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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).

12

. 1000 1 247 902 250 I
z ——_R 55} 10
E’ 800 4 ” | 3 g
£ r'd ~
2 600 1 A 6.8 | 6 H
g - E
o 400 1 ” L 4 bgn
2 W32 e Ultimate strength ]
= 200 2
5 = W e c|ongation

0 0

1 2 3
sample (s)

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.




3 Journal of Metallurgical and Materials Engineering, 35, 4. 2024.

SEMHV: 150 kV WiXx 7.76 mm
View feld: 277 Det: SE
SEM MAG: 500 x Date({m\dyr 011624

matrix /

W-w
4
SEM HV: 10.0 KV woasdmm |yl

View Bokd: 13 Det: SL 20 g
SEM MAG: 1.00 kx  Dasefmwdyr 617924

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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1-Introduction

The rolling process is one of the common and widely used
methods in manufacturing and forming various parts. The
rolling process has a significant effect on the mechanical
properties and microstructure of materials, which making
it important in the manufacturing of products. 3D printing
or additive manufacturing is a of the new method in
producing parts that allows for the direct creation of parts
from digital models. This process is based on creation parts
layer by layer and can produce various parts quickly and
with high precision. The unique features of additive
manufacturing, such as design freedom, no need to dies
and auxiliary equipment, and the ability to produce
complex and integrated parts, have caught the attention of
many industries such as aerospace, oil and gas, marine and
automotive industries to use this method. In the other hand,
problems such as microstructure defects, distortion,
residual stress and anisotropy of mechanical properties are
among the challenges in additive manufactured or 3D
printed parts. Using the rolling process to modify 3D
printed parts is one way to improve the microstructure and
mechanical properties of materials. By combining the
rolling process with additive manufacturing, hardness,
strength, and elongation can be increased by
homogenizing and refining grains of the structure. Also,
this process can reduce distortion and residual stress in the
additive manufactured parts.

2-The effect of the rolling process on parts produced
using methods other than 3D printing

Rolling is an essential process in the production and
shaping of materials, particularly metal materials. During
this process, the raw material passes between two or more
rollers, resulting in alterations to the geometry, mechanical
properties, and microstructure of the material. This process

can be divided into three categories: cold rolling, warm
rolling and hot rolling based on temperature. Cold rolling
is performed at ambient temperature, warm rolling is done
at a temperature below the recrystallization temperature,
and hot rolling is performed at a temperature above the
recrystallization temperature of the raw material.
Investigating the effect of the rolling process on the
mechanical properties and microstructure of materials
produced through traditional processes reveals that the
rolling process cause to an increase in hardness and
strength, as well as a transformation of the microstructure
into fine grains. Figure 1 illustrates the schematic of the
rolling process.

Roll force \l

Back-up roll — | )

g Work roll

& Work piece

Figure 1: Schematic of the rolling process, including the
workpiece, rolling rollers and support rollers

3- Rolling process related to parts produced by 3D
printing method

With the growing popularity of 3D printed materials, it is
important to examine and understand the effect of the
rolling process on the parts created using this method.
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There are various methods for additive manufacturing of
metal parts, including selective laser melting (SLM), wire
and arc additive manufacturing (WAAM), etc. The
following discusses studies conducted on the effect of the
rolling process on parts made by the additive
manufacturing method.

3-1- Rolling configurations in 3D printing and hybrid
mechanisms

In 2013, Zheng et al. presented a transformative
mechanism for the WAAM process. This mechanism
features a unique rolling system with three rollers, that can
be configured based on the part’s characteristics to roll
either the top or side surfaces of the deposit (Figure 2). In
this research, the study focused on the effect of rolling
force and temperature on the shape of the printed layer.
The goal was to determine the optimal rolling parameters
that could effectively control the height and width of the
layers. Rodrigues et al. emphasized the significance of
roller design in the interlayer rolling method. They
suggested that the geometry of the roller placement should
be tailored to the characteristics of the part, such as
thickness, to ensure the achievement of homogeneous fine
grains. In this study, the WAAM process and Ti-6Al-4V
alloy were utilized.

Figure 2: Simulation of metamorphic rolling mechanism for
different work condition, (a) one roller, (b) two rollers, (c)
three rollers for thin wall with thickness of 6 mm, (d) three

rollers for thin wall with thickness of 10 mm

Michel et al investigated ring rolling as a flexible forming
process to produce seamless rings of various dimensions
and cross-sections. Figure 3 shows the completed design,
which includes a rolling table with four mandrels. It should
be noted that sometimes different parts may require
multiple forming steps to achieve the final geometry. To
improve the flexibility of the process, it is beneficial to
utilize high-efficiency additive manufacturing methods
like WAAM in the ring rolling process. This method offers
the opportunity to work on various materials at a high

deposition rate. In this case, more complex sections can be
produced with just one ring rolling step. Upon examining
the results, it is evident that WAAM pre-forms exhibited
good forming behavior did not develop any surface
defects. Also, The defects within the rings did not have any
negative effect on the rolling process. The condition of the
surface, whether raw or machined, does not affect the
forming behavior. The combination of WAAM and ring
rolling appears to be feasible in achieving the goals of
enhancing process efficiency and reducing costs.

Centering arm
Mandrel

Rolling stations

Rotation
unit

Figure 3: Scheme of the ring rolling automated machine

3-2- Process repeatability
In their research, Martina et al. used the WAAM method
to print a piece of Ti-6Al-4V material. They then rolled

each layer of the print between passes using the high-

pressure rolling method. They demonstrated that rolling
the samples in this manner improved the repeatability of
the production process, which could aid in the industrial
implementation of the process.

