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Abstract

Particle-reinforced metal matrix composites are among the latest engineering
materials, and their rapid development in recent years can be attributed to their
exceptional properties, including high specific strength, wear resistance, corrosion
resistance, high elastic modulus, and wide-ranging applications. These materials are
used in various industries such as aerospace, telecommunications, electronics,
automotive, defense, and many other commercial and consumer products. In this study,
the effect of the percentage of diamond particles with a size of 100 micrometers on the
mechanical and wear properties of bronze-diamond composites is investigated.
Composite powders with varying diamond percentages in a bronze matrix are prepared
using a ball mill to mix the bronze and diamond powders, and the resulting composite
powders are consolidated through hot pressing. Using scanning electron microscopy,
the effect of diamond content on their uniform distribution, the microstructure of the
bronze matrix, and the mechanical and wear properties are examined. This study
investigates the effect of different weight percentages of diamond particles (8%, 10%,
12%) on the properties of bronze-diamond composites. The results indicate that adding
diamond to the metal matrix reduces flexural strength. Furthermore, as the weight
percentage of diamond increases, flexural strength decreases, while wear resistance
improves with higher diamond content.
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1- Introduction

Metal matrix composites (MMCs) are generally
produced using either melting methods or powder
metallurgy. Melting methods can include various
techniques such as vortex casting, centrifugal
casting, composite casting, squeeze casting, melt
infiltration, in-situ processes, and spray co-
deposition. However, for tools incorporating

diamond in their structure, melting methods are not
viable because diamond, a form of carbon,
transforms into graphite at 700°C in air. To prevent
oxidation and graphitization, high sintering
temperatures must be avoided. Particle-reinforced
metal matrix composites are widely used as drilling
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bits, saw blades, grinding discs, and honing stones
[1-3].

Tools produced by hot pressing typically contain
diamonds embedded in a metal powder matrix,
sintered in graphite molds. The resulting
diamond/matrix composite is attached to a steel core
via brazing or laser welding [4]. In brazed tools,
diamonds form a single layer using a filler phase,
typically composed of copper, nickel, or silver
alloys, which is brazed to the steel core [5].
Generally, metal matrix composites are
manufactured through various methods, with hot
pressing being the method of choice in this study,
involving parameters such as pressure, temperature,
and atmosphere. Key factors influencing the
production of diamond-containing metal matrix
composites include the matrix material, added
metals, powder size, alloying status, and the
mechanical, physical, and chemical properties of the
matrix. Additionally, the matrix's ability to bond
with diamond is highly significant. Similarly,
diamonds with varying sizes and metallic or non-
metallic coatings play a crucial role in improving
the matrix-diamond interface. To evaluate the
performance and effective properties of these
composites, various mechanical property tests,
including wear, hardness, and flexural strength
tests, must be conducted.

2- Research Materials

2-1- Bronze Powder

Bronze powder with a composition of Cu-
20wt.%Sn, manufactured in China with 98% purity,
atomized using inert gas, and having an average
particle size of 45 microns, was used. The bronze
powder particles used are elliptical in shape. The
morphology of the bronze powder particles used in
this study is shown in Figure 1.

2-2- .Cobalt Powder

Pure cobalt powder, manufactured in Germany with
99.99% purity, atomized using inert gas, and having
an average particle size of 1 micron, was used. The
cobalt powder particles used are fine and
amorphous in shape.

2-3- Diamond Powder
Diamond powder, manufactured in China with 99%
purity and an average particle size of 100 microns,

was used. The diamond powder particles used are
angular in shape.

2-4- Diamond Powder with 15 Micron Size
Diamond powder, manufactured in China with 99%
purity and an average particle size of 15 microns,
was used.

Figure 1:(a) and (b) Morphology of bronze particles with the
composition Cu-20wt.%Sn, along with (c) EDS elemental analysis

3- Equipment

3-1- High-Energy Mill

For the mechanical alloying process of Bronze-Co-
Diamond, a high-energy ball mill equipped with a
water-cooling system and a controlled atmosphere
was used.

3-2- Balance
For weighing the powders, a KIA Electronic BL2
balance with an accuracy of 0.01 grams was used.

3-3- Glovebox

To prevent oxidation of the milled powders during
the unloading of the mill chamber, all steps of
opening the mill chamber and unloading were
performed in a glovebox under an inert argon gas
atmosphere.

3-4- Hydraulic Press

For compacting samples for combustion and
mechanical tests, a hydraulic press with a capacity
of 100 tons, equipped with a pressure regulation and
maintenance sensor, was used.

3-5- Furnace and Press under Inert Atmosphere
For hot pressing and sintering of Bronze-Co-
Diamond samples, a chamber with a controlled



9 Investigation of the Effect of ...

Ali Alizadeh et al.

atmosphere and a working temperature of 1000°C
was used.

3-6- Mold
For cold pressing, hot pressing, and sintering of
samples, a hot-work mold with a diameter of 4 cm
and a height of 10 cm, made of H13 hot-work steel,
was used.

4- Project Methodology

The sample preparation process in this study
involves the production of composite powders and
their sintering through hot pressing. The density of
the prepared composite samples is presented in
Table 1. The composite mixture consists of cobalt
with a specific gravity of 8.9 g/cm?, bronze (Cu-
15Sn) with a specific gravity of 8.68 g/cm?, and
diamond (D100 and D15) with a specific gravity of
3.5 g/cm?. The theoretical density was calculated
using the rule of mixtures, and the sample densities
was determined using the Archimedes method.
Analysis of the results in Table 1 shows that the
relative density of the samples ranges between 96%
and 99%.

Table 1: Density of the prepared composite samples

Sample Theoretical Relative
Sample Density Density Density
(g/em?) (g/em?) (%)
1 8.61 8.680 99.1
2 8.59 8.702 98.7
3 7.95 8.184 97.1
4 8.07 8.287 97.3
5 7.93 8.184 96.8
6 7.76 8.080 96.0

4-1- Preparation of Composite Powders

4-2- Determination of Metal Element
Percentages and Diamond Reinforcement
Type
To investigate the effect of diamond content on the
properties of bronze-diamond composites, diamond
particles were added to the bronze matrix at 8%,
10%, and 12% by weight. Additionally, to study the
effect of cobalt addition on composite properties,
10% by weight of cobalt was added to some
samples. Initially, bronze powder with a
composition of 85Cu-15Sn was prepared, and in
subsequent samples, 9% by weight of cobalt was
added to the mixture. It should be noted that copper

and tin powders were used as pre-prepared bronze
powder in separate samples.

4-3- High-Energy Milling

To prepare the composite powders, the bronze
matrix powder, along with diamond (and cobalt
powder in some samples), was placed in the milling
chamber. A 2% by weight stearic acid was added as
a process control agent (PCA) to prevent powder
adhesion to the milling balls. The ball-to-powder
weight ratio was set at 30:1, using 900 grams of 5
mm diameter 304 stainless steel balls. The milling
process was conducted at a speed of 430 rpm for
three durations of 4 hours in a water-cooled
chamber for the respective samples.

4-4- Sintering of Composite Samples

The powders produced through high-energy
milling, weighing 30 grams, were poured into a
mold and cold-pressed at a pressure of 200 bar.
After cold pressing, the mold was transferred to a
hot-pressing chamber. To ensure an inert
atmosphere, argon gas was injected into the hot-
pressing chamber throughout the process. After
heating to 600°C, the mold and powders were held
for one hour to achieve uniform temperature,
followed by the application of a pressure of 200
MPa. After one hour, the pressure was released, and
the furnace was turned off. Once the furnace cooled,
the composite part was removed from the mold.

5- Conclusion

In this study, the hardness, wear resistance, and the
effect of varying weight percentages of diamond
particles on the properties of bronze-diamond
composites were investigated. The results showed
that samples without diamond exhibited higher
density compared to those containing diamond.
Additionally, the addition of diamond to the metal
matrix reduced flexural strength, likely due to the
presence of ceramic diamond particles in the bronze
matrix. As the weight percentage of diamond
increased, the flexural strength decreased.
However, with an increase in diamond content, the
wear resistance of the composites improved.
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Abstract

Tillage operations are very important in various aspects, including improving the
physical quality of the soil, maintaining moisture, increasing organic matter, and
reducing erosion, and play a fundamental role in providing a suitable substrate for
optimal plant growth... In this regard, the design and construction of a multi-purpose
rotivator with the aim of simultaneously performing tillage and planting operations
creates a revolution in increasing productivity, reducing fuel consumption, time, and
total cost of production. This device, with its combined mechanisms, is capable of
performing operations such as breaking up clods, aerating the soil, preparing the
seedbed, and digging adjustable furrows simultaneously. The double-sided folding
structure and design compatible with road transport conditions are other important
features of this advanced tiller. In addition to the technical advantages, using this device
with modern technologies will help automate agricultural operations, reduce resource
losses (such as water, energy, and fertilizer), and adapt to the principles of sustainable
agriculture. Due to the lack of a similar domestic model and its affordable price
compared to foreign models, this device can play an effective role in the development
of agricultural mechanization in the country. Thus, the multipurpose tiller, as an
efficient, smart, and economical tool, will pave the way for increasing productivity,
conserving resources, and achieving sustainable development goals in modern
agriculture.
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1- Introduction

As one of the most important tillage equipment with
the ability to adjust working depth and high
crushing power, the rotavator plays an important
role in preparing the seedbed and mixing plant
residues. L and C type blades are suitable for use at
different depths and, with their special design,
increase soil quality and reduce soil compaction
[1]. Figure 1 shows a view of a rotivator and L and
C blades [2]. Control systems such as depth
adjustment skids, a spring-loaded tailgate to adjust
the amount of soil crushing, and front shock
absorbers to correct the tractor wheel path help

improve the machine's performance in various
operations [3]. The
considering features such as

introduced  rotavator,
optimal  fuel
consumption, diversity in working width, and
applicability in different conditions, is known as a
versatile, efficient tool that is compatible with

modern agriculture [4].
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Figure 1: View of a rotivator and L and C blades

Arthur Clifford Howard invented the first electric
rotary tiller in 1912 [5]. He used a steam tractor
engine and rotating discs to create a new method of
tillage that broke up the soil without compacting it.
This innovation resulted in a more uniform soil
breakup, making it ready for farming [6]. Howard
designed various models including rotary shovels
for the Fordson tractor and hand-operated machines,
and he introduced a machine with an internal
combustion engine and five rotary cultivators [7].
Howard's first rotavator was designed for a Fordson
tractor and was powered by the tractor's pulley .In
1949, the lighter D-type model was introduced with
smaller blades and a 20-inch rotor for Ferguson and
Ford "Dearborn" tractors, which were connected to
the tractor by four-point linkage arms [8]. The F-
type model was introduced with a direct connection
to the rear transmission and a 23-inch rotor, which
was suitable for a wvariety of tractors. These
machines enrich the soil for planting, remove
unwanted roots and improve soil structure .
Rotavators also contribute to sustainable agriculture
with features such as cover crop planting and
fertilizer mixing, improving crop yield and soil
quality [9] .Early rotavators were prone to
mechanical failure due to their heavy weight and
high energy consumption. Repeated tillage with
these machines can damage soil structure, causing
compaction, erosion, and loss of organic matter
[10] .These disadvantages, especially in wet soils,
pose serious challenges for farmers, increasing
energy and labor costs. Nordic research shows that
soil compaction caused by heavy machinery can
reduce crop yields by 5 to 15 percent [11] .Studies
using CT scans show that structural damage to the
soil remains even after 14 years. Climate change
and increased rainfall make dry soils more
vulnerable to compaction. Heavy machinery with a
weight of up to 60 tons has intensified this problem,

and in deeper soil layers, the reduction in
performance can be permanent. A rotavator consists
of components such as a propeller shaft, slip clutch,
gearbox, side drive, blades, soil guard, and gauge
wheels. L-shaped blades made of high-carbon steel
are ideal for shallow soil tillage, while C-shaped
blades are more suitable for heavy soils. The device
body is made of ST37 steel, offering high strength
but low resistance to vibration. The gearbox housing
is produced from gray cast iron or cast steel to
withstand stresses. Universal joints are made of
low-carbon steel, and wear strips are made of ST37
steel, which are flexible but susceptible to
corrosion. These materials ensure the durability and
performance of the equipment.

2- Research Methods

Unlike traditional plows that cause soil imbalance
and compaction, the rotavator with its rotating
blades prepares the soil uniformly. The physical,
mechanical, and dynamic properties of the soil, such
as strength and moisture content, directly influence
the energy required for tillage. Understanding these
properties is essential for designing blades and
operational settings to improve efficiency and soil
quality.

vartous load with Different Matertal

Figure 2: Blade analysis in ANSYS software

Gray cast iron versus structural steel were examined
for blade material selection. Gray cast iron, with a
permissible stress of 105 MPa, and structural steel,
with 140 MPa, were analyzed. Under applied loads
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of 600 and 1000 Newtons, the resulting stresses in
both materials (42.832 and 74.283 MPa for gray cast
iron; 42.505 and 73.234 MPa for structural steel)
remained within safe limits, indicating design safety
(Figure 2).

The deformation analysis of the blades showed that
gray cast iron experienced a deformation of 1.4324
mm under a 1000 Newton load, while structural
steel had a deformation of 0.79592 mm. Although
gray cast iron is cheaper, it exhibits greater
deformation, whereas structural steel, with higher
efficiency, is a more suitable material for heavy-
duty applications. Static analysis was conducted by
varying the blade angles (85°, 90°, 95°, 100°, and
105°).

3- Results

The results indicated that the blade angle influences
both stress and deformation. The optimal angle
(95°, in the current design) provided a suitable
balance between cutting efficiency and structural
resistance. The results are presented in Figure 3.
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Figure 3: Static analysis diagram of blade angles

Soil Cutting Dynamics Simulation Soil cutting
simulation was performed in Abaqus software
(Figure 4) to investigate the behavior of the blades
in interaction with the soil. The simulation showed
that C-shaped blades with the appropriate cutting
angle create less friction and introduce less reverse
torque to the tractor.

Figure 4: Soil shear dynamics simulator in Abaqus software

The three-point hitch system transfers tractor power
from the PTO shaft to the rotor. The components of
this system are made with a laser cutting machine,
which offers high precision in cutting metals such
as steel and aluminum. The system is precision-
machined using laser cutting machines to produce
high-quality flanges and covers. Rotavator
performance is affected by factors such as blade
configuration, direction of rotation, depth of tillage,
ratio of peripheral speed to forward speed, and soil
conditions. The rotavator is equipped with double-
row ball bearings made of chrome steel (AISI
52100). The high resistance of these bearings to
wear and corrosion ensures flexibility against
impacts and long-term durability, which is essential
for stable operation of the machine. The use of
common parts not only reduced costs but also
shortened production time. To reduce waste, sheets
of similar thickness and dimensions were used as in
other machines. The sheet cutting layout was
designed to maximize material utilization and
minimize waste. To increase durability, parts under
static and bending stresses, such as the center hubs,
were doubled. Increasing the diameter of the central
gearbox shaft from 35 to 45 mm improved the
rotavator’s weight-bearing capacity and speed, and
reduced maintenance costs. Material selection
affects the performance, aesthetics, durability, and
cost of the device. Materials such as ductile iron for
the gearbox, chrome steel for the bearings, and
STS57 steel for the chassis were selected. These
materials have high resistance to abrasion, corrosion
and impact. This study provides solutions for
improving design and production, considering
climatic conditions, crop type and tractor power.
Needs assessment, a key process in rotavator
design, involves identifying the needs of customers
and the target market. Rotavator design involves
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three main steps: 1) preliminary design to determine
initial features, 2) supplementary design to address
technical issues and improve specifications, and 3)
product analysis to examine strengths and
performance. These steps ensure that the final
product meets quality and performance standards.
The supplementary design focused on resolving
technical and engineering issues. The material of the
parts, construction, assembly, aesthetics, and
compliance with environmental standards were also
evaluated. This phase ensured that the rotavator met
market requirements in terms of performance and
durability. Materials such as ductile iron, chrome
steel and ST57 steel were chosen for their strength
and durability. Criteria such as strength, corrosion
resistance, weight and environmental sustainability
were considered. Materials that require less energy
to produce or recycle were given priority. These
choices not only improved the efficiency of the
machine, but also reduced production and
maintenance costs. For precise cutting of parts, the
drawings were converted to DXF format for use in
CNC laser cutting machines.

4- Conclusion

This study aimed to design and manufacture an
advanced rotavator to improve agricultural
productivity, reduce production costs, and increase
the durability of the machine. Using experimental
methods, software  simulations (such as
SolidWorks, ANSY'S, and Abaqus), and mechanical
analyses, the performance of the blades, power
transmission systems, and structural components
was investigated. Market need assessment and
climate conditions helped in designing a product
tailored to farmers' needs. The design process
included preliminary, detailed, and analytical
stages, ensuring device safety and efficiency.
Analyses showed that selecting materials—such as
unbreakable cast iron for gearboxes and chromium
steel for bearings significantly impacted durability
and performance. The C-shaped blades with optimal
angles and serrated designs reduced friction and
improved soil working. Folding mechanisms,
hydraulic  locks, and gearboxes enabled
simultaneous  soil cultivation and tillage.
Simulations and final testing confirmed the

machine’s satisfactory performance across different
soil types and tractor capacities. The designed
rotavator, equipped with features like a four-plate
PTO, slip hubs, and multi-row bearings, reduced
maintenance costs. Using CNC laser cutting and
optimized component layout minimized
manufacturing waste and increased precision. With
a working width of 3.50 meters and foldable design,
transportation became easier, and operator safety
was ensured through safety guards. These
innovations boosted agricultural productivity and
made the product competitive in the global market.

