# sample),
the surface particles are significantly refined, with an average size of approximately 9.6 µm
(Figure 6e). This refinement in particle size is attributed to the continuous densification
and coarsening of W crystals as the sintering temperature increases. When the sintering
temperature is below the eutectic temperature of the substrate phase, W crystals appear
irregular and grow rapidly due to the lack of sufficient thermal energy for proper phase
formation and solid-phase diffusion, leading to non-uniform crystal growth. A faster
heating rate accelerates the formation of the γ(Ni, Fe) phase, which helps to prevent the
excessive growth of tungsten (W) crystals. In general, faster heating rates limit grain
coarsening, leading to finer tungsten grains. Conversely, slower heating rates allow more
time for diffusion, promoting a more uniform distribution of Ni and Fe within the γ(Ni,
Fe) phase. By optimizing the heating rate and sintering duration, the microstructure can
be fine-tuned to achieve improved grain refinement and better development of the matrix
phase, ultimately enhancing the alloy’s mechanical properties and structural integrity.

(a)10k/min
25um 25um 25um

(b)20k/min (c)30k/min

(d)40k/min (e)50k/min

25um25um

W grain

Matrix                                                                                  phase Matrix                                                                                  phase

W grain W grain

Matrix                                                                                  phase

Matrix                                                                                  phase Matrix                                                                                  phase

W grain W grain

P   ores

Figure 6. Effect of heating rate on the morphology of W-Ni-Fe alloy: (a) 10 K/min, (b) 20 K/min,
(c) 30 K/min, (d) 40 K/min, and (e) 50 K/min.

3.2. X-Ray Diffraction (XRD) Analysis

Figure 7 presents the XRD patterns of the W-Ni-Fe alloy under varying sintering
times and heating rates. The analysis of these patterns reveals that the alloy consists of
the body-centered cubic tungsten phase and the γ(Ni, Fe) matrix phase. As the sintering
time increases, prolonged liquid-phase sintering promotes the dissolution of solid nickel
(Ni) and iron (Fe) into the tungsten (W) matrix, leading to the formation of the γ(Ni,
Fe) solid solution phase. Notably, when the sintering time reaches 90 min, the W grain
size becomes the largest, and the diffraction peaks shift to the left, indicating changes in
the microstructure.
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Figure 7. XRD patterns of W-Ni-Fe alloy with varying sintering times and heating rates.

It can also be observed from Figure 7 that as the heating rate increases, the diffraction
peaks of W crystals on the alloy surface gradually broaden, while the diffraction peak of
the γ(Ni, Fe) matrix phase shifts. This shift suggests refinement of the W crystals. At a
liquid-phase sintering rate of 50 K/min, the average grain size of W is 9.6 µm, as shown in
Figure 7. This refinement occurs because higher heating rates limit the dissolution of W
into the substrate phase, inhibiting excessive W crystal growth. The main phases observed
on the alloy surface include W phases with a body-centered cubic (bcc) structure and a
γ-(Ni,Fe) solid-solution phase with a face-centered cubic (fcc) structure, where Fe acts
as the solvent and Ni as the solute. XRD analysis further reveals the sensitivity of the
alloy’s phase composition to variations in sintering parameters. With longer sintering
times and slower heating rates, the γ(Ni, Fe) matrix phase becomes more prominent due
to increased dissolution of Ni and Fe into the tungsten structure. This is accompanied by
a slight decrease in the intensity of the tungsten (W) diffraction peaks, suggesting better
integration of the matrix phase.