3-3- Mechanical properties, microstructure, defects

Zheng et al. demonstrated that utilizing the combined
deposition and rolling method can be beneficial for
achieving fine graining, preventing hot cracking and
enhancing the mechanical properties of parts (refer to
Figure 4). Guo et al pointed out that the rolling process
improves the fine-grained structure and also increases
hardness. Therefore, the mechanical properties of the
produced alloy are enhanced when using the WAAM
method. Martina et al. proved that applying the rolling
process to steel structures produced by the WAAM
method, can reduce grain size. The results obtained from
this research show that rolling significantly improves the
grain refining process, reduces the overall thickness of the
layers, and changes the microstructure from a completely
columnar state to an axial one. This change is the reason
for the recrystallization of the deformed layer during the
deposition and melting of the next layer. Wu et al showed
that when WAAM process is utilized, the thermal gradient
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of the deposition layers and the alternating heating and
cooling process result in improved microstructural
evolution and mechanical properties of the target part. The
cold rolling  technique  significantly  reduces
microstructural anisotropy by subjecting the deposits to
intense plastic deformation. Interpass cold rolling can also
play an important role in reducing hydrogen porosity in
aluminum parts manufactured using WAAM process.
Maleki et al. have stated that selecting appropriate
parameters for the rolling operation can enhance the grain
refining process and induce compressive residual stresses
in the treated layer. These characteristics can result in
improved mechanical properties and decreased surface
roughness. Different approaches have been examined to
utilize rolling in managing the microstructure of layers on
additive manufactured metals, such as performing a rolling
pass on the outer surface/finish layer or using interpass
rolling.

110.0

~4—Micro hardness 104.4
; 90.9
E 90.0
2 78.0
2
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s 700 .
S
=
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As Deposited 15 30 45

Rolling load (KN)

Figure 4: Average microhardness of rolled WAAM ER2319
with increasing rolling load

3-4- Distortion and residual stress

Gu et al. demonstrated that the strength of the alloy is
indeed enhanced after heat treatment. However, the main
issue lies in controlling distortion. Therefore, inter-pass
cold rolling was also applied to the process. This was able
to significantly reduce the maximum residual stress. With
the help of this process, distortion can be reduced or even
eliminated. Martina et al. showed that high-pressure
rolling, originally used for welding, is a mechanical
stretching method used in manufacturing. In this process,
a moving roller applies the load. If the load is sufficient to
cause severe plastic compression of the surface in the
normal direction, plastic stretching occurs in the direction
of rolling, thus reducing the longitudinal residual stresses.
In another study, researchers applied high-pressure rolling
to each layer of a part produced with Ti-6Al-4V material
using the WAAM method in an interpass manner. In the
rolled samples, the out-of-plane distortion was reduced by
half. Honnige et al noted that rolling can help control
residual stress and distortion in aluminum parts made
using Wire Arc Additive Manufacturing (WAAM)
process. In this research, rolling was applied vertically on
each sediment layer (interpass) and after the completion of

the sediment. Distortion is virtually eliminated by the
vertical interpass method unlike with other metals, and can
be reversed by lateral rolling. Vertical interpass rolling
eliminates distortion, but results in a multidirectional stress
field. This includes hydrostatic compressive stresses with
approximately 2 mm depth and hydrostatic tensile stresses
5-10 mm depth below the surface.

3-5- Geometry of particles

In their research, Martina et al. applied high-pressure
rolling to each layer of a Ti-6Al-4V manufactured
component using the WAAM method. In the rolled
samples, a change in the sediment’s geometry was
observed due to plastic deformation. This resulted in an
increase in the wall width and a decrease in the layer
height. Rolling significantly reduces The standard
deviation of layer height, making the WAAM process
easier.

3-6- Composite materials and new concepts

In 2019, Zhao et al. conducted research on an innovative
method for creating titanium/steel clad plates. Instead of
using Ti sheets, pure titanium powder was initially
deposited onto steel plates using Cold Spray Additive
Manufacturing (CSAM) (Figure 5). The titanium/steel
clad plates were then fully coupled by hot rolling and
annealing. The mechanical properties of these plates were
evaluated at various stages of production through a series
of tensile and shear tests. It was found that the
titanium/steel coated plates had an excellent shear strength
of 280 MPa, ultimate tensile strength of 564 MPa, and a
suitable elongation of 18%.

(@) Cold spraying (b) Hot-Rolling
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Figure 5: Schematic representation of (a) cold spraying of Ti
on steel plate, (b) hot-rolling process, (c) annealing process,
and (d) sample dimensions for tensile and shear tests.

4-conclusions
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In this review article, research conducted on the effects of
the rolling process on mechanical properties,
microstructure, residual stress and crack growth in
materials produced by additive manufacturing has been
investigated and various 3D printing-rolling hybrid
processes have been introduced and examined. The results
of this research are summarized as follows:

* The strength of 3D printed parts increases through the
rolling process. It is caused to increase tensile strength
and reduced flexibility.

The rolling process can be effective in grain refining and
improving the microstructure of materials produced by
additive manufacturing. It can convert the material from
a completely columnar state to a coaxial one, and to some
extent reduce structural defects and porosity in the
structure.

Various rolling methods, such as high-pressure rolling
and interpass rolling, can greatly reduce residual stress
and distortion in materials produced using additive
manufacturing processes.

Compared to the typical additive manufacturing methods,
parts made using a combination of deposition and rolling
exhibit better surface quality, flatter geometry and
significantly less dimensional fluctuation.

The design of rollers plays a crucial role in the interlayer
rolling method. The placement geometry of the rollers
should be carefully designed based on the characteristics
of the part. This will help create the desired properties in
the 3D printed parts.