This research not only contributed to developing an
efficient rotavator but also provided a framework
for designing agricultural machinery focusing on
sustainability and cost-effectiveness. The findings
can be used to improve other soil cultivation tools
and advance smart agricultural technologies. Future
research should focus on optimizing energy
consumption, reducing environmental impacts, and
integrating smart sensors for soil monitoring. This
study represents a significant step toward
sustainable agriculture and increasing productivity
in areas with diverse climate conditions.
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Abstract

The application of the Equal Channel Angular Pressing (ECAP) process imposes severe
plastic strains on the metallic billet. As a result of these imposed strains, the initially
coarse grains are transformed into ultra-fined or nanostructured grains, and beneficial
microstructural evolutions occur in the texture of the material, which lead to
improvements in mechanical properties. In this study, commercially pure titanium
(CP-Ti) BT1-0, as a hard-to-deform material, was placed inside a casing made of pure
copper and subjected to four passes of warm ECAP at a temperature of 250°C in a 135°
channel using route Bc, accompanied by the application of back pressure through
extrusion in the end of die. The simultaneous effect of back pressure and the casing on
the grain structure and mechanical properties of the target material, i.e., CP-Ti, was
evaluated. Experimental results showed that the grain size was refined from 49 pm in
the initial annealed state to 710 nm after four ECAP passes. The compressive yield and
ultimate strength, and also compressive elongation changed from 267 MPa, 899 MPa,
and 51.8 mm/mm in the non-ECAPed condition to 958 MPa, 1375 MPa, and 30.7
mm/mm after ECAP processes, corresponding to increases of 359% and 153%, and a
decrease of 59%, respectively. The average Vickers hardness also increased from 163
Hyv in the initial annealed state to 289 Hyv after four ECAP passes, representing a 77%
enhancement.
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1. Introduction

Titanium and its alloys are widely used in various
industries such as aerospace, automotive, and
biomedical due to advantages including low
density, high specific strength, excellent corrosion
resistance, low elastic modulus, high temperature
resistance, good castability and weldability,
relatively low cost, and most importantly,
outstanding biocompatibility [1].

Metals and alloys such as titanium and magnesium,
which possess a hexagonal close-packed crystal
structure, as well as precipitation-hardenable alloys
such as aluminum 7075, are considered hard-to-
deform metals due to their low formability at low

temperatures and even at room temperature [2, 3].
When processes such as ECAP with high strains are
applied to these metals at low temperatures, surface
and subsurface defects, cracking, and fragmentation
occur as a result of unstable plastic flow [4].
Previous studies have shown that these defects in
the ECAP process can be mitigated by increasing
the die channel angle, increasing the processing
temperature, reducing the pressing speed, using a
bimetallic sample with a casing, applying back
pressure, and controlled annealing [5, 6].

In summary, in this research, warm ECAP at 250°C
and a die channel angle of 135° was applied to BT1-
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0 CP-Ti inserted into a copper casing. By using an
extrusion designed at the exit end of the channel
(reducing the diameter from 15 mm to 10 mm) and
placing a billet of pure aluminum in it, during the
ECAP process, the extrusion force of the secondary
material imposed a hydrostatic pressure referred to
as back pressure on the titanium sample. The ECAP
process was performed for four passes using route
Bc, and the microstructure, compressive strength,
and hardness were evaluated to investigate the
simultaneous effects of warm temperature, back
pressure, and the casing on the workability of CP-
Ti. The compressive strength property was selected
in order to examine the strength of the ultrafine-
grained CP-Ti produced for potential application in
compression-loaded components such as dental
implants. The implementation of warm casing
ECAP on CP-Ti accompanied by the simultaneous
application of back pressure through the innovative
method of end extrusion, resulting in successful
execution of four passes of ECAP at 135° and the
achievement of an ultrafine-grained structure with
enhanced mechanical properties, represents the
significant objectives and novelties of this study.

2. Materials and Experimental procedure

In this study, rods of CP-Ti BT1-0 were used as the
core metal or billet and were press-fitted into tubular
casings made of pure copper. For the back pressure
material, a rod of pure Al 1070 was used due to its
softness and easier plastic flow. In this method, to
apply back pressure, an extrusion with a diameter
reduction was designed at the exit end of the die
channel. The force required to perform the extrusion
results in a reaction force being applied to the ECAP
specimen, known as back pressure [7].

The ECAP process was carried out at a warm
temperature (not hot) of 250°C [8] using a hydraulic
press with ram speed of 9 mm/s. The process was
performed for up to four passes following route Bc
[9]. After removing the casing from the processed
material, it was observed that the four passes had
been successfully applied, and no macroscopic
evidence of surface cracks, subsurface defects, or
noticeable fracture was present on the surface of the
CP-Ti. Therefore, the titanium billet before ECAP
and after the four passes of ECAP was subjected to
mechanical and microstructural characterization.
The microstructure  evolution, compression

behavior and hardness of CP-Ti BT1-0 before and
after the warm ECAP process under simultaneous
application of back pressure and casing confinement
was investigated according to the ASTM standards.

3. Results and Discussion

The microstructure of CP-Ti BT1-0 before and after
four passes of casing ECAP accompanied by back
pressure was examined using optical microscopy
and is shown in Figure 1. A noticeable grain size
reduction is clearly observable qualitatively in the
images. The output of the MIP software indicates
that the grain size decreased from 49 um in the
initial annealed state to 0.71 um (equivalent to 710
nm), which confirms the ultrafine-grained structure
of the material resulting from severe plastic
deformation. Grain refinement accompanied by
grain elongation along the flow direction indicates
the application of a high-strain deformation process,
which transformed the initially equiaxed grains into
elongated secondary grains.

Figure 1: Optical microscopy (OM) images of CP-Ti BT1-0, (a)
without ECAP (initial annealed condition), and (b) after four
passes of warm casing ECAP with back pressure.
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The engineering stress—strain curves obtained from
the compression tests are presented in Figure 2. The
results show that with the application of ECAP
accompanied by the casing and back pressure,
increasing the number of passes from 1 to 4
increases the compressive yield and ultimate
strength of the material, while the percentage of
compressive strain decreases. The yield strength
(MPa), ultimate strength (MPa), and compressive
strain (%) change from 267, 899, and 51.8% in the
non-ECAPed condition to 958, 1375, and 30.7%,
respectively, after four ECAP passes. As can be
seen, increases of 153% and 359% were obtained in
the compressive yield and ultimate strengths,
respectively, along with a decrease of 59% in
compressive strain. The trend of variations in yield
strength, ultimate strength, and compressive strain
during the compression tests can be observed in
Figure 3.
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Figure 2: Engineering stress—strain curves from the compression
test of CP-Ti BT1-0 before and after 1 to 4 passes of warm casing
ECAP with back pressure.

mYield strength =1 Ultimate strength @ Flongation
1400
50

1200
4361073

IS

1000

800

38
Elongation (%)

Compression strength (MPa)

10

—'Q

p‘&y o p"’lt 7 p‘lr 2 p“'ir«, p"-‘ia v

Figure 3: Variation trends of yield strength, ultimate strength,
and compressive strain of CP-Ti BT1-0 during the compression
test after four passes of the casing ECAP process with back
pressure.

The prepared specimens were subjected to Vickers
microhardness testing before and after 1 to 4 passes
of the ECAP process. The results showed that
increasing the number of passes increased the
average hardness across the mid-section of the
billet, and the hardness values increased from 163
Vickers (Hv) for the non-ECAPed (initial annealed)
state to 223, 252, 278, and 289 Vickers for passes 1
through 4, respectively. A 77% increase is evident
from the non-ECAPed state to the four-pass ECAP
state. Figure 4 shows the hardness evolution of CP-
Ti BT1-0 before and after the ECAP passes.
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Figure 4: Trends of Vickers microhardness increase in BT1-0
samples before and after 1 to 4 passes of warm casing ECAP with
back pressure.

The improvement in mechanical properties,
including strength and hardness, can be attributed to
the simultaneous effects of severe plastic
deformation by warm ECAP, the use of the casing,
and the application of back pressure in optimizing
microstructural evolutions and increasing the rate of
ultrafine grain formation. In addition to the
increased imposed plastic strain and the resulting
significant grain refinement, optimized
microstructural transformations (including the
formation of mechanical twins, shear bands,
lamellar structures, and complex band intersections,
as well as increased dislocation density,
accumulation, and the increased fraction of high-
angle grain boundaries) due to severe plastic
deformation by ECAP lead to improved mechanical
properties, which are further enhanced by the use of
the casing and back pressure [7, 10].

4. Conclusion

e The successful application of four ECAP passes
on CP-Ti, resulting in an approximate total
average strain of about 1.84 in this hard-to-deform
material without observable defects or noticeable
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damage, indicates an improvement in the
workability of the material due to the
simultaneous application of back pressure and the
use of a casing. This effect is mainly attributed to
the increase in hydrostatic pressure and the
reduction of fracture-related stress effects.

e Microstructural analyses showed that the grains
transformed from the initially coarse equiaxed
state (49 um) to an ultrafine elongated secondary
structure (710 nm).

e Evaluation of the stress—strain curves from
compression testing on the initially annealed
titanium samples and those processed through 1 to
4 ECAP passes indicates a significant
enhancement in compressive yield and ultimate
strength, along with a relative decrease in
compressive strain. Quantitatively, the yield
strength (MPa), ultimate strength (MPa), and
compressive strain (%) changed from 267, 899,
and 51.8% in the non-ECAPed (annealed) state to
958, 1375, and 30.7%, respectively, after four
ECAP passes, corresponding to increases of 359%
and 153% in yield and ultimate strengths, and a
decrease of 59% in compressive strain.

e The Vickers microhardness assessment of the
mid-section of the titanium billets showed that the
average hardness value increased from 163 Hv in
the initial annealed state to 289 Hv after four
ECAP passes, representing a 77% improvement.
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1 Age Hardening

12 Difficult-to-work alloys

13 Casing

14 Back pressure

15 Hot ECAP (0.5 Tm<T<0.8 Tm, Tm: Melting temperature)

16 Dynamic recrystallization

17 Warm ECAP (0.3 Tm<T<0.5 Tm, Tm: Melting temperature)
18 Cold ECAP (RT: Room temperature)

19 Dynamic recovery

20 Hydrostatic stress

! Equal Channel Angular Pressing (ECAP)
2 Severe Plastic Deformation (SPD)

3 Pass

4 Coarse grain (CG)

5 Ultra-Fine Grains (UFG)

6 Nano-Crystalline (NC)

7 Low Angle Grain Boundaries (LAGBs)

8 High Angle Grain Boundaries (HAGBs)
° Dislocations

10 Hexagonal Close Packed (HCP)



srabils,

s Al i (Sl 2l 2y O

w3 oo a3l oole (63 S ColilB g ools ialSTly (S0 ,65 S 5
Jls) » e slaosuny a5 398 oo Cecl STsblaly o A A8
el Ngd 058 p Dol LS 3 g Lao > 0l g slml wsile
Og ) Semdly (26555 i palie B ams oo ojlal oole @
6,35 slaws alomil el oz )s 5 05,5 Jamd ConSd (5,50
a vy VAl ol wals ) wlsg, 358 sbaals 4 oliws 5 i
Olsieds (6 iy )l5 p St S5 4y iy HLid Koo jle
5 e Al g g bml e (155 Jeod 3 03le S 0o
b enl 2 opdle IYV] 00,8 o 05800 5 5,50ke ulide yo e
& 9 (b5 ) JU ()5 wgd 505 b Wlgoe (S
CHESe G @s 9 oole e ileKen 4 03,0 (sailate
JSE 4 e el ol &5 S S8 el ghalle b o
@l ool )3 aBldge (SHe plo 5 SoSen jSlag S
Oy iy Hlad a5 e s el Yy g VAl s 5 s
3 i slastagy s 0l s pSedz b laals (Sad,
4 ity HLed il s beails Sudpy, 45 05,5 Laseie @ds b ool
ol b Cwsl S5 i plSan 50 6318 Mo G-l i oo
Sl i gl Se Vg5 o Lot wSiae Jlasl Lid
[¥F oY 5 5]
S S olse (Ul anld e sty s Gl Glalla
A el sl Soe 1 i Lid 5 Lo il .ol oads plo!
liios b gy p (YOl Yoo F Jlo jo il 5es 5 Oy g
65l s wlgs oo o Los 2lS b i iy jLad as ol olas bl
$U lite L JLSle 5 VL la )5 oo 5 oole iy IS0
Stes Jlesl LlYPl Yony Jlo o 2il)Sen 5 Sy olomiley
5 (K yoe Sgrte Al @uilis Ep S S s ead S
e g Gyl YN Sl 30000587 a0 6 ey IS5
Pl sy 5Lad plajen Jlesl b (s alis o5 1L [YY]
by S 5 eolitl Cgz 1) eole T8l 5 (Sl
bt logl wnlp opl Jloel b as o ools (las 55,8 o)
cwd 4 Jle o) B 5lucas; boolen adl Wl SOl ol
i oy ST L VALY V0 Lo jo (l1Sen 5 Sl e
GHESLogil 5yl ails ojlaslay ¢ stz [Lad Jlasl b ol o Lalls

(Avo 5 18] YU calses b e 5l ool poe) conlio Cualid
JS8 s ddlaie s (l 3l (2SS (5958 AR 4 i
Gl dasgie 5,5 Gl el WB sla 38 sl sl
Pl Gl g lSlag S (GK0n Sgne chawgie (P
GVb 5 il il ojlail rals VA N Y] 8o S e Sl
S oz (suuals JL2le 5 55 @ (b Sl daalls
Pl SRl e xlan (R8lg 90 dlge wgs adally 5 (ol S5
s 3 e el (Sl lst (ST el 5 (S
[VAVF 5 V]l oSl alys o e 5l ool (blse
GHLSen 5 Sl Sl anl o B (55,50 550 5
sloales a5 sl |y 1S sy ol Jloalsl Voo Jlo yo (Y5
TN Jlo ,o 0,5 Bime Sl anld jl soliial b (s3lég0
—ainogdl g3l3g0 als a5 wols slas [YV] ail ) Kan § cons
osle 93 Sy gz g Oy SO axl,d 5l esleal b Qilgs oo e
gy 3 VY Jlo o dYADL aliSen 5 (509592 098 s
5 San Gl sl (CCTY) (B ) by ol 4y oo
live glasdllas ;o .050,5 oolaiwl ool SOl 8lge jo (35,5 &u3e5
Pl 5 G5 @35 21 oo I B VYT i Sem 5 (5 0L
Lol (gl 30,8 (g2 005 0] il (6 5 el (SIS
g atilogy 5,5 Ken (M Cuwls il boas ol las
9 $rob e Gl ladiges plSodial 5 (S Guizes
OiyS S3lSe 1, e 51 YN E ey ee [NE] il S
7 D30ty o L ol BME VoV itegll (Sl olys
(S e 50 az g bl (il o] b Ws S cw)p 539 4
Sl s |y (Sl oy Sl 5 55,5 Kan S5ete
P sl S G plgreas SOl al b e iy jLad Jlee!
Lalys o a8 glagl ohisar wlye g pdy JSa Colls s5pn sl
Ol o el gihae (gl g0 (KoFenS L (59,558 5 s Jsene
Sl B 5 1y ey o (ol (6 Lid g5 0 epdle 13,
JUS sl 5| b 58 oty LSl (6Lt (o508 5y iS00
(i b ST ol 03l 100 5 (oo Jlasl diges 4 B (29>
IS0 it ailie 5o Silialyynm A5 aille argi b il
2 85T g 1) ot slvg o Sisliwlgane HLad LYV -va] el

@ bl gyl aesge 2alS )08 J Gbp S Gl

3 Biocompatibility

! Covered Tube Casing (CTC)
2 Workability



Of Yc)waf O)ss)‘\f‘f JL“"’

SlSe (gwdiges )3 (59l g ple 4 a0

5 oS [YA 518 o VY] el 38 (Glosle-go (sladiges
09° o b e 58 Glgieas BTI-0 (ol oulis i
o Bblal &yp0t (Al e ez ) ISS Sllg) olacdle
by S8 5 Job il 00 b e dee 0/ oy LB L
Shd g () S8 sk g yehe Vo9 oS A pesills
Adloe o b Vo g VO A0 L ply i A e B LS
3 53k90 saiges ot (g a0l § Sled (ples ) KA 50
5 iy Lz ool gl sl o ools Lt oSyl sl el 5
O 5 505 Jd V-V Al el i b o0 e
ool Yo oo VO g Vv b ol o i 4 Shad g Jobo 4y 9 e,
b Oiarest Sl gy [lad Jlesl g Ny cnl po s S
AB (o> JU Glesl o tahee Ve 410 Sl Sl hals
Jlesl @0 pzie 05951 plonl Sz 5lissge (595 0l ool
A5 el iy L plyie ot LSl diged a4 (A5 (595
4]

peesll 9 (Al s « BTI-0 als 0l (albord oS 5
ool s 4y (6583 (6 g Sl g Sl ool V-V alls
e 16 Al el pland oS 5 endelnil (geil el
@ ) Do (Fg wo ) sz Vo Ve Al el 5 Al
ol cws
= CP-Ti BT1-0 (Ti99.27, A10.372, Fe 0.201, Mn 0.079,

C 0.043,V 0.029)
= Pure Cu (Cu 99.92, Fe 0.027, Zn 0.024, Cd 0.008, Pb
0.005, Ag 0.003, Si 0.002)