3.3. Composition of W-Ni-Fe Alloy Analysis

Figure 8 is a photomicrograph of the metallographic structure of W-Ni-Fe alloy with
different sintering times. It can be seen from Figure 8 that the microstructure of W-Ni-Fe
alloys shows typical “two-phase” granular. The alloy with a sintering time of 15 min has less
structure, with the increase in sintering time, the gray banded structure between the grain
boundaries and the grain boundaries becomes wider and irregular massive morphology
appears. Based on the XRD pattern shown in Figure 7, the phase structure was identified as
γ(Ni, Fe). As the sintering time increased, the massive structure decomposed into smaller,
irregularly shaped regions distributed at the intersections of polycrystalline boundaries.
The bonding phase, characterized by a white band structure, exhibited a significant number
of dendritic crystals embedded within the grain interiors, thereby enhancing the bonding
strength between particles. This phase was identified as γ(Ni, Fe). The observed changes
can be attributed to the aggregation of particles, which increased the number of nuclei per
unit area. Consequently, more Fe-W-Ni alloy phases were formed. However, excessive W
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content caused W particles to accumulate at the grain boundaries, promoting the growth of
W grains. Simultaneously, the strain energy influence inhibited the growth of neighboring
grains, resulting in a higher shape factor and the formation of irregular grain structures.

Figure 8. Photomicrograph of the metallographic structure of W-Ni-Fe Alloy at different sintering
times: (a) 15 min, (b) 30 min, (c) 45 min, (d) 60 min, and (e) 90 min.

Figure 9 shows the variation in the W, Ni, and Fe contents in the γ(Ni, Fe) phase of the
W-Ni-Fe alloy, based on EDS analysis. As the sintering time increases, the W content in the
substrate phase continuously rises, while the Ni and Fe contents decrease. This behavior
can be attributed to the ongoing diffusion and redistribution of elements during sintering.
Higher temperatures facilitate the migration of W atoms into the substrate phase, driven by
temperature gradients and phase boundary dynamics. Specifically, the W content increases
from 10.94% at 15 min to 27.92% at 90 min, while Ni and Fe contents decrease from 67.68%
and 21.38% to 52.23% and 19.85%, respectively. This phenomenon is a result of solid-state
diffusion and phase equilibrium changes during sintering. Additionally, phase composition
analysis reveals that the Ni-Fe liquid phase and W phase exhibit excellent wettability at
high temperatures. The solubility of W in the Ni-Fe liquid phase reaches approximately
40%, while the solubility of Ni and Fe in the W liquid phase is less than 2%. This difference
in solubility contributes to the redistribution of elements, further explaining the observed
changes in W, Ni, and Fe contents. As the sintering time reaches 90 min, the average W
grain size also reaches its maximum, as shown in Figure 5.

Figure 9b further illustrates that the W content in the substrate phase decreases
gradually as the heating rate increases. When the heating rate increases from 10 K/min to
50 K/min, the Fe content decreases from 25.79% to 19.52%, while the Ni and W contents
increase from 62.32% and 31.89% to 65.97% and 34.51%, respectively. This trend is also
due to the increased diffusion of W and Ni at higher heating rates, which accelerates the
redistribution of elements in the substrate phase. This trend can be attributed to the fact
that a higher heating rate inhibits W crystal growth and suppresses the dissolution and
precipitation of the W phase. Notably, between 30 K/min and 50 K/min, the crystals
become significantly refined, resulting in a sharper decrease in the Fe content within the
substrate phase, as shown in Figure 6.
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Figure 9. Elemental composition of W, Ni, and Fe in the γ(Ni, Fe) phase of W-Ni-Fe Alloy: (a) sintering
time; (b) heating rate.

3.4. Mechanical Properties

The optimization of sintering parameters plays a crucial role in determining the me-
chanical properties of alloys. In particular, both sintering time and heating rate significantly
influence these properties through mechanisms that govern densification, grain growth,
phase transformation, and interfacial bonding. The mechanical properties of the W-Ni-Fe
alloy, including density, tensile strength, elongation, and microhardness, are significantly
influenced by both sintering time and heating rate, with complex interactions between
these two parameters.