The hybrid method of additive manufacturing-rolling is
effective and useful for grain refining, preventing the
formation of defects like cracks, and enhancing the
mechanical properties of parts. Additionally, it reduces
distortion and residual stress in parts produced by 3D
printing.
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The Effect of the Rolling Process on the Properties of Materials Produced by Additive Manufacturing
(3D printing): a Review Paper

Seied Meisam Sharif Mosavi Farshad Nazari Reza Mosalmani

Abstract The rolling process is one of the common and widely used methods in manufacturing and forming various
parts. The rolling process has a significant effect on the mechanical properties and microstructure of materials, which
making it important in the manufacturing of products. 3D printing or additive manufacturing is a of the new method in
producing parts that allows for the direct creation of parts from digital models. This process is based on creation parts
layer by layer and can produce various parts quickly and with high precision. The unique features of additive
manufacturing, such as design freedom, no need to dies and auxiliary equipment, and the ability to produce complex
and integrated parts, have caught the attention of many industries such as aerospace, oil and gas, marine and
automotive industries to use this method. In the other hand, problems such as microstructure defects, distortion,
residual stress and anisotropy of mechanical properties are among the challenges in additive manufactured or 3D
printed parts. Using the rolling process to modify 3D printed parts is one way to improve the microstructure and
mechanical properties of materials. By combining the rolling process with additive manufacturing, hardness, strength,
and elongation can be increased by homogenizing and refining grains of the structure. Also, this process can reduce
distortion and residual stress in the additive manufactured parts.

Keywords Rolling process, 3D printing, Additive manufacturing, Mechanical properties, Microstructure, Residual
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Average width (mm) Maximum width absolute error (mm) | Mean square deviation (mm)
Deposition layer
a* b a b a b
First 8.73 8.67 0.36 0.06 0.14 0.03
Second 8.92 8.71 0.19 0.10 0.08 0.04
Fourth 8.83 8.76 0.33 0.12 0.13 0.02
Sixth 9.07 8.78 0.45 0.07 0.20 0.05
Eighth 9.14 8.70 0.42 0.04 0.18 0.02

*a is the condition for the thin- walled parts without vertical rolling. b is the condition for the thin- walled parts with vertical rolling.
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1- Introduction

Metal-phenolic  networks  (MPNs) exhibit broad
applicability in the realm of biomedicine due to their
unique hybrid structure. By integrating the beneficial
properties of polyphenols with metal ions, these materials
offer distinct advantages such as tunable composition and
pore size, along with favorable biocompatibility. MPNs
can be synthesized through straightforward methods,
which enable efficient interaction with biological
molecules, making them particularly attractive for a wide
range of biomedical applications, including tissue
regeneration and antimicrobial therapies. Moreover, the
potential of MPNs extends to their use as targeted drug
delivery systems and in cancer therapy, further
emphasizing their multifunctionality to enhance human
health. Specifically in tumor treatment, MPNs serve dual
purposes, they can act effectively as drug carriers or as
photothermal agents.

2- Structure and Properties of Metal-Phenol Networks
These networks are created through the coordination of
phenolic ligands with metal ions, allowing for
customizable properties and capabilities tailored to
specific applications (Fig. 1). One of the standout features
of MPNs is their remarkable adhesion capabilities, which
facilitates their application as coatings on diverse
substrates. This quality paves the way for varied
implementations in both antimicrobial and anticancer
therapies, emphasizing their versatility and potential
impact in medical science.

3- Types of Materials Based on Metal-Phenolic
Network

MPNs can be synthesized through a straightforward and
efficient method that involves the physical mixing of
positively charged metal ions with the electron-rich
phenolic hydroxyl groups of polyphenols, resulting in the

formation of nanoscale to microscale particles.
Furthermore, if a mold is used, these networks can be
effectively deposited into various shapes such as flat,
spherical, or irregular, which enables applications in
coatings, films, and capsules.
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Figure 1. Different structures of polyphenols and the
molecular structure of polyphenol gallic acid, tannic acid
and epigallocatechin gallate

4- Biomedical Application of Metal-Phenol Networks
1- 4 - Bioactive Interface

Rapid progress in materials science has facilitated the
creation of various coatings designed to modify surface
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characteristics. Bioactive coatings, in particular, have
attracted considerable attention in the biomedical field due
to their role in mediating interactions between materials
and biological environments. Consequently, these coatings
significantly impact the performance of modified materials
and outcomes in biomedical fields. MPNs are notably
advantageous because of their superior biocompatibility,
making them suitable for a wide range of biological
interfaces, and they can effectively coat various substrates,
including nanoparticles and scaffolds. Additionally, the
incorporation of MPNs with different elemental
substances enhances texture and specific functional
properties, such as improved anticoagulation, re-
endothelialization, and anti-stenotic effects in stents, while
incorporation of radioactive metal ions opens new avenues
for imaging and therapeutic applications.

1-1- 4 - Antibacterial Surfaces

The diverse properties of MPNs arise from the plentiful
presence of polyphenols and metal ions, which expands
their application in biomedical therapies. Historically,
metal ions have been widely used in antimicrobial

applications, primarily by exerting lethal effects on
bacteria via direct interaction and generation of reactive
oxygen species. Consequently, MPNs may serve as a more
favorable alternative to antibiotics for the treatment of
challenging bacterial biofilm infections (Fig. 2, Table 1).