= Al 1070 (Al 99.74, Fe 0.13, Sn 0.052, Mg 0.031, V

0.011, Ga 0.011, Zn 0.01, Mn 0.003, Ti 0.003, Si
0.002)

sl s Bis slp wnld Jlel 51 L8 baiges opl ol

IYAL s plogl Jlislog Sae 0055 50l 5 s3lopSon g ilowy
ol iz 5l (placdy (DU 5 b GLbl 5l A g o
F7] oaiosls ;1,8 6,65 10 800°C sles o el ) e 4y alls
Sllas (ol b Bad 3pe el 0)98 510 30 e 5 [FY
als ol (ke b (Sen 5 9o [lSlag S S Sl
BT1-0 Lol qslis oo Do soole (sly ying, S ¥ il jo
Sde 4 5 Al sl oadansle glaeddle [FA] sl cos
Sy igels 0y65 2o jo g (2ol > 600°C gles jo el )

@5V Ve el izl i lad slas Khee [Y0] aixas

(0,) Sl Leo &O1 o pewlin Oladon andS LIl b

ol g9, [FO-FV] (£lo/p,S) Vb Les g [+ ¥ VA 51V 4 V]
@byl 2 oagh il edes lwl 43S Djge alls
Pl S,y (Sellie (ols> dgete 62305 o5 i bag S
()lad 5 (oaiS L) (gt (Sl 5 (Sl (Sl
Ol ST 0 adloads (S et (59,5 (Kind g (59,55 (S
sy JLES (B bos la GSU) al )l g0 L*JL?H b S Ol
ol g spd)l5 p ol Bl g 4l s 0puf 5 S up Sy
b oosesl cnl 0o s ob &l smsn 2y90 AL eils B85
(g Hlad g B e S les Fhe yLel)l 4w lojes (655,
a9k 3 (i lSel (Al il Bose oSl an ) Jles!
aryd YO gl yo p)F GSl anlp G cnl o asds
e BT1-0 ol vslbs oz 0 VWO JUK ayel5 4 01,5 6le
ooyl y3ayianST 31 ool b s Jlasl oo (slalg) 4o o
IR s Greghee Vo 010 5l k3 (2als) (29,5 JUI slesl o
alp Jlosl Lol yom ]y (Al meimgll i 5l iy S 0l
Sl aee g lad gl gosle 99 5ST 5 (86 (59508 oS
Sl an T8 oyl e )y (oeilis diged p (i b lyie cos
9 §)Lad plioctul LSbag e g plnl BO s )3 )35 Jlo b
2B g iy JLad e S sled plesed Sl ow)p Cuxr (S
Sl Lot 28,5 18 b5l 0yse (Al el s pdylS
Wldh) 38 LAl el plotil (o) Baa b (5,Lad plSoi
B o)lad i co sleo )5 0 (65 e Cuz eadady
2 8 Sl anTs bl s Sl s bl
U g, b iy JLad pleojea Jlesl Lol o (@l il
WO oSGl 35 F 3390 Jlosl ame ;o 5 (alel (39 ST 5l oaliznl
sl ] (Sl ol b ailag ) 358 Jldle 4 plitws g a0

gy g dlge -

Slgo =1-Y

() G ook 508 | gloslogo slaaigos 5l asllas (sl )3
ooliil S0l anT )3 5 (5,5 e g (BM) siss 1ud ook
e GRS @55 SFIES dgrte LS lg e SKep Rl 0l
Sheslizal (Yo 5l (20 Ss (g5, (talS g (Sl olss (sl

2 Core

! Bi-material specimens



srabils,

e Al ol (SOl ol bl 00

Lol )5 oSGl anld Jlash 5o 5 iy ol o S
Ll 00 oalo QL*‘-’ s ; )L.Mﬁ JLo_d

[ B A |
9T 3 Jlosl 31 g (2) 9 et (A B (g0 ;S 31 (ld oY JSC
i 5L Jlasl b ol yon o )5 S
By JoSid 4y jomie B e 1 ooliinl a5 ol oals Ul
Sy b jsmenn g (Sen JLSlugil 5 ailsy ) 358 Jlslag e
aisS 5 JUIS aygly 0 oole yeue b [0Y 5 YOI 052 0 YU asl;
Jles! diges i +/FF sga> Li5)S alflax 35 2 0 Sk
ools lid «Bud goole (g9, 3l e 0,5 lax 5l o [Flogd o
3 S a5y ,Sle wilis zd g9 0090 (3950 ool Jlogl A5 F a5 0
v ;0 owswste CanS b g prbaw ) Cgus (raw s S S
F o les! 5lam g L8 cowlis o 1 o)la 092y Lalls quslis

Al @8ly 6 by e 5 (SlSe oleS c)p0y50 SOl IS

Uigel 0,85 10 e 5 (23Le,S YVA'C gloo j0 adBo Ve Do
LAl RERVRIC Ry

90 mm 15 mm
& N
I~ i
Billet (BT1-0 CP-Ti)
Casing (Pure Cu)
10 mm

Gl (G890 digos 3l euls (5 laFolal g Soilouds (o Lod 1) STl

S a8 Y-
ol o b JUIS oz 5 450 g5 (slyls oslinuls g0 oS3l
G g a5l AISI 1.2714 1565 150 o¥s8 i 51 a8 Sl S
s b JUI 51 B yo aalllas ol o a5, 5 CSew OY RC sg0>
5371 b8 T +° 58 gl 5 VYO0 JUIS gl n shon 10
s JUIS sl aken Vo 10 51 b talS L sl
0,8 Le) sy Hlad goole yul s ST S s s S eolatul
Slgs aiged bl & (swsSae Soye8 (V1Y Al sl
Sl an T ol axkd eols iy jlad (hE 45 5] 00 0l
0,8 ks 359yt S5 ccail ool lid o gy S oo Ly
S il led ()5 SIS i 4 oS Al e
A MPa 5 ) MPa Y b il by i8S alSinial § peles
iS5 55 anlys VAD MPa Ly il sasolom! ity Li3 ke sce
g g o b oSl Gl o (a0 IS (59 s ST I e
[VA] el saelassay ouiy

bonle @b @) 8 ples ;5 oSl anld aaios ol o
P ol by Sl n o o 3l eolinl L [£3] Y8-°C
eolis g Lo Jloel Sz 28,5 Oyge A MMSS 6 Sk s g S
0358 SIS 5 B 45 ol ey (pmsllid sl (A
30 E s gl 535 (5l g 0ol sailu, YO-+(VZV0) °C sloos
G e, 38 (gl W T oo 2ol swy Ojgods LA
S5y g s D985 g0 03luy HS A (Glad 4y qwe B L ol o
o dlgad Sime ) il HIS0lg)) ' weSge ISl 5l eolizal L
b ol Joog b spi olge 5 CodlS (e sl sla ST, L
38 Ui ,2) BC e 10,35 F U ladiges p SOl an],8 (P0-°C

el ¥ U 50 00,5 oo Jlesl [00] (a2 50 40 lye 4y xS

' MOLYKOTE ® 1000 PASTE



N Y oleds oF 0,50 VECF L

SlSe (gwdiges )3 (59l g ple 4 a0

o laibiwl 31w plsl [0F-0Y] Slws slacalal jo o8
&5 b Zwick Z-250 (50,9705 olSiws ,0 ASTM E9-89
b slailsial sloaiges 59, jLid oga3l plonl gl /- - F 87 S
oolaiwl VYA jhad oy elay )| cood L A mm gl )l  ¥/0 mm a3
Wged oy bed s 5 SBaol S5l zals ol [00] wo 5
&,Slg, M0S2) andse aadlguss IS5, L olliws lacss
e gz § S8 S O)jso bume gled 0 layge3l allS 0l
DAl a3 oolial Jled oygesl aw JBlas 5l b &

ald Jlosl 5l sm g 3 sailed laaigal (omin si5e
i e ) oolitwl b ASTM E92 s luibiul b oSO
HY) ;5,55 (5w ,See (Sl 5 plowl V#++ (g, Buehler
O3e3] Caz 485 Ojs0 Joe alin ladiged b )15 eaiged
obos 9V KEF b o s g oaoslel anlacs mhaw b 31 Fgllie
S @l 4 cidulael 6l Guizmen W85 18 Ve s (6050
23,5 soliiul diges ;o 40 alflox B fee3l O JBlos Sl
[avy vl

o g s =Y

Sl S -1 -F
B oz Jlacl 5l ms 5 i BTI0 (alls i iy oo
G5 P55y See g ¢ iy lid (655 A Lol jon (M S
I ol Gugerme LalS b eols lis B USE s g ey
MIP 58l 5 (29,5 sl Glled pglal jo S & ys0a sy
4 adgl ooy JiT <l 0 F4 pum 5l ails o3lasl a5 s el
398 ko e pl &5 el @il alS VY nm Jolse < /Y)Y um
S-S5 el ad (Sl S s 10 esle (Silo,
alp Jlosl Siby oo s 50 o] (9025 L ol 00 Laails
Prpees slaals Jooo 4 zeie oS Sl WU (15,5 L oo IS
O3 oo 45 el 0y Cols ] cuiS il TouasS slaails s 4l
e g il ojlail ol oegdle | Sl oles Sgups
i glailo g 0 (6 L5leg Se Y g 4 (Hall-Petch galal,
(S slaagliss (oo slajly sl gl bl LSS
laaily)re arng daplnl (Fad i 5 cilil (JBs 2l

S5 F Jlesl 5l am Bl eailar el a5l oles ¥ S

a3 ge L ) iy jLd boolen 05 CSGl (350

SOl HAS P Jlael 5o B jl oulilas gowilind ey 5 (g led Y JSCo

g LS b of o 0 )5

2 glge)l Y-
03 J&" BTl-O uol} p.:.alad.; )L\.’>LM:5)S.~0 LS’L’))‘ ‘u”.mjf UJI )\)
Slyss ()i lag Koo V9ot (omyp Sz 0dd Sl g sl
5 Lad lagygesl 5l ab plosl sole (Siloj, G99 Ll g ails ojlusl
> 5l Bas oole (Sl olos li5)l )y Sl o2 S
S s b Jlael J any olgs 1, 353 4 eyl ot
40,8 ool ayads Sl

2i2T8 Jlael J o 5 ot BTI-0 alls s g Sos
b LB (5,05 5 5 ity 5 s Jlasl 2o 0,5 S
g ool £lo Cile 5l g b 00y g xS gliwly 5 Sges
SI0) wl)lS Sk ool (slags g 51 yskie (o wiad sy
ool iy A Yoo g AYee Neve S For Nen ojlass
MY Glegdl DS by Solagil g (Twd Ojgoty e 5 0
Oilel xS ) hee anl 4d gl b ey S
4l Ve Sow 4 5 9abge b sadools] (sladiges z! deails; o
(PR A PPNV PR VERVEP N IR VN P PR TS SO A EY
)| dw aloladl mex.’}.m c,a.w ) r:bu‘ \o.A.wua.?v.Muo u}u»\{yo).‘!
03,5 laails; e .90 F S pitess b )5 L UL s
3eslatwl Losssline pe bals ol bles cel oad
55,5 oo Olympus BX60M  Jas (OM?) (5,5 g5us,Sun
Ko o 3l el 5 Tt iz g, b e
ails Lawgis o5lail ASTM E 112-96 o lasbew! wll 5 g MIP*
Lra o VI el cans a4 il See pglas 5l ooliul b

pelis (Sl Lolgs gt (lie oy p Slp SLES (505
Slaal 5505 b ool anp Jlael 5l aw 5 3 BTI-0 _alls

4 Microstructural Image Processing (MIP)
5 Equiaxed grains
¢ Elongated grains

' H,0 (100 mL) + H202 (35%) (5 mL) + HF (2 mL)
2 Optical Microscopy (OM)
3 Line intercept method



srabils,

e A il (SIS olys byl Y

b s b pmwlie Ll a5 cus jl sswlcansds sla e
LoAl s,ls

1400
—
-
1200 {— o .
T o 1
-~ P i

1000 +————

800

s00 LTIl i e aPawd

T
]
-
'
i
o
Ed
%
w

1
T
-_~\
Har
!
- o
ZRE
PE

400 !

Engineering stress (MP’a)
S
TS
\

200 44 | I I I I I ] I 1 I
&/[ I — L —Taw0
0 == ; 3

0 0.1 0.2 0.3 0.4 0.5
Engineering strain (mni/mm)

AL il jLiS (39051 51 ol saniten (55— i sixin 1SS
bolyon (S 0,5 SOl F (I 5,35 Jlas! 5l (s 9 iy BT1-0
iy L Jlac!

5 M b olyan Sl aTyd Jlosl b a8 el ools oLt gl
5 pebed )Lad ploeial 5 F U 5l e y38 alidl b sy Lad
boo Gl (oo Jsb i wo)3 (g 998 o0 03938l o0le le
s Job seess 5 MPa) ol plSoxin] (MPa) ol plSocis
ADA & o & ot Syl Al gl BVIA 5 ARS BV 51 ()
i eblad sy o 00 ol )35 gz o gl Yo IV 5 VYV
5 ool plSoxiasl (el o 5 4y i) /YR 5 11 OY e e
e Jsb et Gln elS V0% men 5 L8 ol
o oasline HLid ygej] ol dwslio b (pizen .ol sdelcunsa
A my o gl Sl adlaie o Y S ie (255 0 &S
Lol lid (15 polie iy 4 F B) (la)3S 5 adyl L]
Cawd 4 JGLK \YAY/A g VYEVE O -aFY ARQ/F RN 0
Jhee! (b (s Lad plSoctal i)y somme owl s pies ol -]
ol by po o (S PS8 i
057 Sl (Siter BB T ol (b s Led a3
Seilialy yag slo s Jloel b G 5 ity JLid Cansl oy gl
[a 9 \F 5\/] 30,5 oo i o0l Sl ol Sguge 4y yomie
Sz 5l o saeleausay (g lid plSouil ylie a5 ol S8 a5 p3Y
Jaie 51 VYVA MPa U ol BTI-0 as el oSyl 08
MPa )5 olsee & Ti-6AI4V g5UT ouili (g ,Lid plSocial
bt W el 4 g BBl Eu a5l g 009y yiioy VY
Bl Ghls Vbl )55l plo b (b Al
il 45 ol ()85l pas coe b 3T ol b Jolaa

Fooo ¥ ols cas o pé g abolite ooummn (slaasl JSCas YL asl;

(W) BTI-0 (@l ol 51 (OM) (598 98wy Sono i geai :F JSb
5 Sl )35 ez Jloel 1 am () 9 (adgl ouds Juil) i o

oy HLaS Lol o SV

&l sl - ¥-Y
(oouizs SG) adgl oo JiT Loty 5o BT1-0 oiles 5l ladiges
6bid Sl b 0s T 15 JLid eesl cod F L) gla)iS
A b gl cov b 0 55 cex g
GRS gla g 055 )18 2l 0)9e Glais slecil]
@) el o2l B S o lagyges] cul 5l ol suiges
aile 0929 ke S o Jiorie den 0w oo Lis ol
adlate )0 (25,5 SRl bosle (D (25 50 (B 5Sy (Rl
(oo ,38) adgl ool Juil cdl> 10 098 oo sadlive (SiBew i S
@ (P ,5) Sy gy 0dgame S (b L Dl A5
el g 55 88 ol o 33 ol oy oo e 5 b 8 Sy

S Gl ol cdmlice .ol FOgde (5"7“'"'0""")5 639450 63U



OA Y oleds oF 0,50 VECF L

Sl (pwiiges )3 (59l g ple 4 a0

Sont 5o loaijle SISl S o oS .:.{I‘SA Cawd A Sy lad
G)lid ol el (g ,lad plud plSovinl Jolls Sl ols>

ol als e
300 -

289
—_ 278
Z 275 \\ \
2z 252 \
€ 250
T
o
2= 223
_S 225 \\
£ 200
3
i)
2 175 | \\
- 163 \
150 A A\ g\\\
Pass 0 Pass 1 Pass 2 Pass 3 Pass 4

5 ot 9 bt BT sladiges giokuss S0 Ghal 31 wig, ylogas ¥ JSci

i HLad Jlasl b ol yad (SME p )5 ST F Y 5la 08 Jlac!