Figure 10 presents the variation in density, tensile strength, elongation, and micro-
hardness of the W-Ni-Fe alloy with different liquid-phase sintering durations. The re-
sults indicate an initial increase in these properties with sintering time, followed by a
decline at longer durations. Density increases with sintering time, reaching a peak of
16.99 ± 0.6 g/cm3 at 45 min, before slightly decreasing at longer times due to grain coarsen-
ing and pore entrapment, as shown in Figure 10a. The reduction in density and hardness at
extended sintering times can be attributed to the onset of grain coarsening, which leads to
a decrease in the number of grain boundaries that act as barriers to dislocation movement,
thus weakening the alloy. This is consistent with the findings in previous studies that have
shown that prolonged sintering can promote Ostwald ripening, where larger grains grow
at the expense of smaller grains, reducing the overall material strength [26]. Microhardness
also peaks at 435 ± 6 HV at 45 min, corresponding to optimal densification, grain bonding,
and phase uniformity, as the powder particles have sufficient time to bond and form a
more homogeneous microstructure. Tensile strength and elongation are maximized at
approximately 45 min, with tensile strength reaching 840 ± 12 MPa and elongation peaking
at 10.2 ± 0.8%, attributed to enhanced interfacial bonding and uniform γ(Ni-Fe) matrix
phase distribution. The uniformity of phase distribution is a critical factor in improving
mechanical properties, as the homogeneous phase ensures better load transfer between
the W phase and the γ(Ni-Fe) matrix. Extended sintering times, however, lead to grain
coarsening, weakening the grain boundaries and reducing ductility. This phenomenon can
be explained by the increased inter-grain distance, which reduces the overall interfacial
strength, leading to a decrease in ductility [27].

Figure 11 shows the variations in density, tensile strength, elongation, and microhard-
ness of the W-Ni-Fe alloy as a function of different heating rates during sintering. The
data indicate that, as the heating rate increases, the mechanical properties initially improve
but later decrease. The alloy achieves optimal density and overall mechanical properties
at heating rates between 20 and 40 K/min. The highest density of 17.0 ± 0.5 g/cm3 is
attained at a heating rate of 20 K/min, while the peak tensile strength of 846.66 ± 14 MPa,
elongation of 10.5 ± 0.7%, and microhardness of 439.91 ± 8 HV occur at a heating rate
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of 30 K/min. The effect of heating rate on the mechanical properties can be attributed to
its influence on the rate of liquid-phase formation and densification. A moderate heating
rate allows for a more controlled liquid-phase formation, preventing excessive porosity
and promoting better particle packing [28]. However, at a heating rate of 50 K/min, a
significant deterioration in mechanical properties is observed. This decline is attributed to
increased porosity and a more porous microstructure due to the excessively rapid heating
rate, which does not allow adequate time for effective densification of the powder particles.
As a result, the alloy experiences incomplete densification, leading to reduced structural
integrity and mechanical strength.

Figure 10. Effect of sintering time on mechanical properties of 90W-7Ni-3Fe alloy (heating rate:
30 K/min): (a) Density, (b) Tensile strength, (c) Elongation, (d) Hardness.. Data are presented as
mean ± standard deviation (n = 3).

 
Figure 11. Variation in mechanical properties of W-Ni-Fe alloy with heating rate: (a) density,
(b) tensile strength, (c) elongation, and (d) hardness. Data are presented as mean ± standard deviation
(n = 3).
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Based on the findings, a sintering time of 45 min coupled with a heating rate of
30 K/min is identified as the optimal condition for achieving the best balance of density,
strength, and ductility in the W-Ni-Fe alloy. This combination of sintering time and heating
rate allows for sufficient time to ensure effective densification of the powder particles,
leading to a high density of 16.99 g/cm3. The moderate heating rate of 30 K/min promotes
uniform temperature distribution, which facilitates the formation of a homogeneous γ(Ni,
Fe) matrix and the optimization of phase formation. Additionally, the 45 min sintering time
ensures adequate time for the elements to diffuse and redistribute, improving the bonding
between the W, Ni, and Fe phases. As a result, this condition achieves a peak tensile strength
of 846.66 MPa, an elongation of 10.5%, and a microhardness of 439.91 HV, demonstrating a
well-rounded combination of strength and ductility. These results highlight the importance
of controlling both sintering time and heating rate to optimize the mechanical properties of
the alloy.

3.5. Tensile Fracture Appearance

The tensile test of the W-Ni-Fe alloy was performed using a PWS-E100 electro-
hydraulic servo dynamic/static universal testing machine. After the test, the fracture
surfaces of the alloy under different liquid-phase sintering times and heating rates
were analyzed using a JEOL-JSM-6490LA scanning electron microscope, as shown in
Figures 12 and 13. The fracture surfaces of the alloy exhibit distinct differences depending
on the sintering time and heating rate.