2-1- 4 - Bone Tissue Regeneration

MPNs are effectively employed to modify metallic bone
implants, especially magnesium-based alloys, which are
extensively investigated for their potential as degradable
bone implant. These alloys not only offer mechanical
support for bone tissue but also facilitate regeneration by
releasing magnesium ions. Furthermore, MPN coatings
provide a swift and cost-effective approach to diverse
substrates, including bulk materials, nanostructures, and
biological interfaces. Natural polyphenols, with their
phenolic hydroxyl groups, enhance tissue adhesion and
exhibit antioxidant, anti-inflammatory, and antimicrobial
properties, while metal ions like magnesium and zinc
contribute crucial osteogenic and antibacterial effects,
ultimately supporting bone formation and orthopedic
treatment.
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Figure 2. Schematic images: (a) Coating based on copper-phenolic network with antimicrobial and zwitterionic properties,
(b) MPNs film of green tea, (c) Antibacterial and anti-clotting coating based on MPNs, (d) MPNs based coating on textile
fibers
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Table 1. Examples of different forms of biomaterials based on MPNs as antibacterial surfaces
Sample . Metal .
Code Substrate Phenolic Part lon Properties
-Low cytotoxicity
-High tissue
TA/Cu-PEG | Composite Tannic acid Cu? compatibility
-Anti-sediment
-Antibacterial
-High wettability
Cu?*- Contact Poly (carboxyl betaine-codopamine cut -Low protein
PCBDA lens methacrylamide) absorption
-antimicrobial
. . -Anti-thrombosis
AgPG Catheter Phenyltriol Ag Anti-infection
Cu'- S ot -Antibacterial
GAICYSA Catheter Gallic acid Cu _Biocompatible
AQITA Textiles Tannic acid Ag* -Antimicrobial
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Figure 3. Schematic images of: (a) Nanocomposite containing iron / tannic acid network used in chemotherapy, (b) Cul.94S
nanoparticles with iron / tannic acid network in photothermal therapy, (c) Bovine serum nanoreactor containing iron /
epigallocatechin gallate network as a photothermal agent, (d) FerH intratumoral self-assembly nanostructure consisting of
iron / tannic acid network, (e) pH-sensitive polyethylene glycol capsules contain calcium-hematoporphyrin monomethyl ether
network

for cellular regeneration while safeguarding the wound site
from bacterial invasion. MPNs are commonly
incorporated with various components, including chitin,

3-1- 4 - Skin Tissue Regeneration
To enhance the efficacy of wound healing, dressing
materials are employed to create an optimal environment
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sodium  alginate, chitosan, silk  fibroin, and
polyacrylamide, to modify their functional properties. In
addition to silver ions, other metal ions like copper, iron,
and zinc also exhibit antimicrobial properties and are used
in MPN systems for wound healing purposes. Polyphenols
contribute to chronic wound management by alleviating
oxidative stress and regulating excessive inflammation.

2- 4 - Diagnosis and Treatment of Cancer
1-2-4- Photothermal Therapy and Combined Treatments
Photothermal therapy, an innovative non-invasive
technique, converts light energy into heat, leading to the
disruption of bacterial membranes and the irreversible
death of bacteria. Moreover, multifunctional MPN
composites possess remarkable photothermal properties,
and strategies using photothermal or photodynamic
therapy have effectively managed bacterial infections
while minimizing damage to adjacent healthy tissues,
indicating potential applications in infectious diseases
control and advancing intelligent and programmable
approaches in future research. Additionally, photothermal
therapy is generally more cost-effective compared to other
treatment options. Researchers are working to integrate
photosensitizers into MPNs for targeted drug delivery and
enhanced tumor retention (Fig. 3). The selection of
polyphenols is crucial because their specific functions can
lead to synergistic effects in cancer treatment rather than
just additive benefits, necessitating the incorporation of
specific ligands that selectively bind to tumor surface
receptors.

2-2- 4 - Drug Delivery. The drug loading capacity of
MPNs enables them to perform various therapeutic

functions, including  conventional  chemotherapy,
photodynamic therapy, and photothermal therapy.
Furthermore, the unique properties of phenolic

compounds, such as pH responsiveness and metal
chelation, make them effective nanomaterials for
biomedical applications and allow long-term circulation in
the bloodstream, while their isolation in acidic
environments facilitates targeted drug release within
tumors, reducing unwanted side effects.

3-2- 4 - Tumor Imaging. The utilization of MPNs in
imaging-guided precision medicine has garnered
considerable research attention in recent years. By
leveraging the unique characteristics of metal ions and
incorporated materials, diverse medical imaging
techniques, including photoacoustic imaging, are being
explored in conjunction with MPNS.

5- Conclusion

Engineered MPNs must be structurally robust to ensure
long-term delivery, with considerations to respond to the
tumor microenvironment and personalized designs to
accommodate individual patient differences. This review
provides an overview of the development and utilization
of MPNs in biomedicine
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Metal-Phenolic Networks as Antimicrobial and Anticancer Biointerfaces in Bio-Medical Applications

Shaghayegh Kohzadi Zahra. Mohammadi

Abstract Metal-phenolic networks are an emerging organic-inorganic hybrid network system that has been gradually
developed in recent years through the coordination between metal ions and organic ligands containing phenolic groups,
such as gallol or catechol. These networks exhibit exceptional multifunctional properties, specifically anti-inflammatory,
antioxidant, and antibacterial functions. These materials greatly change the surface characteristics, resulting in improved
performance in areas such as anti-corrosion, hydrophobicity, biocompatibility, and binding of specific molecule on
various surfaces, including metals, oxides, polymers and biological materials. Furthermore, phenolic metal networks
have attracted considerable attention in the field of infection prevention and advanced cancer therapies due to their easy
synthesis process, remarkable biocompatibility, and outstanding antimicrobial properties facilitated by polyphenols and
metal ions. The aim of this article is to provide an overview of the recent biomedical applications of phenolic metal
networks in different structures, with a particular focus on their inherent characteristics, including novel antimicrobial
and anticancer properties.