@ ol |y (e g plotal ol (SSlSe elos sl
o3liiul p ) Sl Lawogd il (Sl IS8 i (lejen SIS
5 LSy e Y925 (Lo 5o iy JLad Jleel 3 M )
Ol ogdle ols s aasls s ails sy 598 YL &5 Lwlsél
DY g5 daails ojluil pSatar 2alS @l 5 00)ly Seidly (8955
(hr sb)ly dasliss JSas Jald) o bSleg e ae
calil 5 Gl Gaizmes 5 oz ol 5 slaY sl
aly Jlael 5150 (Vb aggly sloails; o pom al3dl 5 b bl
Seet & e [T 5 VY 5 V] SO ol (Sdly S s
B 5L ploz i)l 2 oS 005 (o0 (Sl els>
ity b g G 45 el oud Cull 39 e 03938l iy L
SIS g )iy Soe (Ko Sslivlgaen Gl s Jles! L
s 53 Vb 5 6235 SISl 4 jmie g 0098 (A0S @95
102 5% 512 5 VA 518 5 V] Wi o plonil LB (sla 38

S o2l slap e ol JUb s 4 s 05 SO o
GRS 9 bbb @iyl sbod) 0w SO Sl o
SYL LSl 5l 6yl SpSes ganals LSl peslesy
ely> Jy el Fln RIS Gl 5 S Sy lais
@ S Pk (o5 e 50 (S 5 el Jult (Sl
Ly aanss opl i slo,38 Jleel b g oo oS 310 51,8 5 S

il el 'y )5 S Slge )5 Sl Jlesl W8S ol

Blas ;5 W eslis (iRl Glaieds Wlg oo o IS Lalls
SLid 05l 5l easlssds mls [F+ 5 ¥ o V] wal 2 )ke S
PP I Gle,dS o ens SO g ois SOl i (o olge (gl
o plSotinl s g,y yuiored (ol 0als ools L Y Jgus
2 olFe 1y Jled pgasl (b (o Jsb i 5 led plSoxid

2,5 sdalie £ S

28 5k Jlesl jlox g Jud jLiS u?“)i 3! o..\.nTM.M.g BT1-0 QJ>

w,&sbo‘,ﬂ@}l&@‘mTﬁ

BT1-0  o,(MPa) 0,/0y_py  0,(MPa)  0,/0,_py 5 (%) 8/8p0

Pass 0 Yey \ AdQ ) OVIA \
Pass 1 fPA VYO Vevy ATARY \avid <IAY
Pass 2 £0 Yig. ARNG4 VY'Y YAIY < IVO
Pass 3 YYA Y/ \vag \TAad YYIA <170
Pass 4 AOA A AARZA VoY ARIA 104
B Yield strength =1 Ultimate strength @ Elongation
14 137§
400 4 1296 T
T - 50
1176
1200 4
43.6 4 T
g 1073 G
= 2 38.7 i 4
2 1000 A 0
£ e g
@ i =
2 60 g
g 1 20 5
2 4 i
£ 400 :
< i
© 4 10
200 i
04 0
2, 2, 2, 2, 2,
P s, 55 U5 5 s o

s Job et 9 (o ld Pl b pSouinl ki Wig; 17 JSUb
Sl a Ty 535 )l Jlesl b HLid (3051 (b BT1-0 (alls pilid

i HLad b ol o B

S I
I 6le,dS Jlesl 5l o g i codioslel S sladiges
Ol gl a8 S 118 5800 (Shss Sae 05T Cov i Sl aiy
sl plaiie o 15 0ole St 1Sk 5 0,38 ]38l L as ols
> sl HY) 5,505 VY 5l cisew slosas 5 oiong 8l ol
4 5,50 YA 5 YYA (YOY (YYY & (sl ons Ll onis oS
ol adl 5 Gl Y b o I F B Y (ol )38 (6l s 5
i il 90 VS Ca s3ten Sl 05 oz b 0t
oL oSl 518,35 Jloel 31 g 5 i |, BTI0 Lalls s

Slospe Jlesl g BMe 3l oolaiwl 0,5 CSO) 51 30 e ol a2 o

! Hard workability



srabils,

s Al i (Sl 2l 2y O

Bl i 0,08 g 0,5 2SS
Gladigas (g5, JLid (a5l GRS Glagizie b))
syl 5l oles F B Y 6le,dS ol 5 adgl sass Jusl ceusilis
Job i (o 81 5 2l 5 el o )Lad el et
ks plouinl sowl ooly plas oS mls o)l glid s
3 eis b (1) o Job yuss g (MPa) sl plSxinl (MPa)
ADA & (agl o LT) ot oSl o gl OV/A 5 AR YSY
i & i 4 o Sl I8 oz b gl YoV 5 VTV
S lasls zels 0% 5 b8l LVAY (aliel Yol
Sl ols> o9 p ey Sy b Glajer 654
slocdy ol ghis mhw S0y (g Soe (owyp "
Slp VY HY 5l s 80k soe a5 ol lis aslis
SOl )38 e Jles! 5l o YAA HY a4 adgl oo J5T >
Solanly (b e iljdl el o Sl plSouil b
Syt 2 Sl 9 (Slle J¥o plen g cdlo 3924

&le -0

[1] M. Geetha, A. K. Singh, R. Asokamani, and A.
K. Gogia, "Ti based biomaterials, the ultimate
choice for orthopaedic implants—a review," Prog.
Mater. Sci., Vol. 54, No. 3, pp. 397425, May 2009.
[Online]. Available: doi:
10.1016/j.pmatsci.2008.06.004.

[2] H. J. Rack and J. I. Qazi, "Titanium alloys for
biomedical applications," Mater. Sci. Eng. C, Vol.
26, No. 8, pp. 12691277, Sep. 2006. [Online].
Available: doi: 10.1016/j.msec.2005.08.032.

[3] P. S. Roodposhti, N. Farahbakhsh, A. Sarkar,
and K. L. Murty, "Microstructural approach to equal
channel angular processing of commercially pure
titanium—A review," Trans. Nonferrous Met. Soc.
China, Vol. 25, No. 5, pp. 1353-1366, May 2015.
[Online].  Available:  doi: 10.1016/S1003-
6326(15)63734-7.

[4] S. Nag, R. Banerjee, and H. L. Fraser,
"Microstructural evolution and strengthening

Crdbgn Jloiod L HCP Jlw 5 a5 il b 31 5 alls
[ev-5-1 el ol jon (s YL

Al b oy lad g e lojen (55,54 (LY (nl 4

U ool Sl (ol g 5 390 (2OUSD 4y 2 0,5 oS

O aildyy 398 ekl g eole (ol YL i8S Jleel 5,35 jlex

o Sle olem sl 5 litlag See Sgege daails

RGN P gS)-’“b L) s 10455

S Sz =¥
2 BN (655 5 g (i L lojen Sl o) 2 SRel 0
adllas 5| Bus ol 00 35 j0te Al w5 Sl ol
oo 5y log Koo S5 5 (Sl (SSe o5 )
B ol iz 5l glacdy cwlosgy (alls puils g Bun
g oadosls 13 alls e iz 3l e 5 BT1-0 g4 5l
b YO JUIS asl 5 YO-°C slos po o8 oSyl 05 F o
o e ST Oldas bavg iy jlad Jlesl ol o BC juo
Slagsesl ool b ambS 3 oz JUS s gl
2GS g S ml (B s)lad el (Sl
ol o lcansa
28 Jlosl 5 Al il (55, ool 399,05 ez Jlos!
o Al wilis p bawsie (25,5 VAT Sga> gesme
Syt 3l Ol spede el g Cgae 92 e pdy)lS
SN (55 S g sy HLid Loy Jlasl bosle (623418
Soals g Ssliulyyaee les 2l 4 bose nge cnl )l
D9 g0 031 Copd  SisenS slo i il
pelis JESleg See (5,88 pslal (5 L5 bug Son o Julos
bulyd cod S8 ey Jleel 5l Gy G (Al
adgl jeomame saildciis o cdl> jl ladils a5 ols ylid He5 3w
(VYe nm) el cois wlop, 3¢ Jb> 4 (F4 um)
wels> iyl Hall-Petch alal; ull 5 Ladloads LS
BBl o)l perme il L Sl SlSe
PlsF vt 5 G)lSleg Soe Jo25 (nl Cl i
5 Slilgyae slagis ol @ lsge |, Sl
bl YU aygly slaails o S iol381 o YU L8 s
wblice by ol LS deabul SasJis


https://doi.org/10.1016/j.pmatsci.2008.06.004
https://doi.org/10.1016/j.pmatsci.2008.06.004
https://doi.org/10.1016/j.msec.2005.08.032
https://doi.org/10.1016/S1003-6326(15)63734-7
https://doi.org/10.1016/S1003-6326(15)63734-7

7. YO)Lo.Aijf O)ss)‘\f‘f JL“"’

SlSe (gwdiges )3 (59l g ple 4 a0

of copper tube casing on strain distribution and
mechanical properties of Al-7075 alloy processed
by equal channel angular pressing," J. Strain Anal.
Eng. Des. Vol. 48, No. 8, pp. 512-521, Dec. 2013.
[Online]. Available: doi:
10.1177/0309324713495251

[13] R. B. Figueiredo, P. R. Cetlin, and T. G.
Langdon, "The processing of difficult-to-work
alloys by ECAP with an emphasis on magnesium
alloys," Acta Mater. Vol. 55, No. 14, pp. 4769—
4779, Sep. 2007. [Online]. Available: doi:
10.1016/j.actamat.2007.04.019

[14] S. L. Semiatin, D. P. DeLo, V. M. Segal, R. E.
Goforth, and N. D. Frey, "Workability of
commercial-purity titanium and 4340 steel during
equal channel angular extrusion at cold-working
temperatures," Metall. Mater. Trans. A, Vol. 30, No.
5, pp. 1425-1435, May 1999. [Online]. Available:
doi: 10.1007/s11661-999-0155-7

[15] P.R. Cetlin, M. T. P. Aguilar, R. B. Figueiredo,
and T. G. Langdon, "Avoiding cracks and
inhomogeneities in billets processed by ECAP," J.
Mater. Sci., Vol. 45, No. 17, pp. 45614570, Sep.
2010. [Online]. Available: doi:10.1007/s10853-
010-4595-x

[16] R. Naseri, M. Kadkhodayan, and M. Shariati,
"An experimental investigation of casing effect on
mechanical properties of billet in ECAP process,"
Int. J. Adv. Manuf. Technol., pp. 1-14, 2016.
[Online].  Available: doi:10.1007/s00170-016-
8701-5

[17] R. Naseri, H. Hiradfar, M. Shariati, and M.
Kadkhodayan, "A comparison of axial fatigue
strength of coarse and ultrafine grain commercially
pure titanium produced by ECAP," Arch. Civ.
Mech. Eng., Vol. 18, No. 3, pp. 755767, Sep. 2018.
[Online]. Available:
doi:10.1016/j.acme.2017.11.007

[18] R. Naseri, H. Hiradfar, M. Shariati, and M.
Kadkhodayan, "Corrosion-fatigue resistance of
ultrafine grain commercially pure titanium in
simulated body fluid," Proc. Inst. Mech. Eng. Part
E: J. Process Mech. Eng., Vol. 237, No. 6, pp. 2181—
2191, Jul. 2022. [Online]. Available: doi:
10.1177/09544089211045285

mechanisms in Ti-Nb—Zr-Ta, Ti-Mo—Zr-Fe and
Ti—15Mo biocompatible alloys," Mater. Sci. Eng. C,
Vol. 25, No. 3, pp. 357-362, May 2005. [Online].
Available: doi: 10.1016/j.msec.2004.12.013.

[5] Y. J. Chen, Y. J. Li, J. C. Walmsley, S.
Dumoulin, P. C. Skaret, and H. J. Roven,
"Microstructure evolution of commercial pure
titanium during equal channel angular pressing,"
Mater. Sci. Eng. A, Vol. 527, No. 3, pp. 789-796,
Jan. 2010. [Online]. Available: doi:
10.1016/j.msea.2009.09.005.

[6] R. Z. Valiev and T. G. Langdon, "Principles of
equal-channel angular pressing as a processing tool
for grain refinement," Prog. Mater. Sci., Vol. 51,
No. 7, pp. 881-981, Sep. 2006. [Online]. Available:
doi: 10.1016/j.pmatsci.2006.02.003.

[7] R. Naseri, M. Kadkhodayan, and M. Shariati,
"Static mechanical properties and ductility of
biomedical ultrafine-grained commercially pure
titanium produced by ECAP process," Trans.
Nonferrous Met. Soc. China, Vol. 27, No. 9, pp.
1964-1975, Sep. 2017. [Online]. Available: doi:
10.1016/S1003-6326(17)60221-8.

[8] V. M. Segal, "Equal channel angular extrusion:
from macromechanics to structure formation,"
Mater. Sci. Eng. A, Vol. 271, No. 1, pp. 322-333,
1999. [Online]. Available: doi: 10.1016/S0921-
5093(99)00248-8.

[9] V. M. Segal, "Materials processing by simple
shear," Mater. Sci. Eng. A, Vol. 197, No. 2, pp. 157—
164, Jul. 1995. [Online]. Available: doi:
10.1016/0921-5093(95)09705-8.

[10] R. Z. Valiev, R. K. Islamgaliev, and 1. V.
Alexandrov, "Bulk nanostructured materials from
severe plastic deformation,”" Prog. Mater. Sci., Vol.
45, No. 2, pp. 103-189, Jan. 2000. [Online].
Available: doi: 10.1016/S0079-6425(99)00007-9.

[11] M. R. Roshan, S. A. J. Jahromi, and R.
Ebrahimi, "Predicting the critical pre-aging time in
ECAP processing of age-hardenable aluminum
alloys," J. Alloys Compd., Vol. 509, No. 30, pp.
7833-7839, Aug. 2011. [Online]. Available: doi:
10.1016/j.jallcom.2011.05.065

[12] M. H. Shaeri, F. Djavanroodi, M. Sedighi, S.
Ahmadi, M. T. Salehi, and S. H. Seyyedein, "Effect


https://doi.org/10.1016/j.msec.2004.12.013
https://doi.org/10.1016/j.msea.2009.09.005
https://doi.org/10.1016/j.pmatsci.2006.02.003
https://doi.org/10.1016/j.pmatsci.2006.02.003
https://doi.org/10.1016/S1003-6326(17)60221-8
https://doi.org/10.1016/S1003-6326(17)60221-8
https://doi.org/10.1016/S0921-5093(99)00248-8
https://doi.org/10.1016/S0921-5093(99)00248-8
https://doi.org/10.1016/0921-5093(95)09705-8
https://doi.org/10.1016/0921-5093(95)09705-8
https://doi.org/10.1016/S0079-6425(99)00007-9
https://doi.org/10.1016/j.jallcom.2011.05.065
https://doi.org/10.1016/j.jallcom.2011.05.065
https://doi.org/10.1177/0309324713495251
https://doi.org/10.1177/0309324713495251
https://doi.org/10.1016/j.actamat.2007.04.019
https://doi.org/10.1016/j.actamat.2007.04.019
https://doi.org/10.1007/s11661-999-0155-7
https://doi.org/10.1007/s10853-010-4595-x
https://doi.org/10.1007/s10853-010-4595-x
https://doi.org/10.1007/s00170-016-8701-5
https://doi.org/10.1007/s00170-016-8701-5
https://doi.org/10.1016/j.acme.2017.11.007
https://doi.org/10.1177/09544089211045285
https://doi.org/10.1177/09544089211045285

srabils,

s Al il (Sl 2l 2y )

Mar. 2011. [Online].
doi:10.1016/j.jmatprotec.2011.01.015

Available:

[28] F. Djavanroodi, M. Daneshtalab, and M.
Ebrahimi, "A novel technique to increase strain
distribution homogeneity for ECAPed materials,"
Mater. Sci. Eng. A, Vol. 535, pp. 115-121, 2012.
[Online]. Available:
doi:10.1016/j.msea.2012.01.037

[29] P. W. J. Mckenzie and R. Lapovok, "ECAP
with back pressure for optimum strength and
ductility in aluminium alloy 6016. Part 1:
Microstructure," Acta Mater., Vol. 58, No. 9, pp.
3198-3211, May 2010. [Online]. Available:
doi:10.1016/j.actamat.2010.02.028

[30] P. W. J. Mckenzie and R. Lapovok, "ECAP
with back pressure for optimum strength and
ductility in aluminium alloy 6016. Part 2:
Mechanical properties and texture," Acta Mater.,
Vol. 58, No. 9, pp. 3212-3222, May 2010. [Online].
Available: doi:10.1016/j.actamat.2010.02.029

[31] A. Panigrahi et al., "Effect of back pressure on
material flow and texture in ECAP of aluminum," in
1OP Conf. Ser.: Mater. Sci. Eng., Vol. 63, No. 1, p.
012153, 2014. [Online]. Available:
doi:10.1088/1757-899X/63/1/012153

[32] B. Raddad, A. Frefer, M. Abdel-Rahman, and
A. Tajouri, "Some aspects of workability of
engineering materials," TMS2013 Supplemental
Proceedings, pp. 593-600, 2013. [Online].
Available: doi:10.7449/2013SP_593

[33] K. Xia, J. T. Wang, X. Wu, G. Chen, and M.
Gurvan, "Equal channel angular pressing of
magnesium alloy AZ31," Mater. Sci. Eng. A, Vol.
410, pp. 324-327, 2005. [Online]. Available:
doi:10.1016/j.msea.2005.08.001

[34] V. V. Stolyarov, R. Lapovok, 1. G. Brodova,
and P. F. Thomson, "Ultrafine-grained Al-5 wt.%
Fe alloy processed by ECAP with backpressure,"
Mater. Sci. Eng. A, Vol. 357, No. 1, pp. 159-167,
2003. [Online]. Available: doi:10.1016/S0921-
5093(03)00451-0

[35] G. I. Raab, E. P. Soshnikova, and R. Z. Valiev,
"Influence of temperature and hydrostatic pressure
during equal-channel angular pressing on the
microstructure of commercial-purity Ti," Mater.