 
Figure 12. Tensile fracture morphology of W-Ni-Fe alloy sintered at 1753 K with different holding
times: (a) 15 min, (b) 30 min, (c) 45 min, (d) 60 min, and (e) 90 min.

In the 1# sample (15 min of sintering), the W crystals are multi-angular and irregularly
distributed, while the substrate phase exhibits uneven dispersion throughout the matrix.
This results in intergranular fractures, suggesting weak bonding between the W crystals
and the substrate phase. The poor bonding at this stage can be attributed to insufficient time
for the formation of an optimal Ni-Fe liquid phase that could reinforce the intergranular
bonding. This suggests that a short sintering time does not allow for the complete diffusion
of Ni and Fe components, hindering the formation of a strong bond between the phases [29].
In contrast, for the 2# sample (30 min of sintering), Figure 12b shows a ductile fracture,
characterized by plastic deformation and the pull-out of W crystals, rather than cleavage
fracture. The fracture surface exhibits evidence of localized deformation, which is typical of
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ductile fracture behavior. During this stage, the Ni and Fe components in the alloy are more
evenly heated, leading to the formation of Ni-Fe liquid phases in the spaces between the
W crystals. These liquid phases generate capillary forces, which promote a more compact
arrangement of W crystals, thereby improving the overall strength of the alloy by enhancing
the bonding between particles and reducing porosity. The increased cohesion between
the phases results in a more uniform microstructure, leading to improved ductility and
strength. This process can be attributed to the enhanced liquid-phase sintering process that
facilitates the densification and grain bonding [30].

(a)10K/min

10um 10um 10um
(b)20K/min (c)30K/min

(d)40K/min (e)50K/min

10um10um

Dimples

Dimples

Dimples

Pore

Pore

Pore

Pore

Pore

Dimples

Dimples

Grain Boundary Sliding

Dimples

Pore
Grain Boundary Sliding

Pore

Grain Boundary Sliding

Pore
Pore

Grain Boundary Sliding

Pore

Pore

 

Figure 13. Tensile fracture morphology of 90W-7Ni-3Fe alloy sintered at 1753 K with different heating
rates: (a) 10 K/min, (b) 20 K/min, (c) 30 K/min, (d) 40 K/min, and (e) 50 K/min.

At 45 min of sintering, as seen in Figure 12c, the alloy exhibits cleavage fracture of
the W crystals, with the substrate phase torn into flocculent structures. This structure
corresponds to optimized mechanical properties, where tighter packing of the W crystals
and better distribution of the substrate phase contribute to both enhanced strength and
ductility. The uniform distribution of the Ni-Fe liquid phase at this sintering time plays a
significant role in reinforcing intergranular bonding and improving the overall mechanical
properties of the alloy. The homogeneous phase distribution also minimizes the formation
of weak interfacial boundaries, which would otherwise facilitate crack propagation.

However, when the sintering time exceeds 60 min (Figure 12d,e), the fracture surfaces
display more pronounced intergranular fractures. In these samples, larger W crystals form,
and the boundaries between the W crystals and the Ni-Fe liquid phases become increasingly
ambiguous. This structural shift results in a deterioration of mechanical properties, with a
noticeable decrease in tensile strength. The weaker interfacial bonding between the phases,
caused by the loss of phase continuity and the formation of larger, poorly integrated
W crystals, leads to a reduction in overall alloy performance. Additionally, prolonged
sintering times promote the growth of W crystals, which diminishes the alloy’s ability to
maintain uniform strength across the microstructure. Larger W crystals create areas of
weak bonding, which promote crack initiation and propagation. These findings highlight
the critical importance of controlling sintering time and heating rate to ensure the optimal
balance between grain refinement and phase distribution, which is essential for maintaining
strong mechanical properties.