Keywords Metal-Phenolic Networks, Biological Interface, Anti-Microbial, Anti-Cancer.
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1- Introduction

One of the most common and significant defects in the
sheet metal forming processes is sheet fracture. From a
microstructural perspective, fracture occurs due to the
growth and coalescence of microvoids. The GTN damage
model accurately represents the growth and coalescence of
microvoids, providing reliable predictions of material
fracture. The GTN model's potential function considers the
hydrostatic effects of stress components and void volume
fraction to predict necking and onset of fracture. Studies
have demonstrated that combining the GTN damage
model with the M-K model is highly effective for
predicting the onset of fracture and determining the
forming limit curves (FLCs). In this approach, the GTN
criterion is employed to predict fracture in the defective
region of the M-K model. This combined model has been
applied to predict the FLC of various materials, including
AISI 304, AA6016-T4, Cu/Ni-coated foils, and AA1050.
In this study, the combined GTN and M-K model was
utilized to obtain the FLCs of steel sheets. Initially, finite
element simulations of the M-K model incorporating the
GTN model were performed. Subsequently, polynomial
relationships were derived using the obtained data to
predict limit strains and construct the FLCs of steel sheets.
Microstructural parameters (using the GTN damage
model) and macroscopic material variables (using the
Swift hardening relationship) were considered.

2- Experimental Tests

Uniaxial tensile tests were conducted on AISI 304 steel
sheets with a thickness of 0.7 mm to determine mechanical
properties and identify Swift equation parameters.
Additionally, Nakajima tests (bulging with a
hemispherical punch) were performed on six notched disk-
shaped sheet samples with an outer diameter of 200 mm
and widths of 20, 40, 60, 80, 100, and 140 mm, as well as
one circular sample (200 mm diameter). Limit strains and
the forming limit diagram were obtained through these
tests. A hemispherical punch with a diameter of 100 mm
was used for the Nakajima tests. Before each test, the

punch was lubricated and three layers of 0.05 mm-thick
Teflon film were placed between the sheet and the punch
to minimize friction.

3- Finite Element Simulation of the M-K Model

A finite element model based on the M-K approach was
developed to determine limit strains. The model consisted
of a sheet with a length of 14 mm, a width of 7 mm, and a
thickness of 0.7 mm. Four simulations were conducted
under different boundary conditions, as illustrated in
Figure 1, each yielding the coordinates of a single point on
the FLC. Regions A and B of Figure 1 depict the M-K
model's  non-defective and  imperfection  zones,
respectively. Region B has the same thickness as region A
but contains microvoids with an initial volume fraction of
fo, whereas region A has no voids. The GTN model
controls void growth in both A and B regions.

Y displacement =0
VVVY
V1 =-200 (@) (b)] V1 =200
mm/s mm/s

) <

A | A A 4 v A A y A J v A vy
A [} A A [ [ A A i [}
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mm/s mm/s

Y A J A 4 A 4 A J y y A 4 vy A A A 4
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Figure 1. Boundary conditions and loading in the finite
element models of M-K for constructing a complete FLC (a)
uniaxial tension, (b) plane strain, (c) biaxial tension,

(d) equal biaxial tension
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4- Experimental Design

In the designed experiments, the GTN model parameters
(92, fo, fc, fn) and the Swift equation parameters (K, o, n)
were considered as inputs, while the minor and major limit
strains served as outputs. Five additional GTN model
parameters (s, s, fr, S, en) Were assigned constant values
based on references: 1.5, 2.25, 0.15, 0.1, and 0.3,
respectively. Three levels were defined for each input
parameter as shown in Table 1. A total of 143 tests were
designed using a central composite design method. Each
test involved different combinations of GTN and Swift
parameters, which were applied to the finite element M-K
model.

Table 1. Values of GTN and Swift equation parameters in
the designed experiments

Parameter Lower Mid- Upper
limit value limit
K (MPa) 300 900 1500
& 0.001 0.0255 0.05
n 0.1 0.35 0.6
q, 1 15 2
1-f, 0.9900 0.99495 0.9999
fn 0.01 0.03 0.05
fc 0.02 0.06 0.10

5- Results and Discussion

Figure 2 shows the distribution of major limit strains in an
AISI 304 sheet at the onset of fracture under different
loading conditions. To better illustrate the sheet, elements
in region B at the onset of fracture were not removed. As
depicted in Figure 2, the major limit strain values in the
non-defective region (A) differ significantly from those in
the imperfection region (B). For instance, in the plane-
strain loading (Figure 2-b), the major limit strain in region

(a) LE, Max. Principal

+1.177e+00
+1.124e+00
+1.071e+00
+1.018e+00
+9.647e-01
+9.115e-01
+8.584e-01
+8.052e-01
+7.521e-01

+6.989e-01
+6.458e-01
+5.927e-01
+5.395e-01

(b) LE, Max. Principal

+1.012e+00
+9.580e-01
+9.038e-01
+8.495e-01
+7.953e-01
+7.410e-01
+6.868e-01
+6.325e-01
+5.782e-01
+5.240e-01

+3.612e-01

B is 1.01, far exceeding the 0.36 value in region A. This
difference arises from the sudden growth of void volume
and limit strains before fracture occurs in region B,
attributed to necking followed by fracture.

Simulation outputs yielded the minor and major limit
strains at four specified points on the FLC (corresponding
to the loading conditions in Figure 1). These strains
represent seven outputs in total, considering the minor
strain for plane strain loading is zero. Variance analysis
was performed on the major and minor limit strain data
obtained from the designed tests, and interpolation
functions with minimal error and complexity were
selected. These functions were developed to construct
FLCs of steel sheets. To validate the accuracy of these
functions, four random combinations of input parameters
were generated, and the FLCs were computed. These
random combinations are listed in Table 2. The predicted
FLCs were also computed using finite element simulations
of the M-K model. Figure 3 compares the analytical
predictions with the finite element results, demonstrating
the accuracy of the derived functions in terms of both
strain values and FLC shape.