[19] R. Naseri, "Experimental evaluation of back-
pressure effect on workability and mechanical
properties of commercially pure titanium in cold-
ECAP process," J. Solid Fluid Mech., Vol. 12, No.
6, pp- 67-81, 2023. (in Persian)

[20] N. Krasil Nikov, "Strength and ductility of
copper subjected to equal-channel angular pressing
with backpressure," Russ. Metall., Vol. 3, p. 220,
2005. [Online]. Available: doi: 10.1007/s11182-
005-0127-3

[21] W. J. Kim and J. Y. Wang, "Microstructure of
the post-ECAP aging processed 6061 Al alloys,"
Mater. Sci. Eng. A, Vol. 464, No. 1, pp. 23-27, Mar.
2007. [Online]. Available: doi:
10.1016/j.msea.2007.02.027

[22] R. Naseri, M. Kadkhodayan, and M. Shariati,
"Theoretical analysis of equal channel angular
pressing process by upper bound method and its
experimental investigation in condition of circular
cross-section channel," Amirkabir J. Mech. Eng.,
Vol. 53, No. 8, pp. 4729-4744, 2021. doi:
10.22060/mej.2021.18754.6883. (in Persian)

[23] R. Y. Lapovok, "The role of back-pressure in
equal channel angular extrusion," J. Mater. Sci.,
Vol. 40, pp. 341-346, 2005. [Online]. Available:
doi:10.1007/s10853-005-3372-8

[24] T. G. Langdon, "Processing of ultrafine-
grained materials using severe plastic deformation:
Potential for achieving exceptional properties,"
Rev. Metal., Vol. 44, No. 6, pp. 556564, 2008.
[Online]. Available: doi:10.3989/revmetalm.08.065

[25] R. Naseri, M. Kadkhodayan, and M. Shariati,
"The investigation of springback of UFG
commercially pure titanium in three-point bending
test,” Modares Mech. Eng., Vol. 16, No. 11, pp.
266-276, 2017. (in Persian)

[26] A. R. Eivani and A. K. Taheri, "A new method
for producing bimetallic rods," Mater. Lett., Vol.
61, No. 19, pp. 41104113, 2007. [Online].
Available: doi:10.1016/j.matlet.2007.02.057

[27] M. Zebardast and A. K. Taheri, "The cold
welding of copper to aluminum using equal channel
angular extrusion (ECAE) process," J. Mater.
Process. Technol., Vol. 211, No. 6, pp. 1034-1043,


https://doi.org/10.1007/s11182-005-0127-3
https://doi.org/10.1007/s11182-005-0127-3
https://doi.org/10.1016/j.msea.2007.02.027
https://doi.org/10.1016/j.msea.2007.02.027
https://doi.org/10.22060/mej.2021.18754.6883
https://doi.org/10.22060/mej.2021.18754.6883
https://doi.org/10.1007/s10853-005-3372-8
https://doi.org/10.3989/revmetalm.08.065
https://doi.org/10.1016/j.matlet.2007.02.057
https://doi.org/10.1016/j.jmatprotec.2011.01.015
https://doi.org/10.1016/j.msea.2012.01.037
https://doi.org/10.1016/j.actamat.2010.02.028
https://doi.org/10.1016/j.actamat.2010.02.029
https://doi.org/10.1088/1757-899X/63/1/012153
https://doi.org/10.1088/1757-899X/63/1/012153
https://doi.org/10.7449/2013SP_593
https://doi.org/10.1016/j.msea.2005.08.001
https://doi.org/10.1016/j.msea.2005.08.001
https://doi.org/10.1016/S0921-5093(03)00451-0
https://doi.org/10.1016/S0921-5093(03)00451-0

ZY YO)Lo.Aijf O)ss)‘\f‘f JL“"’

SlSe (gwdiges )3 (59l g ple 4 a0

2015. [Online]. Available:

doi:10.1016/;.msea.2015.02.023

[43] P. Rodriguez Calvillo and J. M. Cabrera,
"Microstructure and mechanical properties of a
commercially pure Ti processed by warm equal
channel angular pressing," Mater. Sci. Eng. A, Vol.
625, pp. 311-320, 2015. [Online]. Available:
doi:10.1016/j.msea.2014.12.079

[44] C. S. Meredith and A. S. Khan, "The
microstructural evolution and thermo-mechanical
behavior of UFG Ti processed via equal channel
angular pressing," J. Mater. Process. Technol., Vol.
219, pp. 257-270, 2015. [Online]. Available:
doi:10.1016/j.jmatprotec.2014.11.015

[45] X. R. Yang et al., "Evolution of microstructure,
macrotexture and mechanical properties of high
strength biomedical TA4 pure titanium during
multi-pass ECAP," J. Mater. Res. Technol., Vol. 28,
pp- 3976-3987, 2024. [Online]. Available:
https://doi.org/10.1016/j.jmrt.2024.01.062

[46] W. J. Kim, C. Y. Hyun, and H. K. Kim,
"Fatigue strength of ultrafine-grained pure Ti after
severe plastic deformation,” Scr. Mater., Vol. 54,
No. 10, pp. 1745-1750, 2006. [Online]. Available:
doi1:10.1016/j.scriptamat.2006.02.005

[47] M. Ebrahimi, K. H. Tabei, R. Naseri, and F.
Djavanroodi, "Effect of flow-forming parameters
on surface quality, geometrical precision and
mechanical properties of titanium tube," Proc. Inst.
Mech. Eng. Part E, Vol. 232, No. 6, pp. 702-708,
2018. [Online]. Available:
doi:10.1177/0954408917702227

[48] R. Naseri, M. Shariati, and M. Kadkhodayan,
"Effect of work-piece cross section on the
mechanical properties of commercially pure
titanium produced by Equal Channel Angular
Pressing," Modares Mech. Eng., Vol. 15, No. 6, pp.
157-166, 2015. (in Persian)

[49] K. Hajizadeh, B. Eghbali, K. Topolski, and K.
J. Kurzydlowski, "Ultra-fine grained bulk CP-Ti
processed by multi-pass ECAP at warm
deformation region," Mater. Chem. Phys., Vol. 143,
No. 3, pp. 1032-1038, 2014. [Online]. Available:
doi:10.1016/j.matchemphys.2013.12.047

Sci. Eng. A, Vol. 387, pp. 674—677, 2004. [Online].
Available: doi:10.1016/;.msea.2004.08.042

[36] A. Czerwinski, R. Lapovok, D. Tomus, Y.
Estrin, and A. Vinogradov, "The influence of
temporary hydrogenation on ECAP formability and
low cycle fatigue life of CP titanium," J. Alloys
Compd., Vol. 509, No. 6, pp. 2709-2715, Mar.
2011. [Online]. Available:
doi:10.1016/j.jallcom.2010.11.125

[37] Y. Estrin, H. E. Kim, R. Lapovok, H. P. Ng,
and J. H. Jo, "Mechanical strength and
biocompatibility of ultrafine-grained commercial
purity titanium," BioMed Res. Int., Vol. 2013, pp.
1-6, 2013. [Online]. Available:
doi:10.1155/2013/980572

[38] A. Jager, V. Girtnerova, and K. Tesar,
"Microstructure and anisotropy of the mechanical
properties in commercially pure titanium after equal
channel angular pressing with back pressure at room
temperature," Mater. Sci. Eng. A, Vol. 644, pp.
114-120, 2015. [Online]. Available:
doi:10.1016/j.msea.2015.06.009

[39] R. Naseri, H. Heirani, M. H. Mozaffari, and R.
Babaei Spouei, "A comparison of corrosion
behavior of coarse and ultrafine grain commercially
pure titanium in simulated body fluid," Iran. J.
Mech. Eng. Trans. ISME, Vol. 26, No. 1, 2025. (in
Persian)

[40] X. Zhao, X. Yang, X. Liu, C. T. Wang, Y.
Huang, and T. G. Langdon, "Processing of
commercial purity titanium by ECAP using a 90
degrees die at room temperature," Mater. Sci. Eng.
A, Vol. 607, pp. 482-489, 2014. [Online].
Available: doi:10.1016/j.msea.2014.03.030

[41] A. Medvedev, H. P. Ng, R. Lapovok, Y. Estrin,
T. C. Lowe, and V. N. Anumalasetty, "Comparison
of laboratory-scale and industrial-scale equal
channel angular pressing of commercial purity
titanium," Mater. Lett., Vol. 145, pp. 308-311,
2015. [Online]. Available:
doi:10.1016/j.matlet.2015.01.007

[42] S. Zhang et al., "Effect of temperature on
microstructural  stabilization and mechanical
properties in the dynamic testing of nanocrystalline
pure Ti," Mater. Sci. Eng. A, Vol. 634, pp. 64—70,


https://doi.org/10.1016/j.msea.2004.08.042
https://doi.org/10.1016/j.jallcom.2010.11.125
https://doi.org/10.1155/2013/980572
https://doi.org/10.1016/j.msea.2015.06.009
https://doi.org/10.1016/j.msea.2015.06.009
https://doi.org/10.1016/j.msea.2014.03.030
https://doi.org/10.1016/j.matlet.2015.01.007
https://doi.org/10.1016/j.matlet.2015.01.007
https://doi.org/10.1016/j.msea.2015.02.023
https://doi.org/10.1016/j.msea.2015.02.023
https://doi.org/10.1016/j.msea.2014.12.079
https://doi.org/10.1016/j.msea.2014.12.079
https://doi.org/10.1016/j.jmatprotec.2014.11.015
https://doi.org/10.1016/j.jmatprotec.2014.11.015
https://doi.org/10.1016/j.jmrt.2024.01.062
https://doi.org/10.1016/j.scriptamat.2006.02.005
https://doi.org/10.1016/j.scriptamat.2006.02.005
https://doi.org/10.1177/0954408917702227
https://doi.org/10.1177/0954408917702227
https://doi.org/10.1016/j.matchemphys.2013.12.047
https://doi.org/10.1016/j.matchemphys.2013.12.047

srabils,

s Al ol (Sl 2l by Y

multiple passes of ECAP at room temperature,"”
Mater. Sci. Eng. A, Vol. 527, No. 23, pp. 6335-
6339, 2010. [Online]. Available:
doi:10.1016/j.msea.2010.07.011

[57] M. Ebrahimi, M. H. Shaeri, R. Naseri, and C.
Gode, "Equal channel angular extrusion for tube
configuration of Al-Zn-Mg-Cu alloy," Mater. Sci.
Eng. A, Vol. 731, pp. 569-576, 2018. [Online].
Available: doi:10.1016/j.msea.2018.07.025

[58] X. Y. Liu, X. C. Zhao, X. R. Yang, C. Xie, and
G. J. Wang, "Compression deformation behaviours
of ultrafine and coarse grained commercially pure
titanium," Mater. Sci. Technol., Vol. 29, No. 4, pp.
474-479, 2013. [Online]. Available:
doi:10.1179/1743284712Y.0000000272

[59] F. Fakheri, S. Pour-Ali, R. Tavangar, and R.
Naseri, "Effect of ultrasonic assisted-ECAP
processing on the microstructure, mechanical
properties, and fluoride-induced  corrosion
performance of pure titanium," Mater. Today
Commun., Vol. 40, p. 109863, 2024. [Online].
Available: doi:10.1016/j.mtcomm.2023.109863

[60] K. R. Gopi, H. Shivananda Nayaka, and S.
Sahu, "Microstructural evolution and strengthening
of AM90 magnesium alloy processed by ECAP,"
Arab. J. Sci. Eng., Vol. 42, pp. 4635-4647, 2017.
[Online]. Available: doi:10.1007/s13369-017-
2508-0

[61] R. Jahadi, M. Sedighi, and H. Jahed, "ECAP
effect on the micro-structure and mechanical
properties of AM30 magnesium alloy," Mater. Sci.
Eng. A, Vol. 593, pp. 178-184, 2014. [Online].
Available: doi:10.1016/j.msea.2013.12.033

[62] V. V. Stolyarov, Y. T. Zhu, I. V. Alexandrov,
T. C. Lowe, and R. Z. Valiev, "Grain refinement and
properties of pure Ti processed by warm ECAP and
cold rolling," Mater. Sci. Eng. A, Vol. 343, No. 1,
pp. 43-50, 2003. [Online].  Available:
doi:10.1016/S0921-5093(02)00387-9

[50] C. T. Wang, A. G. Fox, and T. G. Langdon,
"Microstructural evolution in ultrafine-grained
titanium processed by high-pressure torsion under
different pressures,” J. Mater. Sci., Vol. 49, No. 19,
pp. 6558-6564, 2014. [Online]. Available:
doi:10.1007/s10853-014-8412-0

[51] S. N. Alhajeri, N. Gao, and T. G. Langdon,
"Hardness homogeneity on longitudinal and
transverse sections of an aluminum alloy processed
by ECAP," Mater. Sci. Eng. A, Vol. 528, No. 10,
pp- 3833-3840, 2011. [Online]. Available:
doi:10.1016/j.msea.2010.11.056

[52] A. V. Polyakov, L. Dluhos, G. S. Dyakonov, G.
I. Raab, and R. Z. Valiev, "Recent advances in
processing and application of nanostructured
titanium for dental implants," Adv. Eng. Mater.,
Vol. 17, No. 12, pp. 1869-1875, 2015. [Online].
Available: doi:10.1002/adem.201500139

[53] C. N. Elias, D. J. Fernandes, C. R. S. Resende,
and J. Roestel, "Mechanical properties, surface
morphology and stability of a modified
commercially pure high strength titanium alloy for
dental implants,” Dent. Mater., Vol. 31, No. 2, pp.
el—el3, 2015. [Online]. Available:
doi:10.1016/j.dental.2014.11.001

[54] R. B. Figueiredo et al., "Improving the fatigue
behavior of dental implants through processing
commercial purity titanium by equal-channel
angular pressing," Mater. Sci. Eng. A, Vol. 619, pp.
312-318, 2014. [Online]. Available:
doi:10.1016/j.msea.2014.07.084

[55] L. Wang et al., "Microstructure and texture
evolution in ultrafine-grained pure Ti processed by
equal-channel angular pressing with subsequent
dynamic compression," Scr. Mater., Vol. 77, pp.
33-36, 2014. [Online]. Available:
doi:10.1016/j.scriptamat.2014.02.012

[56] X. Zhao, X. Yang, X. Liu, X. Wang, and T. G.
Langdon, "The processing of pure titanium through


https://doi.org/10.1007/s10853-014-8412-0
https://doi.org/10.1007/s10853-014-8412-0
https://doi.org/10.1016/j.msea.2010.11.056
https://doi.org/10.1016/j.msea.2010.11.056
https://doi.org/10.1002/adem.201500139
https://doi.org/10.1016/j.dental.2014.11.001
https://doi.org/10.1016/j.dental.2014.11.001
https://doi.org/10.1016/j.msea.2014.07.084
https://doi.org/10.1016/j.msea.2014.07.084
https://doi.org/10.1016/j.scriptamat.2014.02.012
https://doi.org/10.1016/j.scriptamat.2014.02.012
https://doi.org/10.1016/j.msea.2010.07.011
https://doi.org/10.1016/j.msea.2010.07.011
https://doi.org/10.1016/j.msea.2018.07.025
https://doi.org/10.1179/1743284712Y.0000000272
https://doi.org/10.1179/1743284712Y.0000000272
https://doi.org/10.1016/j.mtcomm.2023.109863
https://doi.org/10.1007/s13369-017-2508-0
https://doi.org/10.1007/s13369-017-2508-0
https://doi.org/10.1016/j.msea.2013.12.033
https://doi.org/10.1016/S0921-5093(02)00387-9
https://doi.org/10.1016/S0921-5093(02)00387-9




Vol. 4, No. 2, pp. 65-81, Year 2026

) Journal of Science and Technology in Mechanical Engineering

Journal Homepage: https://stmechanics.bmtc.ac.ir/?lang=en

DOI: 10.22034/stme.2025.532643.1142

£

4

Data-driven and unsupervised damage detection in frame structures using deep

neural networks
Omid Allahyari Pargu' ©’, Gholamreza Nasirpour?

Amirhossein Babapour?

, Akbar Asgharzadeh-Bonab™ (),

1. M.Sc, Department of Civil Engineering, Faculty of Engineering, Kharazmi University, Tehran, Iran

1. Assistant professor, Department of Science and Technology Studies, AJA Command and Staff University, Tehran,

Iran

1. M.Sc. Student, Department of Mechanical Engineering, Semnan University, Semnan, [ran

Abstract

Damage detection, aimed at preventing overall structural failure and enabling planned
repair and rehabilitation, has been a significant research focus in recent years. Data-
driven structural health monitoring through structural response analysis constitutes
the core of contemporary studies. This approach utilises artificial intelligence tools,
particularly artificial neural networks, to eliminate the need for complex preprocessing
of time-series data and achieve more accurate results compared to traditional
structural health monitoring and damage detection methods. In this study, an
unsupervised deep neural network (convolutional autoencoder) is proposed to
reconstruct input data and employ the reconstruction error as a damage-sensitive
feature. The findings demonstrate that the proposed model achieves highly accurate
damage detection across various structural conditions, despite being trained solely on
healthy structural data. Moreover, the model exhibits favourable performance in terms
of the number of training parameters and computational effort. Finally, to validate the
effectiveness of the model, the results are compared with those of similar studies,
demonstrating superior accuracy.
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1- Introduction

Structural health monitoring (SHM) and damage advantages

such as

reduced cost, ease of

detection aim to provide a system that, in the event
of damage, issues an alert to prevent overall
structural failure and enables timely repair and
rehabilitation of affected areas. This process is
carried out through vibration-based methods, where
sensor data are collected and analyzed. Over the
past decades, both data-driven and model-based
vibration methods have been dominant approaches
in SHM research. Data-driven methods offer

implementation, and real-time inspection capability
[1-2]. Unlike model-based approaches, Data-driven
methods rely on statistical models, accelerate
decision-making and yield more robust results in
noisy environments, without requiring prior
information or assumptions about the structure [3-
4]. In data-driven SHM, the type of data used is
crucial. Most recent studies adopt supervised
approaches that require access to both healthy and
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damaged data for pattern recognition or
classification. However, collecting and labeling
damage data is often costly, time-consuming, and
sometimes infeasible. Therefore, developing
methods that match the nature of available structural
data is essential for continuous monitoring and
reliable damage detection.

The main contribution of this paper is an
unsupervised, data-driven damage detection method
with a novel framework and architecture for frame-
like structures, relying solely on healthy data. The
proposed approach employs acceleration response
measurements from the undamaged structure.
Statistical indicators from a hybrid model are used
as damage-sensitive features. As a result, reliable
structural state identification is achieved even under
varying operational conditions. The proposed
method is validated using the Los Alamos three-
story test structure [5].