Figure 13 presents the tensile fracture surfaces of the W-Ni-Fe alloy subjected to
varying heating rates during sintering. As the heating rate increases, the energy input
during sintering elevates, inhibiting W crystal growth and resulting in a microstructure
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characterized by finer grains. This grain refinement leads to fracture surfaces dominated
by transgranular fractures of W crystals, contributing to enhanced tensile strength in the
alloy. The finer grain structure promotes stronger intergranular bonds, thus improving
tensile strength. This phenomenon is consistent with the theory that finer grains increase
the number of grain boundaries, which act as barriers to dislocation movement, thereby
strengthening the material [31]. At slower heating rates, the extended sintering duration
promotes the precipitation of impurities, which can obscure phase boundaries and weaken
interfacial bonding. In the 6# sample, which underwent a slower temperature rise, the
fracture surface exhibits fewer transgranular fractures, with more intergranular fractures,
as shown in Figure 13a. This suggests that prolonged sintering, particularly at slower
heating rates, allows impurities to accumulate at the grain boundaries, leading to the
formation of weak points that negatively affect the mechanical properties of the alloy.
The accumulation of impurities at the grain boundaries can lead to phase segregation,
weakening the intergranular bonding and reducing the alloy’s strength.

Conversely, higher heating rates accelerate the nucleation process, resulting in more
distinct and well-defined crystal boundaries. However, in the 10# sample subjected to a
rapid heating rate of 50 K/min, the fracture surface reveals numerous pores and uneven
crystal structures, as shown in Figure 13e. These features, including porosity and structural
inhomogeneity, indicate that excessive heating rates lead to inadequate densification during
sintering. Poor densification is a key factor that compromises mechanical properties, as it
creates voids and reduces the continuity of the material’s structure, weakening its overall
strength and ductility. The high heating rate reduces the time available for the powder
particles to bond effectively, which limits densification and increases porosity [32].

The observed fracture morphologies highlight the importance of optimizing the heat-
ing rate during sintering. A balanced heating rate is crucial to provide sufficient energy for
proper densification and grain refinement while avoiding the precipitation of impurities
and excessive porosity, which can deteriorate the alloy’s mechanical performance.

3.6. Shielding Properties

Figure 14 illustrates the transmission intensity of the W-Ni-Fe alloy, with standard
lead used as the calibration sample. Table 4 presents the experimental results for the

absorption coefficient of the alloy, calculated using equation: N = N0e
µR/ρ. As shown

in Figure 14, the linear attenuation coefficients of the W-Ni-Fe alloy are notably lower
than those of lead. The half-thickness for γ-ray absorption of the alloy is calculated using
equation d1/2 = 0.693/µ. The half-thickness for γ-ray absorption of the W-Ni-Fe alloy
is 4.11 cm, which is superior to lead’s 6.44 cm. This result indicates that the W-Ni-Fe
alloy exhibits enhanced γ-ray shielding properties, which can be attributed to its high
tungsten content. Tungsten’s high density (19.3 g/cm3) and atomic number (Z = 74) are key
factors contributing to its superior γ-ray attenuation capabilities. The high atomic number
allows for a greater probability of photon interaction, particularly through the photoelectric
effect and Compton scattering, which are effective mechanisms for attenuating γ-rays.
Furthermore, tungsten’s high density increases the likelihood of interactions between
γ-rays and the material, significantly enhancing its shielding performance. The alloy’s
overall shielding efficiency is strongly correlated with its density because a higher density
increases the material’s ability to attenuate radiation. This is due to the fact that higher-
density materials contain more atoms per unit volume, which enhances the probability of
radiation interactions, such as scattering and absorption. As a result, the alloy’s increased
density significantly boosts its effectiveness as a radiation shielding material, making it
more efficient in reducing the penetration of harmful radiation. Given these properties, the
W-Ni-Fe alloy demonstrates exceptional γ-ray attenuation, making it an ideal candidate for
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applications that require effective radiation protection, such as in nuclear engineering and
medical radiation shielding.

 

Figure 14. Comparison of shielding capacity between W-Ni-Fe alloy and lead: (a) lead; (b) W-Ni-Fe
alloy. The purple line are presented as mean ± standard deviation (n = 3).