Table 2. Random Input Parameter Combinations for FLC

Prediction
Parameter Set 1 Set 2 Set 3 Set 4
K (MPa) 500 900 1350 1350
& 0.04 0.002 0.001 0.005
n 0.25 0.40 0.20 0.35
qs 1 1 1 15
1-fu 0.99 0.99 0.99 0.99495
fn 0.001 0.04 0.02 0.015
fc 0.005 0.020 0.020 0.014

(C) LE, Max. Principal
+8.246e-01

+7.827e-01
+7.407e-01
+6.987e-01
+6.567e-01
+6.148e-01
+5.728e-0
+5.308e-0
+4.889%e-0
+4.469e-0
+4.049-0

+3.630e-0.
+3.210e-0.
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(d) LE, Max. Principal

+9.198e-01
+8.654e-0
+8.110e-0
+7.566e-0
+7.022e-0
+6.477e-0
+5.933e-0
+5.389%e-0
+4.845e-0
+4.301e-0

+3.756e-0
+3.212e-01
+2.668e-01

Figure 2. Distribution of major limit strains in AISI 304 sheet at the moment of fracture
(a) uniaxial tension, (b) plane strain, (c) biaxial tension, (d) equal biaxial tension
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6- Conclusion

The results demonstrated that the finite element M-K
model combined with the GTN damage criterion is a
simple yet efficient method for determining the limit
strains of steel sheets. Quadratic functions were derived
from the finite element data for constructing the FLCs of
steel sheets. To determine limit strains and draw the FLCs,
three Swift parameters (K, &o, n) and four GTN parameters
(92, fo, fc, fn) were utilized. These functions accurately
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predicted limit strains for random input parameters.
Furthermore, limit strain predictions for AISI 304 steel
sheets using the quadratic functions and finite element
models revealed comparable accuracy. For instance, plane
strain limit strains predicted by the finite element and
analytical models were 0.3680 and 0.3647, respectively,
with errors of 2.01% and 0.44% compared to experimental
results.
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Figure 3. Comparison of FLCs predicted by analytical functions and finite element M-K model results
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Modeling the Forming Limit Curve of Steel Sheets Using GTN Model Parameters and Swift

Hardening Equation Variables
Mahdi Chelovian Abdolvahed Kami

Abstract The precise prediction of forming limit curves (FLCs) is vital for improving the formability of steel sheets,
significantly impacting industries like automotive and aerospace manufacturing. Despite its significance, current
approaches for determining FLCs are complex and necessitate more reliable prediction models. This paper aims to
introduce theoretical relationships for accurately predicting limit strains and constructing the FLC of steel sheets. By
selecting four specific points on the FLC, the corresponding maximum and minimum limit strains were determined
using analytical models based on finite element simulations of the M-K model. Two sets of parameters were considered:
GTN damage model parameters (micro-scale) and Swift's equation variables (macro-scale). The seven studied
parameters, including void volume fractions, adjustment parameter (g2), critical void volume fraction, nucleation void
volume fraction, coefficient of strength, initial strain, and hardening exponent, were used as inputs for a central
composite design of experiments. Each experiment represented a combination of the parameters and was simulated in
four forming paths, providing coordinates for the FLC points. Interpolation of data from the finite element simulations
led to the development of practical analytical functions for predicting the FLC of steel sheets. The functions' validity
was demonstrated by computing multiple FLCs with randomly chosen parameter values and comparing them to FLCs
obtained from the M-K model's simulations. The findings indicated that the formulated equations precisely determine
the FLC of steel sheets. The predicted limit strain in the AISI304’s plane strain zone was 0.3647, exhibiting an error of
0.44% relative to the experimental value of 0.370.

Keywords GTN model, Forming limit curve, M-K Model, Steel sheet, AlISI304.
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1- Introduction

The production of nanocomposite using the conventional
method of powder metallurgy has weak points, such as not
very strong connection lines between the reinforcing phase
and the background phase, as well as the non-uniform
distribution of nanoparticles in the metal background. The
hot-pressing method, which is considered as one of the
advanced powder metallurgy methods, overcomes these
disadvantages and enables the uniform distribution of
nanoparticles in the ground phase. In this method, the
powders are first poured into a hardened metal mold and
placed in a hot press machine. Next, the powders are
gradually pressed into the mold until the specified
sintering temperature is reached, under a certain pressure.
Therefore, in this research, a hot-pressing method has been
used to produce nanocomposite. Although many
researchers ~ produced  different  aluminum-based
nanocomposites and investigated their physical and
mechanical properties, it is for the first time that the
production of Al-8Si-3Cu-2Zn-WS2 nanocomposite is
reported. The aim of the current research is to produce
nanocomposite based on Al-8Si-3Cu-2Zn alloy reinforced
with tungsten disulfide nanoplates (0, 2, and 5 wt. %). Al-
8Si-3Cu-2Zn alloy is chosen as the base material due to its
hardness and good wear properties. Al-8Si-3Cu-2Zn-WS2
nanocomposites were produced by a combination of
powder metallurgy and hot pressing under a temperature
of 510 °C. Al-8Si-3Cu-2Zn with and without tungsten
disulfide nanoplates will be subjected to wear tests to
evaluate the wear resistance.

2- Experimental

Al-8Si-3Cu-2Zn alloy with the chemical composition
specified in Table 1 with dimensions of 40 pm and purity
of 99% was used as the background phase and tungsten
disulfide with dimensions of 90 nm and purity of 99% was
used as the reinforcing phase. Pure aluminum, silicon,
copper and zinc powders were mixed in a mechanical
grinding machine for 40 hours to make an alloy powder
sample. The production process of nanocomposite was as

follows: first, aluminum alloy powder was milled for 10
hours along with 2 and 5 percentages of tungsten disulfide
in a planetary mill machine with two tanks, each of which
had a capacity of 30 grams. 1.5% of stearic acid is added
to the powders to prevent cold boiling. The ratio of pellets
to powder is 10:1 and the grinding speed is 250 rpm. Then
the milled powders were poured into a steel mold hardened
with spica steel and placed in a special hot press machine
for 30 minutes to reach a temperature of 510 °C in an
argon environment. In order to evaluate the microstructure
of the samples, standard metallographic method ASTM
E3-01 was used. The samples were polished to make the
sample surface smooth and then etched by a solution
containing 82 mL H,O, 15.5 mL HNOs3, and 0.5 mL HF.
Optical microscope and scanning electron microscope
(SEM) were used to study the microstructure of the
samples. In addition, grain size measurements were
performed using image analysis. Vickers microhardness of
the samples was measured using Buehler equipment by
applying a load of 200 grams for 15 seconds. Abrasion
properties of cylindrical samples after hot pressing were
investigated by pin on disc method according to ASTM
G99 standard. In order to calculate the weight loss of the
samples, the weight of the pin and disk was measured
accurately by a sensitive electronic balance before and
after the test. At the end of the test, the worn surfaces were
examined by an electron microscope.