2- Research Methods

This study introduces an unsupervised, data-driven
damage detection method for frame-like structures
that relies solely on healthy-state information. The
approach is based on anomaly detection concepts.
In this framework, the normal behavior of structural
data is collected and labeled over a specified time
period to form a reference baseline. The trained
model then evaluates incoming data and determines
whether they conform to the baseline (normal) or
deviate from it (anomalous). During the anomaly-
based detection process, structural responses in their
current healthy condition are continuously collected
to establish the baseline state. Once the model is
trained, future test data (capturing structural
features at later times) are compared against this
baseline, and any deviation indicates the occurrence
of damage. Machine learning models and artificial
neural networks are employed due to their strong
learning capacity, computational efficiency, ability
to process large datasets, and capability to capture
complex patterns [6].

3- Results

The developed Deep Neural Network model
(Convolutional Autoencoder (CAE)) in this study
demonstrates several notable advantages that justify
its effectiveness in learning and reconstructing data.
The CAE effectively reduces the dimensionality of
the input data (the latent layer dimension is one-
eighth of the original input), while preserving
spatial hierarchies. The symmetric CAE structure
(with convolution and deconvolution layers)
identifies key features during the encoding stage
and effectively reconstructs them during decoding.
Results demonstrates the strong performance of the
model in distinguishing between healthy and
damaged structural states, even under varying
operational conditions and nonlinear relationships
between states.

4- Conclusion

In this study, an unsupervised, data-driven method
for damage detection in frame-like structures was
developed. The reconstruction error of a
Convolutional Autoencoder (CAE) proved to be a
reliable and powerful indicator for structural
damage identification. Damage detection was
carried out directly using vibration responses under
environmental excitation on the LANL benchmark
structure,  without resorting to  complex
preprocessing such as signal processing techniques
or dimensionality reduction algorithms. The
proposed CAE model was trained exclusively on
healthy-state data and successfully identified
different structural states, with results evaluated
through various figures and tables.

The effectiveness of the CAE in accurately
recognizing structural conditions is evident, even in
the presence of complex dependencies and
interactions between different states. Designed with
multiple layers, effective dimensionality reduction,
and a symmetric architecture, the CAE achieved a
strong balance between feature learning and data
reconstruction. Experimental findings show that the
model achieved a reconstruction error of 0.226%
(corresponding to an accuracy of 99.774%) in
detecting damage scenarios. In addition, the model
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demonstrated efficiency in terms of trainable
parameters (231,940 parameters) and computational
effort (requiring only 4.5 minutes of training on the
benchmark dataset).
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Abstract

Multi-Effect Distillation (MED) systems are advanced technologies for seawater
desalination, valued for their high energy efficiency and heat recovery capabilities in
industrial and potable water applications. This study developed a mathematical model
based on mass, energy, and thermodynamic balances to analyze system performance.
By solving the governing equations, the impact of key parameters—number of
distillation stages, inlet steam temperature, and brine concentration—on the Gain
Output Ratio (GOR) was quantitatively evaluated. Results show a linear positive
correlation between the number of stages and GOR improvement, with a maximum
GOR of 12.049 achieved in a 12-stage configuration at an 80°C feed temperature. Each
additional stage increases GOR by approximately 15%. However, the motive-to-sucked
steam ratio grows exponentially with more stages, significantly increasing motive steam
consumption. These findings provide an analytical framework for optimizing industrial
MED systems, enhancing energy efficiency and economic savings.
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1- Introduction

Amid global water scarcity and increasing demand
for sustainable freshwater, efficient desalination
technologies like Multi-Effect Distillation (MED)
are critical. As a leading thermal desalination
method, MED uses thermal energy to evaporate
seawater across multiple stages, condensing the
vapors to produce fresh water. Thermocompressors,
preferred for their lower construction, maintenance,
and energy costs compared to mechanical
compressors, recover thermal energy to enhance
efficiency [1]. In an MED system, motive steam
from the boiler and condenser steam are processed
by the thermocompressor to heat the first stage’s

tubes, where sprayed seawater undergoes flash
evaporation. Condensed liquid partially returns to
the boiler, with the remainder as the first stage’s
product. Brine and vapor move to subsequent
stages, with only the first stage requiring external
energy. Progressively reduced pressure optimizes
energy use across stages, and final stage vapor
condenses in the condenser, where preheated
seawater splits into feed and discharge, improving
efficiency [1]. Research highlights include Desouky
et al.’s thermodynamic models for performance
prediction [2], Al-Juwayhel et al.’s findings on
energy savings versus higher costs with more stages
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[3], and Darwish et al.’s economic optimizations
using ASPEN Plus [4]. Khalifa et al. enhanced
stability with MATLAB models [5], while Sayed et
al. and Sharonov et al. improved MED-TVC
efficiency [6,7]. Wang et al. and Zhang et al.
reduced costs in petrochemical and food industries
using waste steam [8,9]. Abdi Khanghah et al.
optimized MED-TVC for the Persian Gulf [10], and
Ghorbani et al. boosted output with higher steam
temperatures [12]. Zhang et al. advanced Al-
optimized RO-MED hybrids [13], and others like
Sayyadi, Zaman, and Al-Saeed enhanced efficiency
and sustainability [14—17]. Mathematical modeling
optimizes MED systems by evaluating stage count,
steam temperature, and salinity impacts on
efficiency [10,11]. This study introduces a precise
mathematical model for industrial MED
applications, integrating advanced algebraic
calculations for improved performance prediction.
Validated through MATLAB simulations and
reference data, it ensures reliability for industrial
use, advancing sustainable desalination.

2- Research Methods

Figure 1 presents the proposed multi-effect, multi-
stage MED desalination system, with specifications
and flows detailed in Table 1, including input and
output flows for a single stage. Key parameters are
the number of effects (N), seawater salinity (Xf),
seawater temperature (Tcw), feedwater temperature
(Tf), feedwater flow rate (Mf), motive steam
pressure (Pm), and motive steam flow rate (Mm).

A mathematical model based on mass, energy, and
thermodynamic principles describes the MED
system’s behavior [ 10]. The performance ratio (PR),
defined as the ratio of fresh water produced to steam
input in the first stage [13], is a key efficiency
metric. The model includes mass and energy
balances, heat transfer equations, and water
properties, solved for each stage, the system, and the
condenser to assess parameter impacts. Energy
consumption and efficiency equations are derived,
considering thermomechanical and chemical energy
components of the water-salt fluid. The model is
presented in two forms: one using waste energy and

another with an integrated boiler. Assumptions
include uniform feedwater flow, negligible heat
losses,
temperature drops, negligible boiling point

salt-free vapor, no friction-induced

elevation, steady-state operation, equal effect
surface areas, and a uniform temperature difference
(AT) between stages, calculated as (inlet steam
temperature minus feedwater temperature)/(N-1).
Brine from prior stages reheats subsequent stages,
with the first stage’s balances treated separately.
Input parameters are N, Xf, Tew, Tf, Mf, Pm, and
Mm, with brine salinity at 42,000 ppm, meeting
discharge limits.

Table 1: Specifications of the MED system for the present

problem)

Given value Parameter
4-12 N
100C Ts
1Kg/s My

42000 ppm X
2T Toss
25C Tew

Feeding water

Hot water Condenser

Evaporator
Cold water

Steam generator

Wastewater  Damper Condensate Sea water

Figure 1: Schematic of the present problem for one work (stage)

In the MED system, the inter-stage temperature
difference is assumed constant. The temperature of
each stage decreases relative to the previous stage
by an amount AT. The outlet steam temperature of
each stage is calculated taking into account the
Boiling Point Elevation (BPE). The inlet water flow
is divided equally among the stages, and the brine is
transferred between stages. The energy balance
equations for each stage determine the amount of
steam produced and, ultimately, the quantity of
desalinated water produced.

Returned seawater
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3- Results and Conclusion

To validate the developed program, its results were
compared with the modeling in reference [2]. Table
2 shows close agreement between the algebraic
calculations of this study and reference data for
stage temperatures. The design implemented here
increases the temperature of water exiting the first
condenser due to optimized flow rates and
temperatures of water and waste steam. The
governing MED equations, validated against
reference [2], were solved using MATLAB to
model the system. The performance ratio (PR), a
key efficiency metric, was analyzed for various
process parameters, particularly the number of
stages. However, more stages increase maintenance
costs and exponentially raise the motive-to-sucked
steam ratio, complicating thermocompressor design
(optimal ratio: 1-1.5 [19-20]).

Table 3shows PR variations with inlet steam
temperature across different stage counts. Higher
inlet steam temperatures (e.g., 80°C for 12 stages,
PR = 12.049) boost PR by increasing inter-stage
temperature differences, with each additional stage
improving PR by approximately 15%, consistent
with reference [2]. Table 4 indicates that higher
concentration factors (brine-to-seawater salinity
ratio) increase PR by enhancing vapor production
per stage at constant feed flow [11]. Figure 2
highlights the exponential rise in the motive-to-
sucked steam ratio with more stages.

MED systems achieve high efficiency (PR 10-12)
and low energy consumption, making them vital for
industries  like petrochemical, and
shipbuilding.  Utilizing low-grade steam or

power,

industrial waste heat reduces costs and enables
desalination of high-salinity seawater,
outperforming other thermal methods. Maintaining
feedwater at 70-80°C  and  integrating
thermocompressors and pretreatment prevents
scaling and ensures long-term stability, making
MED ideal for arid regions. These features align
with sustainable development by reducing fossil
fuel use. Key Findings: PR increases linearly with

the number of stages, Each additional stage boosts

PR by approximately 15%, The highest PR (12.049)
is achieved with 12 stages at 80°C, Higher
concentration factors enhance PR, More stages
exponentially increase the motive-to-sucked steam
ratio, challenging thermocompressor design.

MED systems, optimized through thermodynamic
models and simulations, improve efficiency and
reduce costs, with ongoing development of smarter
models critical for meeting industrial water
demands.

Table 2: Comparison of data extracted from algebraic
calculations of the present problem with reference data [2]

.No 1 2 3 4 5 6
T(©)
Thi 91.237 82.013 72.304 62.082 51.324 39.998
15 3 0 9 5 9
Study
T
©) 91237 82.013 72.303 62.083 51.324 40
Referenc 2 ) 7 ) 7

€s

Table 3: Values of feed temperature changes on efficiency ratio

PR Ts
80 90 100 110
N=4 3912 3.940 3.968 3.995
N=6 5.892 5.931 5.969 6.006
N=8 7.875 7.925 7.973 8.019
N=12 11.850 11.918 11.985 12.049

Table 4: Effect of concentration parameter Xb/Xf on efficiency
ratio for a case of fixed impact number N=6

Xb/Xf PR
1.2 4.6
1.4 4.9
1.5 5.1
1.8 52
2 53
3 54
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Figure 2: Effect of number of stages on the ratio of motive steam
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Abstract

The passage of trains over railway rails induces significant vibrations in the rail
structure—a phenomenon that has gained increasing importance with the development
of high-speed rail systems. Severe vibrations can lead to increased fatigue stresses,
reduced rail lifespan, and potential structural instability. One effective approach to
mitigating these issues is to increase the gap between the natural frequency of the rail
and the excitation frequency, thereby preventing resonance. In this study, the
geometric dimensions of the railway rail are optimized with the aim of enhancing
vibrational performance and reducing fatigue-induced stresses. To achieve this, a
combined methodology involving Response Surface Methodology (RSM) and Genetic
Algorithm (GA) is employed. A numerical model of the rail is developed and simulated
using ANSYS software. The analyses focus on extracting natural frequencies and
evaluating stress responses under torsional, bending, and combined vibration modes.
The results indicate that increasing the excitation speed leads to a reduction in the
optimal width of the rail’s bottom flange for similar vibration modes. Additionally,
increasing the width of the rail head from 40 to 80mm significantly reduces local
stresses. These findings provide a practical basis for intelligent and resilient design of
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1- Introduction

Increasing highway congestion worldwide has
made railways a leading mode of mass, clean, and
efficient transportation, fueling demand for faster,
more reliable trains. This has driven rail engineers
to develop advanced high-speed systems, where
track design—particularly rail geometry and
vibrational modes (torsional, bending, combined)—
directly governs structural strength and dynamic
performance. Optimal design thus depends on
precise tuning of these parameters.

A typical track consists of concrete sleepers
supporting two parallel steel rails via pads, over
ballast and sub-ballast layers. Rails bear and

distribute train loads while guiding wheels to
supports. Forces transmit through wheel-rail contact
to fastenings and substructure, forming resilient
panels that resist bending, shear, motion-induced
vibrations, and thermal expansion [1].

Extensive prior work includes Zhiping et al. (2019)
[2], who tested full-scale low-vibration tracks and
demonstrated reduced acceleration, faster decay,
and significant ground vibration attenuation; Wei et
al. (2017) [3], revealing non-uniform contact forces
causing wear; Germonpré et al. (2018) [4], showing
track irregularity outweighs stiffness variation in
vibration generation; and Ji Jin et al. (2020) [5],
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validating tuned impact dampers for broadband rail
vibration and noise control.

Geometric optimization via modal analysis is
essential for minimizing contact stresses and
enhancing durability. Methods include B-spline
joint parameterization, genetic algorithms with
finite elements to reduce stress concentrations (e.g.,
at insulated joints), wheel-rail excitation for natural
frequency detection, and robust optimization under
wear and misalignment—despite  persistent
challenges from real-world variability.

Resonance poses a critical risk; design must
maximize separation between excitation and natural
frequencies to prevent catastrophic amplification.

This research investigates the influence of
geometric dimensions on rail vibro-stress response
under cyclic fatigue loading in domestic rail
systems. Using ANSYS finite element modeling
integrated with genetic algorithms and response
surface methodology, optimal profiles are derived
to improve dynamic stability, reduce fatigue
stresses, and extend service life.

2- Modeling

Rail design prioritizes material selection for high
strength-to-weight ratio to optimize structure and
dynamics under severe loads. AISI 1084 stainless
steel was chosen for its high manganese content,
enabling deep heat treatment that enhances tensile
strength, hardness, and fatigue life by reducing
surface crack propagation. Chemical, physical, and
mechanical properties were input into simulations.

3D geometry was modeled in SolidWorks and
imported to ANSYS (Figure 1). Analysis proceeds
through applying torsional (0-5°) and bending (0—
Smm) preloads separately and combined, followed
by modal analysis to extract natural frequencies, and
finally transient vibrational analysis under cyclic
loading. Meshing used 32,000 quadratic hexahedral
elements via multi-zone method for accuracy and
efficiency. Boundary conditions include fixed
supports at 60cm intervals (sleeper locations),
symmetric constraints, and a fully fixed base
assumption for reference consistency.

Optimization variables are upper length arand lower
length br, selected for their strong influence on
vibrational behavior. The bi-objective function
maximizes |on—we| to avoid resonance while
minimizing stress 6. Genetic algorithm with RSM
converged after 54 (torsional), 20 (bending), and 78
(combined) generations, with no fitness change in
10 consecutive generations as the stopping criterion.
Fluctuations after generation 30 remained within 5—
15% engineering error. Equal weighting was
applied (Figure 2).

Parametric modal analysis in ANSYS wvaried
support stiffness via sleeper velocity to capture real
dynamics. Elastic and shear moduli were derived
from the global stiffness matrix. Larger rails
(80x140 mm) exhibited lower modulus at 200
mm/min—favorable for torsional and bending
modes—but axial failure strain dropped from 3.2%
to 1.9%, necessitating trade-off consideration in
optimization.

40 mm < ar = 80 mm

————

l___ 120 mm < bf = 140 mm___‘

Figure 1: Geometric variables (afa_faf, bfb_fbf)
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Figure 2: Genetic algorithm convergence trend
3- Results

The genetic algorithm optimization identified
optimal rail dimensions of a=80mm and
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b=140mm, yielding the best vibrational and stress
performance. Table 1 lists optimized objective
functions—strain-free elastic modulus (Enc), shear
modulus (Gnce), bending failure strain (FSA), and
torsional failure strain (FSF)—at various excitation
velocities.

Parametric analysis shows all objectives degrade
gradually with increasing excitation velocity. At
lower speeds (especially 100mm/min), Exc and Gne
reach peak wvalues, alongside maximum failure
strains: FSA = 3.5% and FSF = 4.7%. This reflects
superior mechanical behavior in low-frequency
ranges.

As velocity increases to 300mm/min, both moduli
drop significantly, indicating reduced resistance to
cyclic dynamic loads. Failure strains also decline,
suggesting elevated fatigue and localized cracking
risk under higher frequencies. Responses converge
at 250 and 300mm/min, signaling vibrational
stabilization at high speeds—a key indicator for
long-term fatigue assessment in high-traffic lines.

Overall, larger dimensions within the defined range
improve vibrational response and reduce induced
stresses, whereas higher excitation velocities
degrade mechanical performance and increase
structural failure risk. Achieving balance between
optimal geometry and dynamic operating conditions
is essential for safe rail operation.

Table 1: Optimized objective functions for rail dimensions
80 x 140mm

Excitation Velocity (mm/min) Exc Gne FSA (%) FSF (%)

100 35 47 35 47

150 34 44 19 23

200 31 42 18 2.1

250 38 38 22 2.0

300 38 38 20 1.9
Response Surface Methodology (RSM) was

employed to model relationships between design
variables (as, br) and objectives. Figure 3 and Figure
4 present 3D response surfaces for frequency
difference Aw and critical stress o, providing

quantitative and qualitative insight into parameter
effects on structural behavior.