Table 4. Radiation absorption intensity data for lead and W-Ni-Fe alloy.

Thickness N1 N2 N3 N4 N5 NV N = Nv − Nb Ln(N/N0)

lead

5 16,569 16,411 16,571 16,437 16,491 16,495.8 13,617.6 −0.588998

5.2 16,384 16,396 16,378 16,401 16,414 16,394.6 13,516.4 −0.596457

10 10,775 10,828 10,881 10,869 10,910 10,852.6 7974.4 −1.124125

10.2 10,680 10,754 10,719 10,779 10,739 10,734.2 7856 −1.139083

W-Ni-Fe

2 22,151 22,212 22,172 21,812 21,973 22,064 19,185.8 −0.246191

4 16,853 16,897 16,780 16,649 16,585 16,752.8 13,874.6 −0.570301

6 13,044 12,740 13,083 13,003 13,188 13,011.6 10,133.4 −0.884524

8 9953 9890 10,026 9955 9972 9959.2 7081 −1.242946

For further validation, this result was compared with W-Ni-Fe alloys reported in the lit-
erature. As summarized in Table 5, the HVL of 4.11 cm obtained in this work is comparable
to or better than previously reported values for similar alloy systems, such as 90.5W-6.4Ni-
3.1Fe alloys (4.2–4.4 cm) and 93W-4.9Ni-2.1Fe alloys (4.3–4.6 cm). The improved shielding
performance of our alloy is attributed to its high relative density (98.2%) and homogeneous
microstructure achieved through optimized liquid-phase sintering parameters.

Table 5. Comparison of density and HVL at 662 keV for different shielding materials.

Material Density (g/cm3) HVL at 662 keV (cm) Reference

90W-7Ni-3Fe
(This work) 16.99 4.11 Experimental

Pure Lead 11.34 6.44 Experimental

90.5W-6.4Ni-3.1Fe 17.1 4.2–4.4 [18,19]

93W-4.9Ni-2.1Fe 17.5 4.3–4.6 [18,19]

Therefore, under optimized sintering conditions, such as 45 min at a heating rate of
30 K/min, the density of the W-Ni-Fe alloy reaches 16.99 g/cm3, which contributes to
enhanced shielding performance by increasing the material’s atomic packing. A higher
density means more atoms are present per unit volume, which improves the alloy’s abil-
ity to attenuate radiation through increased interaction probabilities, such as scattering
and absorption. This higher atomic density leads to better radiation shielding efficiency,
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particularly for high-energy radiation. The improved density is linked to better densifi-
cation during sintering, which may enhance the overall structural integrity of the alloy.
While the dispersion of tungsten particles within the γ(Ni-Fe) matrix plays a role in main-
taining the alloy’s structural stability, its direct influence on γ-ray attenuation requires
further investigation.

4. Conclusions
A high-density W-Ni-Fe alloy was successfully fabricated via liquid-phase sintering

(LPS) using elemental W, Ni, and Fe powders. The key findings and novel contributions of
this study are summarized as follows:

(1) Sintering at 30 K/min for 45 min was identified as the optimal condition, yield-
ing maximum density (16.99 g/cm3), tensile strength (846.7 MPa), and elongation
(10.5%). While previous studies [21,22] suggested these parameters improve individ-
ual properties, this work systematically confirms their combined effectiveness for the
90W-7Ni-3Fe system.

(2) The alloy exhibits superior γ-ray shielding with a half-value layer of 4.11 cm for 137Cs,
outperforming lead (6.44 cm) and comparable or better than previously reported W-
Ni-Fe alloys (4.2–4.6 cm) [18,19]. This improvement results from high relative density
and homogeneous W grain distribution achieved through optimized sintering.

(3) Quantitative correlations between sintering parameters and microstructure reveal
the following: optimal sintering (45 min, 30 K/min) balances grain refinement and
densification; insufficient sintering (<30 min) leaves residual porosity; excessive
sintering (>60 min) causes grain coarsening (>5.8 µm) and mechanical degradation.

These findings provide practical guidelines for fabricating high-performance W-Ni-Fe
alloys for nuclear shielding applications.
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