3- Results and Discussion

The initial size of the aluminum alloy powder particles
before the grinding operation was found to be 50
micrometers. After 10 hours of grinding operation, the size
of alloy powder particles decreased to 40 micrometers. It
is obvious that reducing the particle size leads to less
density and more suitable dissolution in the hot-pressing
process. The morphology of nanocomposite powders after
10 hours of grinding is shown in Fig 1 a and b. As it is clear
in Figure 1, after grinding, the morphology of alloy
powders becomes layered and scaly due to severe plastic
deformation. Table 1 shows the average value of
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microhardness of samples produced by hot pressing
method. As it is clear after adding nanoparticles up to 5 wt.
% to the base, the microhardness value almost doubled.
The microhardness value for the alloy base is 50 Vickers
which increased to 101 Vickers for the nanocomposite of
Al-8Si-3Cu-2Zn-5%WS2. Table 2 shows the wear rate
obtained from the wear test. The wear rate was calculated
according to the density of the sample, the distance and the
weight loss of the pin during the wear test. According to
the graph, the wear rate has decreased significantly from
74 mm*/Km for the Al-8Si-3Cu-2Zn alloy base to 51
mm?*Km  for the Al-8Si-3Cu-2Zn  -2%WS2
nanocomposite. This reduction in the wear rate can be due
to the presence of the reinforcing phase and the creation of
a mechanical mixed layer (a layer containing different
oxides) that plays the role of a lubricant.
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WO 10.95 mm Biz 1000
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Figure 1- a) aluminum powder containing 2 wt. % of WS2
nanoplates, b) aluminum powder containing Swt. % of WS2
nanoplates.

Table 1 Hardness results of nanocomposite samples in
different conditions

Microhardness samples — Vickers | Welded sample
50 Base sample
72 2 percent WS2
101 5 percent WS2

Table 2 Wear rate results of nanocomposite samples in
different conditions

mm?/Km - Wear rate of samples | Welded sample
74 Base sample
51 2 percent WS2
59 5 percent WS2

4- Conclusions
The following results can be extracted from this study:
In this research, metal matrix nanocomposite with Al-8Si-
3Cu-2Zn matrix with reinforcing phase of tungsten
disulfide nanoplates with different weight percentages (2.0
and 5 wt. %) were produced. The changes in the
morphology and microstructure of the powders after
grinding were discussed. The uniform distribution of
nanoparticles in the matrix reduced the size of the
particles, increased the density and improved the
performance of the hot-pressing process. The experimental
findings are summarized as follows:

1- The optimal amount of tungsten disulfide nanosheets is
2 wt. %.

2- The accumulation of tungsten disulfide nanosheets at
the grain boundary causes brittleness, porosity, less
surface bonding and as a result, a decrease in mechanical
properties.

3- However, an excessive increase in the amount of
tungsten disulfide nanoplates causes accumulation and
agglomeration, so the COF and wear rate increase.

4- The wear resistance of the produced nanocomposites is
higher than the base sample and the weight loss of the
base sample is higher than the optimal sample. Due to
the self-lubricating nature of tungsten disulfide
nanoplates, the friction coefficient for the base sample
and nanocomposite containing 2 wt. % of tungsten
disulfide nanoplates is 0.712 and 0.532, respectively,
which indicates a reduction in the friction coefficient.
Also, the hardness of the samples increases from 50
Vickers for the base sample to 101 Vickers for the
sample containing 5 wt. % of tungsten disulfide
nanosheets.

5- There was a transition of the wear mechanism from the
combination of layered wear, sticky wear, and abrasive
wear to mild abrasive wear with the increase of the
reinforcing content of graphene nanosheets up to 2 wt.
%.

6- Increasing the content of tungsten disulfide nanosheets
was beneficial for the formation of MML during the dry
sliding process, which can not only protect the worn
surface but also reduce the COF of the nanocomposites.
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The Effect of Adding Tungsten Disulfide Nanosheets on the Microstructure and Wear Properties of
Al-8Si-3Cu-2Zn Alloy Produced by Powder Metallurgy Method

Mohammad Alipour

Abstract In this research, the mechanical properties (microhardness and wear) of Al-8Si-3Cu-2Zn nanocomposites
with 0, 2, and 5% by weight of tungsten disulfide nanoplates have been investigated. The studied nanocomposite was
produced through mechanical grinding and hot pressing at a temperature of 510 degrees Celsius. The microstructures
of powders before and after mechanical grinding and sintered samples were studied through electron microscopy
(SEM). By examining the worn surfaces after the wear test by electron microscope, the cause of weight loss was
investigated. The results show that by adding tungsten disulfide nanoplates up to 5% by weight, the microhardness of
the samples increases more than twice and from 50 Vickers for Al-8Si-3Cu-2Zn to 101 Vickers for Al-8Si.-3Cu-2Zn
nanocomposite reaches -5%WS2. According to the results of the wear tests, the wear rate for Al-8Si-3Cu-2Zn-5%WS2
will decrease by 32% %, compared to the Al-8Si-3Cu-2Zn alloy background. Therefore, Al-8Si-3Cu-2Zn-5%WS2
nanocomposite can be used as a self-lubricating nanocomposite with favorable wear properties.