Numerical results reveal higher stresses under
bending than torsional excitation, but combined
loading maximizes Aw®, enhancing resonance
resistance—a significant mechanical advantage.
Increasing upper rail width from 40 to 80mm
substantially reduces critical stress due to enhanced
bending stiffness and moment of inertia. Lower
width wvariation has minimal stress impact but
gradually increases Acw, prioritizing vibrational
safety.

RSM  surfaces
continuity, crucial for successful metaheuristic

demonstrate smoothness and
convergence and stable optimization paths. These
models offer deep understanding of dynamic
response under variable loads and serve as a reliable
foundation for design optimization.

Bi-objective  RSM  modeling simultaneously
targeted maximizing A® to prevent resonance and
minimizing o. Genetic algorithm optimization on
these models analyzed dynamic responses at 100,
200, and 300mm/min excitation velocities.

Results indicate optimal upper width decreases with
rising velocity, reflecting reduced need for high
bending inertia and increased vibrational sensitivity
at speed. This suggests smaller profiles may
enhance dynamics at high velocities, provided stress
remains acceptable. Fitness values cluster near 0.7,
indicating balanced trade-off between conflicting
objectives and reliable convergence.

Torsional mode produces lower stress but weaker
frequency separation. Combined mode, despite
higher stress, achieves maximum Aw, promoting
greater dynamic stability. Final geometry and
loading selection depend on design priorities—
resonance avoidance or stress control. For critical
300mm/min operation, combined mode with
Aw=38.71 Hz delivers optimal vibrational safety
despite elevated stress, making it preferable in high-
risk scenarios.
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4- Conclusion

This study conducted modal and vibrational
analysis of railway rails to investigate and optimize
dynamic behavior using numerical modeling in
ANSYS. A precise 3D CAD model was developed
and transferred to the finite element environment to
evaluate the impact of geometric dimensions on
vibrational characteristics.

Analyses covered three primary vibrational
modes—torsional, bending, and combined—
computing natural frequencies and their differences
with excitation frequencies. This frequency gap
served as a critical indicator for assessing resonance
risk. Critical region stresses, particularly at
supports, were also monitored to ensure they
remained below the yield strength of the selected
material (AISI 1084 steel).

Multi-objective optimization was performed using a
genetic algorithm, simultaneously maximizing the
natural-excitation frequency difference while
enforcing a stress constraint to prevent exceeding
the material’s allowable yield limit.

Numerical and optimization results revealed that
optimal geometric dimensions vary with loading

conditions, vibrational mode, and excitation
velocity; no single cross-section is universally ideal.
However, the systematic integration of modeling,
modal analysis, and multi-objective optimization
yielded a robust range of recommended dimensions,
enabling designs with enhanced vibrational
performance and improved safety margins.

Overall, these findings provide a scientific
foundation for optimization-driven rail design in the
rail industry, contributing to reduced vibrational
effects, extended service life, and superior dynamic
performance under real-world operating conditions.
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Abstract

Predictive maintenance and speed control of rotating machines are crucial in modern
industries due to the reduction of maintenance costs and the improvement of efficiency
and reliability. This paper presents a method for fault diagnosis and speed control of
induction motors. The proposed method employs two algorithms for fault diagnosis. In
the first algorithm, a novel method for extracting statistical, frequency, and energy
features is utilized, along with machine learning algorithms for fault classification. If
the fault detection accuracy of the first algorithm is not suitable, the second algorithm
is used. This algorithm utilizes a convolutional neural network (CNN) and an optimized
long short-term memory (LSTM) model. In this network, feature extraction and
selection are performed automatically. We present a new algorithm for optimizing
layers and parameters through an adaptive ant colony algorithm and likelihood
functions. The proposed methods are tested on three datasets. In the first dataset
collected for this research, the focus is on the healthy state, bearing fault, and uncoupled
condition. In the second dataset, we focus on the defects of the inner and outer rings of
the bearing. In the third dataset, eight cases are considered, including seven cases with
defects in the stator and rotor, and one healthy case. Vibration and acoustic data are
used for fault diagnosis. Then, a control algorithm, including a fractional-order optimal
control controller, is presented to control the motor speed, especially when it is under
fault conditions. The results indicate that the first algorithm is suitable for the first and
second datasets, while the second algorithm is more suitable for the third dataset.
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1- Introduction

Motors are essential and functional components in

various industries, including manufacturing,
agriculture, and power systems. According to the
World Energy Organization, in 2016, more than 50
percent of the world's electrical energy consumption
was accounted for by motors. Despite
improvements in motor efficiency, this percentage
is expected to increase by 2040. Additionally,

according to IEEE Standard 493, the average failure

rate of motors with a voltage of less than 1000 V is
8.24%. In the event of a motor failure, the time
required to shut down and replace the motor is 42 to
75 hours [1]. In a survey of 75 factories, these
factories had 100,114 motors, with an average of
1521 motors per factory [1]. According to the Niroo
Research Institute, approximately 2 million motors
are used in the Iranian industry, and around 60
million motors are used in the domestic sector.
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Given the high price of motors, diagnosing motor
faults is of great importance.

Due to their extensive use, motors are constantly
exposed to various mechanical and electrical
stresses that can lead to faults. These faults can arise
from inherent problems or adverse operating
conditions, leading to motor failure. As a result, if
the fault is not detected in time, it will lead to further
breakdowns and losses in the entire system. To
improve performance, the issues of motor fault
diagnosis and speed control have garnered the
attention of experts and researchers in recent years
[1, 2]. The importance of effective fault diagnosis
and condition monitoring of motors cannot be
overstated, as they play a vital role in minimizing
damage, extending the device's life, increasing its
availability, and reducing maintenance time and
costs. Fault detection is important in preventing
unexpected failures and preventing severe damage
to the entire drive system. Condition monitoring of
motors  increases reliability and  reduces
maintenance costs [3]. The implementation cost is
about $200, considering the combination of
modular software and hardware. Considering the
cost of low-power industrial motors, which range
from $150 to $200, it is cost-effective to diagnose
and repair motors before they fail.

Additionally, this cost savings is further increased
by reducing downtime in the event of a motor
failure. Various components of a motor are
susceptible to damage, and several factors,
including overload, unbalanced loads, and
mechanical stresses, can contribute to these
conditions. As shown in Figure 1, motor failures are
typically categorized into four main types: bearing
failures, stator failures, rotor failures, and other
types of failures [4]. Bearing problems are the most
common type of failure among various types [5].
Studies conducted by General Electric and IEEE-
IGA have shown that bearing failures are the
leading cause of motor failure, highlighting the
critical role of bearing failure detection in the
monitoring of rotating machinery.

40%
30%
20%
10%

0%
Bearing Stator Rotor Others

Figure 1: Percentage of motor faults.

2- Research Methods

This section introduces the proposed method for
fault detection and speed control of motors. In this
paper, we use three datasets with two different
algorithms. In the first algorithm, we utilize feature
extraction based on statistical, frequency, and
energy features, along with automatic feature
selection. In the second algorithm, we use automatic
feature extraction. In this method, the dataset is first
obtained, and then the channel selection process is
performed. In this case, based on the type of faults,
we select the appropriate data for the existing
hardware equipment, ensuring that the detection
accuracy is optimal and the detection is performed
at the lowest cost.

The dataset collected in this study includes
temperature, motor current, vibration, and acoustic
signals. Then, we use vibration and acoustic data
according to the faults, which in this study focus on
mechanical faults. After that, we perform
preprocessing, including notch filtering and wavelet
transform. Then the window selection process is
performed, and the segmented data is fed into the
first algorithm. If the accuracy is not suitable, the
second algorithm and the optimized deep neural
network are used. The structure of the layers and
parameters of this network are optimally determined
using the adapted ant colony algorithm. Finally, the
designed controller controls the motor's speed. For
speed control, we used PWM and SPWM. In this
case, two PID controllers and one optimal controller
are used. In the initial stage, according to the
principle of simplicity, the PID controller is used.
Suppose the PID controller cannot control the speed
correctly. In this case, a fractional-order optimal
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controller is used to achieve the desired speed,
which can be achieved by adjusting the adjustable
voltage and current parameters. In the next stage, if
a fault occurs in the motor, the second PID
controller enters the control algorithm and tries to
control the speed using the simplest controller.

3- Results

In datasets with low fault detection complexity, the
first algorithm, which incorporates feature
extraction and feature selection through
classification using machine learning algorithms,
yields good results. The first and second datasets
were classified using the first algorithm; the
execution time for this algorithm on one instance is
less than 30 milliseconds. Initially, all features were
used with the feature selection algorithm. In the next
step, the number of features was reduced to two
using the PCA method, and the results were
satisfactory. Further reduction of features led to a
sharp decrease in accuracy. In the third dataset, the
complexity of fault detection is higher. The data
were classified into two states: with and without
load, at four different speeds, and in eight states,
including one healthy state and seven faulty states.
Machine learning algorithms were not suitable in
this case, so a deep neural network was used instead.
The classification result using the first vibration
sensor was the best. The result is better if a
combination of vibration and acoustic sensors is
used. The results for fault detection based on the
deep neural network are shown in Figure 2.

TRAIN ACCURACY

M 13-Layers CNN 15-Layers CNN

B CNN-LSTM B Optimized CNN-LSTM
RI& g oy XA PR
N o @ S n ¥ 0 © SN
a & - o M o & AN o
I I 1 I I 1 I
SENSOR Al SENSOR A2 SENSOR A3

Figure 2: Comparison of deep neural networks

4- Conclusion

This paper presents a hybrid approach for fault
detection and speed control of induction motors
under different operating conditions. The results
showed that the first classification algorithm, which
uses feature extraction, feature selection, and
machine learning algorithms, performs well on low-
complexity datasets. The algorithm was trained on
two datasets: the first contained two faults and one
healthy state, and the second contained six faults
and one healthy state. It reached the desired
accuracy in a shorter time (average 2 seconds).
However, the second algorithm, which utilizes
CNN and LSTM deep neural networks, performed
better on higher-complexity datasets that contain
different loads and speeds. Optimizing the network
structure and parameters using the adaptive ant
colony algorithm significantly improved both
detection accuracy and processing time.

Additionally, the combined use of vibration and
acoustic data yielded higher fault detection
accuracy. Additionally, the PID controller and the
provided
effective control over the motor speed under fault
conditions. They were able to control the speed

fractional-order optimal controller

when a fault occurred effectively. The proposed
method enhances the reliability of rotating systems,
such as motors, reduces maintenance costs, and
improves safety. As a result, this method can be
used as an effective solution in the industry to
improve the performance and safety of rotating
machines.
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Layer Layer name Kernel X unit Specifications Output shape #parameters
1 Conv 1D 5 x 64 Activation= ReLu, Strides=1 (None,996, 64) 384
2 MaxPooling 1D - Strides=2 (None,498, 64) 0
3 Conv 1D 3 x32 Activation= ReLu, Strides=1 (None,496, 64) 12352
4 MaxPooling 1D - Strides=2 (None,248, 64) 0
5 Conv 1D 3 X128 Activation= ReLu, Strides=1 (None,246, 128) 24704
6 MaxPooling 1D - Strides=2 (None, 123, 128) 0
7 Conv 1D 3 X 64 Activation= ReLu, Strides=1 (None,121, 64) 24640
8 MaxPooling 1D - Strides=2 (None,60, 64) 0
9 LSTM 64 Unit return_sequences=1rue (None,60, 32) 12416
10 LSTM 32 Unit - (None,64) 24832
11 Flatten - - (None,64) 0
12 Dense 1 x32 Relu (None,32) 2080
13 Dense 1x8 Softmax (None,8) 264
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# Algorithm Train accuracy Train time Test accuracy
1 Linear SVM 74.80 0.75 72.72
2 Fine KNN 100 0.16 95.45
3 Coarse KNN 100 0.08 90.90
4 Cosine KNN 81.10 0.07 77.27
5  Fine Tree 89.76 0.13 86.36
6  Coarse Tree 55.11 0.03 54.54
7  Ensemble- Bagged Trees 100 0.61 90.90
8  Ensemble- Subspace Discriminant 87.40 1.14 86.36
9  Ensemble- Subspace KNN 100 0.77 90.90
10 Narrow neural network 81.10 2.69 77.27
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Accuracy-PCA 2 Train time-PCA

B

Algorithm Accuracy Train time

features
1 Linear SVM 100 2.317 100 3.051
2 Quadratic SVM 100 2.547 100 2.897
3 Cubic SVM 100 2.721 100 3.547
4 Medium Gaussian SVM 100 2.547 100 3.117
5 Coarse Gaussian SVM 100 2.024 99.8 3.865
6 Fine KNN 100 1.756 100 2.763
7 Medium KNN 100 1.489 99.9 2.492
8 Coarse KNN 98.3 1.647 99.9 2.785
9 Cosine KNN 100 1.478 99.8 2.478
10 Cubic KNN 100 1.571 99.9 2.632
11 Weighted KNN 100 1.712 99.9 2.142
12 Fine Tree 99.9 1.988 99.8 2.158
13 Medium Tree 99.9 2.375 99.8 2.657
14 Ensemble- Bagged Trees 100 3.223 99.8 4.054

15 Ensemble- Subspace Discriminant 100 3.574 97.6 9.216
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Network Sensors Train Sensitivity F1 Score Train time Validation Test accuracy ~ Number of
accuracy accuracy parameters
13-Layers CNN [43] Al 97.73 97.76 97.72 - - - -
15-Layers CNN [43] Al 99.44 99.44 99.44 - - - -
CNN-LSTM [43] Al 99.96 99.96 99.96 9617.431 - - 127784
CNN-LSTM-Attention Al 99.81 99.81 99.81 6752.21 99.81 99.89 135016
Proposed CNN-LSTM Al 100 100 100 6118.137 99.96 99.96 65672
13-Layers CNN [43] A2 80.58 80.48 80.59 - - - -
15-Layers CNN [43] A2 83.44 83.43 83.42 - - - -
CNN-LSTM [43] A2 98.88 98.87 98.88 9789.228 - - 127784
Proposed CNN-LSTM A2 98.98 98.98 98.98 4032.095 96.21 96.19 65672
13-Layers CNN [43] A3 82.89 82.91 82.85 - - - -
15-Layers CNN [43] A3 87.43 87.35 87.33 - - - -
CNN-LSTM [43] A3 99.37 99.36 99.36 9870.883 - - 127784
CNN [43] - 72.73 - - - - - -
ChebyNet [44] - 65.80 - - - - - -
MLP [44] - 63.1 - - - - - -
Self-Training [44] - 48.71 - - - - - -
ME-GNN [44] - 97.7 - - - - - -
Proposed CNN-LSTM A3 99.34 99.34 99.34 5076.251 97.28 97.17 65672
Proposed CNN-LSTM Acou 97.39 97.39 97.39 3924.012 95.16 95.08 65672
Proposed CNN-LSTM Al, A2, 99.94 99.94 99.94 15612.234 99.63 99.73 65672
A3
Proposed CNN-LSTM Al, A2, 100 100 100 15273.091 100 100 65672
Acou
Proposed CNN-LSTM Al, A3, 100 100 100 16175.287 100 100 65672

Acou
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Abstract

This study presents a comprehensive, APA-style summary of an experimental
investigation into modified Arcan U-shaped CFRP joints bonded with epoxy and
polyurethane adhesives. The objective is to evaluate how loading angle and mode
influence joint strength, failure mechanisms, and ultimate performance, with the goal
of informing design practices for adhesive-bonded CFRP joints. The methodology
entails preparing CFRP specimens with modified Arcan fixtures, subjecting them to
loading angles of 0°, 45°, 60°, and 90°, and imposing mode-specific loading conditions
(shear, mixed shear—tension, and tension). Key findings indicate systematic variation
of strength and failure modes with loading angle, with distinct trends for
adhesive/cohesive failures versus fiber-related failures. The results underscore the
critical role of loading geometry in governing interfacial behavior, highlight the
relevance of Arcan-based testing for evaluating bonded joints, and discuss implications
for structural design, safety margins, and future research directions. Limitations
include the controlled laboratory setting and specimen-scale constraints, suggesting
caution when extrapolating to full-scale structures. The study advances understanding
of CFRP joint performance under varied loading and offers practical guidance for
engineers designing adhesive-bonded CFRP assemblies.
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1- Introduction

Carbon fiber-reinforced polymer (CFRP) laminates
are increasingly used in aerospace, automotive, and
civil structures due to high strength-to-weight ratios
and tailorability. Bonded joints, which rely on
adhesive interfaces to transfer loads between CFRP
members, offer design flexibility but are sensitive to
loading configuration, environmental conditions,
and surface preparation. The Arcan test
configuration enables quasi-static characterization
of bonded joints under combined normal and shear

stresses, facilitating a more complete understanding

of joint behavior than simple pure-shear or pure-
tension tests.

The article investigates how loading angle and
corresponding load modes affect the mechanical
performance and failure modes of a modified Arcan
U-shaped CFRP joint. Specifically, the study seeks
to (1) quantify strength variations across loading
angles (0°, 45°, 60°, 90°) and load modes (shear,
mixed shear—tension, tension), (2) identify
dominant failure mechanisms (adhesive vs.

cohesive vs. fiber-related), and (3) discuss
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implications for adhesive selection, surface
treatment, and joint geometry in CFRP structures.
As shown in Figure 1, the overall test schematic
illustrates the typical Arcan setup used to induce

mixed-mode loading.