Keywords Aluminum-based nanocomposite, Mechanical properties, Wear rate, Hot pressing.
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1- Introduction

The superalloy TM-321, with a composition of 8.2Co,
8.1Cr, 12.6W, 5Al, 0.8Ti, 4.7Ta, 0.9Hf, 0.11C, 0.01B, and
0.05Zr, is among the latest and most robust cast
polycrystalline superalloys. The TM-321 superalloy is
similar to Mar-M247, achieving higher mechanical
properties through compositional modifications. The
rupture life of the alloys TM-321 and Mar-M247 at 1000
°C and 118 MPa is 1000 and 596 hours, respectively. The
microstructure of the cast alloy is dendritic and coarse-
grained, and after heat treatment, it contains the y matrix
phase, the y" phase, the y/y" eutectic, and carbides. In the
patent for the TM-321 superalloy, solution heat treatment
at 1080 °C followed by air cooling is proposed. After the
introduction and use of the TM-321 superalloy in Japan's
national gas turbine project and the patenting of this alloy
in 1982, comprehensive information regarding the
microstructure and phase morphology is not found in the
available scientific literature, with only a few articles
discussing the properties of the fine-grained alloy (a non-
dendritic structure modified by grain refinement methods
and optimized chemical composition with increased Zr
content). Given the excellent tensile and creep properties
of this alloy in its polycrystalline state, achieving the
production stages of the cast alloy through vacuum
induction melting, specifically in a coarse-grained state,
could represent a significant advancement in acquiring the
technical knowledge for producing this alloy. Considering
the aforementioned points, this research investigates the
microstructure of the superalloy after various solution
treatment conditions to ultimately determine the optimal
annealing conditions.

2- Materials and Methods

The superalloy TM-321 with the composition presented in
Table 2 was produced using the VAR + ESR method. The
solution treatment was examined at two temperatures,
1080 and 1180 °C, for durations of 2, 4, and 6 hours.

3- Results and Discussion

The dendritic structure of superalloy TM-321 during the
solution treatment at the specified temperature and time
ranges did not show significant changes due to the high
percentage of heavy elements and their low diffusion rate.
Figure 4 illustrates the variation of the volume fraction of
the eutectic pools y'/y in both cast and solution-treated
states.

The trend of changes in the y* precipitates is shown in
Figure 5 at two solution treatment temperatures of 1080
and 1180 °C for a duration of 6 hours. After solution
annealing at 1080 °C, the volume fraction of the
precipitates decreases, and as the temperature increases to
1180 °C, numerous and fine clusters of y* precipitates
will form and grow. The phenomenon of clustering of the
Yy phase is undesirable and will disrupt the establishment
of a suitable distribution of size and morphology of the y
phase during aging.

The superalloy has a hardness between 392-418
Vickers in the as-cast condition. With the start of solution
annealing at 1080 °C for 2 hours, no significant change is
observed compared to the as-cast condition. However,
after 4 hours, with the dissolution of fine precipitates, a
decrease in hardness is noted, and by 6 hours, a slight
increase in hardness is observed due to the coarsening of
particles in the trend of the graph. With solution annealing
at 1180 °C, a decreasing trend in hardness is observed with
partial dissolution of precipitates up to 6 hours.
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Figure 4. Diagram of the effect of solution annealing on a) the volume fraction of the y* , carbide, and eutectic phases, and b)
the average size of they* phase.

Table 1 — The range of selected element percentages, target charge amount for melting, and final chemical composition of
superalloy TM-321.

Ref. Co | Cr W Al T1 Ta Hf C B Zr
[6 s8] [5-12 | 9-7 | 11/15-5 | 4/5-5/8 | 0/1-1/5 | 6-4 | 0/1-5/5 | 0/0-05/15 | 0/0-005/02 | 0/0-15/3
Target | 8/2 8/1 12/6 5 0/8 4/7 0/9 0/11 0/01 0/2
Results | 8/2 | 8/7 12/7 4/6 0/7 5 0/65 0/19 0/013 0/3

‘Oa e

.-9. :s.-
.g.

:

Figure 5. BSE images of the morphological changes of the y* phase during solution annealing heat treatment. a) After
casting b) 1080 °C, 6 hours c) 1180 °C.

4- Conclusion

Among the heat treatment conditions of solution annealing
conducted in this study for the superalloy TM-321 (Zr
2/%0), the overall achieved objectives include: reduction
of eutectic pools, dissolution of primary y' precipitates, and
the creation of a fine size distribution of them. The cycle
of 1180 °C for 2 hours was selected.
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The Effect of Annealing on the Hardness and Microstructural Characterization of TM-321 Superalloy

Abolfazl Rastegaran Masumeh Seifollahi Adli Khondzadeh

Abstract In this research, the effects of solution annealing heat treatment on the hardness and microstructure
characteristic of TM-321 Ni base superalloy are investigated. The temperature of annealing was chosen on the basis of
thermodynamic analysis of Procast 2018 for TM-321 superalloy. At 1080°C the volume percent of y/y' eutectic pool
which was 9 Vol% in the as cast structure reduced to 1.7 vol% at 4h and it is stable till 6h. At 1180°C again it is
considerably decreased to 1.2 vol%. At 1180°C and times more than 2h, numerous and fine clusters of y' precipitates
formed. The formation of y' precipitates clusters will disrupt the creation of the proper distribution of y' precipitates. At
1180°C/2h, the lowest eutectic volume fraction (0.9%), the highest dissolution and reduction in the fraction and size of
primary y' (21.5% and 84nm) are present, which has been chosen as the best conditions for solutionizing in this
research.

Keywords TM-321 superalloy, Solution annealing, y/y’ Eutectic , y' Precipitate.
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