Previous research demonstrates that bond line
strength and failure mode depend on stress state at
the joint, with higher normal stresses promoting
adhesive/cohesive failures and higher shear
fiber tearing or
interlaminar debonding. Arcan-based approaches
have been shown to capture the interaction of shear
and normal stresses, but systematic comparisons
across multiple loading angles and joint
configurations remain limited. The article situates
its  contribution within this context by
systematically varying loading angles and
documenting corresponding mechanical responses
and failure narratives.

components  influencing

Figure 1: Conceptual schematic of the Arcan joint test setup for
CFRP bonding, illustrating the mixed-mode loading path and
boundary conditions

Rl -~ et ¢
Figure 2: Steps in producing U-shaped adhesives

2- Research Methods

Joint geometry: Modified Arcan U-shaped
CFRP joints were fabricated by bonding CFRP
laminates with selected adhesives. Surface
preparation included standard cleaning and
sanding to enhance adhesion, followed by
curing per manufacturer guidelines. As shown
in Figure 2

Materials: CFRP laminates with specified ply
layups were used. Two adhesive systems were
examined: epoxy-based and polyurethane-
based formulations, each with distinct
modulus, toughness, and environmental
durability characteristics.As shown in Table 1

Table 1: Mechanical properties of adhesives

V12=VI3=V23 E33 (GPa) E» (GPa) Ei1(GPa)
0.29 7.43 7.43 94.5

e Surface treatment: Surface pretreatment
protocols (e.g., sanding grit, primer if

applicable) were applied to promote consistent
bonding quality across specimens.

Loading angles: Specimens were tested at 0°,
45°, 60°, and 90°, representing a progression
from  predominantly shear (0°) to
predominantly normal/tensile (90°) loading.

Loading modes: Tests encompassed pure
shear, mixed shear—tension, and pure tension,
enabling the assessment of how mode
composition interacts with angle to influence
strength and failure. As shown in Table 2

Data acquisition: Load-displacement data
were recorded throughout each test, alongside
observations of failure initiation and
propagation. Key metrics included ultimate
joint strength, stiffness, and failure mode
categorization.
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Table 2: Arcan Test Loading modes

Loading modes SamP le Sample
naming number
S1
Pure shear S S2
S3
ST1
Mixed shear-tension ST ST2
ST3
T1
Pure tension T T2
T3
3- Results
e (°loading (shear-dominated)

o Strength: Moderate ultimate strength
observed, with failure modes leaning
toward interfacial decohesion and
potential fiber-related initiation depending
on adhesive system.

o Failure modes: Predominantly adhesive or
adhesive-cohesive in nature, with some
specimens exhibiting fiber surface damage
adjacent to the bondline.

45° loading

o Strength: Notable changes in strength
relative to 0°, with the mixed-mode
loading introducing complex stress states
at the bondline.

o Failure modes: Mixed characteristics, with
both adhesive/cohesive failures and
occasional fiber-related damage.

60° loading

o Strength: Further evolution of strength
depending on adhesive system and
laminate orientation; both adhesives
showed sensitivity to angled loading.

o Failure modes: A shift toward more
cohesive failures within the adhesive or
fiber-related mechanisms in certain
configurations.

90° loading (tension-dominated)

o Strength: Distinct behavior with higher
normal stress at the bondline; failure
often initiated at the adhesive—substrate
interface or within the adhesive layer
itself.
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Figure 3: Force-displacement curves with different loading modes

Failure modes: Predominantly adhesive cohesive
failures or interfacial debonding, with occasional
fiber tearing in the CFRP laminate if the bond was
particularly weak.
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4- Conclusion
e Loading angle and mode significantly
influence the strength and failure mode of
modified Arcan CFRP joints. Higher angles
tend to shift failure toward adhesive-related
mechanisms, while certain angles in
conjunction with specific adhesives can
produce different failure pathways, including
fiber-related damage.

e The Arcan test configuration proves effective
for revealing the interplay between shear and
normal stresses in bonded CFRP joints,
informing material selection, joint geometry,
and bonding processes.

e Future research should explore a broader
range of adhesives, surface treatments, and
CFRP layups to generalize findings across
more structural configurations.

e Investigations under environmental
conditions (temperature, humidity) and long-
term aging would provide insight into
durability and service life.

e Finite element modeling of the Arcan joint
under these loading angles could complement
experimental results and help predict
behavior for complex geometries.

Table 3: Stress values obtained from the Arcan test

Standard Average
devition Stress
(MPa) (MPa)

Loading Sample Stress
modes number (MPa)

S 8.38
Pure ) 8.94 0.29 8.60
shear
s3 8.50
Mixed ST 3.41
shear- ST2 3.16 0.28 341
tension ST3 285
T1 2.96
Pure ™ 2.54 021 275
tension

T3 2.76
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Abstract

The Mindlin plate theory, which accounts for shear deformation effects, is employed to
ensure accurate modeling of moderately thick plates. This paper investigates the
efficiency of various dynamic relaxation methods for the elastic analysis of Mindlin
plates. The main objective is to evaluate the advantages of twelve different relaxation
schemes. The distinctions among these approaches lie in the determination of artificial
parameters such as damping and mass, which are essential for the convergence of
dynamic relaxation. The study focuses on assessing these methods based on numerical
stability, convergence rate, and computational efficiency. Several Mindlin plate
examples with diverse geometries and boundary conditions are solved to compare the
performance of different dynamic relaxation techniques. Given the variety of the
analyzed cases, the obtained results can serve as benchmark problems for Mindlin plate
analysis. Key criteria, including the number of iterations required for convergence and
the total computational time, are recorded for each method. The results reveal
significant variations in efficiency among the twelve algorithms, with some exhibiting
rapid convergence while others require considerably more iterations. A comprehensive
ranking based on these computational metrics is established to identify the most
efficient and robust techniques for practical applications. Furthermore, the study
demonstrates the sensitivity of dynamic relaxation convergence to the selection of
artificial parameters. Numerical results indicate that the Underwood method is
efficient in terms of analysis time, while the minimum residual energy scheme achieves
the fewest iterations for Mindlin plate analysis.
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1- Introduction

The DR method is an explicit iterative technique
used to solve static equilibrium problems by

converting them into fictitious dynamic systems.
The general iterative equations for velocity and
displacement are given by:

.n+% _ 2mj; — Ct" .n—%
C T amCpen
2 M

o 08— )
2ml 4+ Clen :

1
n+l _ yn n+1y™tz
X=X +t"X, @

i=12,...,ndof

where m and c are the diagonal mass and damping
matrices, At is the time step, p is the external load
vector, and f'is the internal force vector. The system
evolves in time until the residual force tends
to zero, indicating convergence to the static
equilibrium solution.
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2- Research Methods

This study presents a comprehensive comparative
analysis of twelve well-known dynamic relaxation
(DR) methods for the elastic analysis of Mindlin
plates. The Mindlin plate theory, which
incorporates transverse shear deformation effects, is
employed to accurately model moderately thick
plates. The primary objective is to evaluate the
computational efficiency, convergence rate, and
numerical stability of these DR techniques, which
differ mainly in their approaches to determining
fictitious parameters such as mass, damping, and
time step. The twelve DR methods compared in this
study are: Papadrakakis [1], Underwood [2], Qiang
[3], Zhang [4], Nodal Damping [5], Rezaiee-Pajand
and Taghavian Hakkak (RPTH) [6], Kinetic
Damping (kdDR) [7], Minimum Residual Force
(MFT) [8], Rezaiee-Pajand and Alamatian (mdDR)
[9] Minimum Residual Energy (MRE) [8], Rezaiee-
Pajand and Sarafrazi (RPS) [10], Zero Damping
(zdDR) [11].

A variety of plate geometries and boundary
conditions were analyzed, including

rectangular, circular, triangular, L-shaped, and

square,

irregular plates, under uniform distributed loads as
well as plates with hole. The performance of each
method was assessed based on the number of
iterations and computational time required to
achieve convergence, with a residual force tolerance
of 10-6.

The scoring and ranking system assigned a rank
from 1 (best) to 12 (worst) for each method in each
example. The total score S;for method iwas
calculated as:

12
S, =100x >0, x (13— j)/ 240 3)

i <
Here, the j” grade of the i technique is denoted by
Q. For example, the kdDR algorithm is ranked first
in one numerical example, based on the number of
iterations. Hence, Qi is 1 for this strategy.
Furthermore, Underwood's technique is ranked
third for the eleven times, according to the analysis
duration. Therefore, Q;; is equal to 11. Number of

structures which cannot be analyzed by using i”
procedure is Qj. For example, the RPTH is not able
to achieve the acceptable error in ten examples. As
aresult, Qi is equal to 10. Note that, methods which
converge to the true answers are inserted into Eq.
(3). It should be noted that if an approach is ranked
first in all the 20 examples, its score is 240.
Consequently, score S; of this scheme is 100.

3- Results

The numerical results reveal significant variations
among the methods. The Underwood and MRE
techniques demonstrate superior convergence and
efficiency across most examples, while the
Papadrakakis and Kinetic Damping methods show
slower performance. For instance, the MRE
algorithm yields the minimum number of iterations
for square and plates,
Underwood’s method exhibits the shortest analysis
time. The comparative ranking of the DR methods
based on averaged performance across all cases is
summarized below:

circular whereas

Table 1: Performance level of methods

Rank Method Performance Level
| MRE (Minimum Excellent convergence,
Residual Energy) very efficient
2 Underwood Fastest analysis time
MFT (Mini F .
3 ( 1nlg1um oree High convergence rate
Technique)
dDR (R hand
4 m ( ezaee.paz an Consistent accuracy
& Alamatian)
5 RPS (Rezaeepazhand & Robust for complex
Sarafarazi) geometries
6 Qiang Moderate performance
7 Zhang Good stability
. Acceptable for small
8 dDR (Zero D
z (Zero Damping) models
9 RPTH Limited convergence
range
10 Nodal Damping Stable but slow
Kinetic D i
11 e (LcdDz;r;lpmg Poor convergence
12 Papadrakakis Lowest efficiency

4- Conclusion

Overall, the comparative study demonstrates that
the choice of artificial parameters—especially
damping and mass—strongly affects the
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convergence and computational efficiency of
dynamic relaxation methods for Mindlin plate
analysis. Among all tested algorithms, the
Minimum Residual Energy (MRE) method
achieved the highest ranking based on the number
of iterations, with the lowest iteration count in 15
out of 20 examples. The Underwood method was
the fastest in terms of computational time. The
Papadrakakis method consistently required the
highest number of iterations and computational
time. Methods such as Qiang, RPS, and mdDR
exhibited similar behavior in terms of iteration
counts across most examples. The study concludes
that the MRE and Underwood methods are the most
efficient for analyzing Mindlin plates using the
dynamic relaxation approach, offering the best
balance between convergence speed and
computational cost.
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Abstract

Base fluids generally have low thermal conductivity, but adding solid nanoparticles
improves this property. In this research, spherical zinc oxide (ZnO) nanoparticles with
diameters of 10-30, 35-45 and 80-100 nm were stabilized in ethylene glycol using a two-
step method. CTAB surfactant and ultrasonic agitation were used to prevent particle
aggregation. Nanofluids were prepared with volume fractions of 0.2 to 1% at
temperatures of 20 to 60°C. Thermal conductivity was measured using the transient
hot-wire method with a KD2-Pro device. Results showed that decreasing nanoparticle
size, increasing temperature and increasing volume fraction significantly improved
thermal conductivity, with the maximum increase (about 18%) observed at the highest
temperature, smallest particle size and highest volume fraction. The effect of volume
fraction was more remarkable at lower concentrations. Temperature increases
facilitated heat transfer by weakening molecular bonds. Comparison of experimental
data with analytical models showed that the difference between results increases with
higher temperatures and volume fractions. Finally, a multivariate empirical model was
developed and validated to predict the thermal conductivity of ZnO/EG nanofluid,
which effectively describes the dependence of thermal conductivity on temperature,
particle size and concentration.
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1- Introduction

The utilization of solid particles in fluids to enhance

stability and significantly improved thermal

heat transfer has been extensively studied for many
years. While microparticles presented challenges
such as sedimentation, corrosion, and pressure drop,
a significant breakthrough occurred in 1995 when
Choi [1] introduced nanoparticles, revolutionizing
this field. Nanoparticles have emerged as an ideal
solution due to their superior stability, increased
surface area, and ability to mitigate issues like
corrosion and pressure drop. Two key
characteristics of nanofluids are their enhanced

conductivity. Although numerous studies have
investigated zinc oxide nanofluids, the influence of
nanoparticle diameter has received comparatively
less attention. Most existing research has focused on
examining variations in thermal conductivity based
on volume fraction, temperature, and base fluid

type.

Several notable studies have contributed to our
understanding of nanofluids. Lee et al. [2]

How to Cite this Article:

[1] M. Safikhani, A. Ghafouri, and A. Moarrefzadeh, “Development of a new empirical model for predicting thermal conductivity of ZnO-ethylene glycol nanofluid
based on temperature, particle size, and concentration,” Journal of Science and Technology in Mechanical Engineering, Vol.4, No.2, pp.175-189,2026.

[Online]. Available: https://doi.org/10.22034/stme.2025.540032.1155 (in Persian)

&

©2026 the authors. Published by Technical and Vocational University (TVU), Tehran,
Iran. This article is an open-access article distributed under the terms and conditions of
the Creative Commons Attribution-Noncommercial 4.0 International (CC BY-NC

E-ISSN: 2981-2232

License) (https://creativecommons.org/licenses/by-nc/4.0/)



https://stmechanics.bmtc.ac.ir/?lang=en
https://doi.org/10.22034/stme.2025.540032.1155
https://doi.org/10.22034/stme.2025.540032.1155
mailto:ashkan.ghafouri@iau.ac.ir
mailto:ashkan.ghafouri@iau.ac.ir
https://orcid.org/
https://orcid.org/0000-0002-2259-9080
https://orcid.org/0000-0002-1388-3936

Journal of Science and Technology in Mechanical Engineering

Vol. 4, No. 2, 2026 176

investigated nanofluids containing aluminum oxide
and copper oxide nanoparticles in water and
ethylene glycol, finding that the maximum thermal
conductivity enhancement (20%) occurred in
ethylene glycol with 4 vol% copper oxide
nanoparticles having an average diameter of 35 nm.
Masuda et al. [3] demonstrated that 13 nm
aluminum oxide nanoparticles at 3.4 vol% could
increase water's thermal conductivity by up to 30%,
while larger particles (40 nm) only provided a 10%
improvement. Jang et al. [4] proposed two primary
mechanisms for enhanced heat transfer in
nanofluids: (1) increased energy transfer due to
nanoparticle motion and (2) improved thermal
conductivity. Keblinski et al. [5] identified four
influential factors: Brownian motion of particles,
the interfacial layer between particles and fluid, heat
transfer within nanoparticles, and heat transfer
within nanoparticle clusters. Wang et al. [6] further
confirmed the role of interfacial layers between
fluid molecules and nanoparticles in facilitating heat
transfer.

Recent advancements have addressed various
aspects of nanofluid performance. Choi et al. [7]
highlighted limitations in theoretical models
predicting nanofluid thermal conductivity, noting
that experimental values often exceed theoretical
predictions. Lee et al. [8] examined the effects of pH
and surfactants on the thermal conductivity of
water/aluminum oxide nanofluids, finding these
parameters  significantly  influence  thermal
performance. Das et al. [9] reported a 15% increase
in thermal conductivity for water/aluminum oxide
nanofluids at 4 vol% with a temperature change of
30°C. In a comprehensive study, Esfe et al. [10]
optimized zinc oxide/ethylene glycol nanofluids
using a combination of genetic algorithms and
response surface methodology. Their multi-
objective optimization approach achieved optimal
thermal efficiency at 0.5 vol% with a minimum cost
of $360 per liter, while maintaining thermal
performance and reducing production costs by 10%.

This study presents an experimental investigation of
the thermal conductivity of zinc oxide/ethylene
glycol nanofluids, specifically examining the
simultaneous effects of nanoparticle volume

fraction, fluid temperature, and particle size. To
date, no comprehensive study has been reported on
the influence of zinc oxide nanoparticle diameter on
the thermal conductivity of this specific system.
Furthermore, existing models have been unable to
accurately predict the thermal behavior of this
nanofluid while accounting for all three key
parameters. By developing a new empirical model
that describes the dependence of thermal
conductivity on volume fraction, temperature, and
particle size, this research provides a valuable
reference for industrial applications and future
studies. The results offer a scientific foundation for
designing high-efficiency heat transfer systems with
optimized costs.

2- Research Methods

This study measured nanofluid thermal conductivity
using the hot-wire method with a KD2-Pro thermal
conductivity analyzer (Decagon Devices, USA).
Precise temperature control was maintained by
circulating temperature-regulated water through an
external bath surrounding the sample beaker. The
instrument was calibrated using glycerin prior to
measurements.  Zinc  oxide/ethylene  glycol
nanofluids were prepared through a two-step
method, with nanoparticles (10-30 nm, 35-45 nm,
and 80-100 nm diameters, 99%+ purity) dispersed
using ultrasonic homogenization for 3-5 hours to
achieve stability. The nanofluids were tested at
volume fractions ranging from 0.2% to 1%. Particle
morphology and size distribution were verified
using transmission electron microscopy, confirming
near-spherical shapes and uniform dispersion.
Specific surface area measurements showed
significant variation across particle sizes (20-65
m2/g), influencing thermal performance. All
measurements adhered to strict repeatability and
reproducibility protocols.

3- Results

This research thoroughly examined the effects of
particle diameter and volume fraction at constant
temperature on thermal conductivity, the influence
of diameter and temperature at fixed volume
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fraction on thermal conductivity, and the impact of
volume fraction and temperature at constant particle
size on thermal conductivity, with detailed analysis
accompanied by variation graphs. The main
achievement of this study was developing a
coherent multivariate correlation through regression
analysis. The primary objective was to predict
thermal conductivity based on three independent
variables: nanoparticle volume fraction (¢), particle
diameter (dnp), and nanofluid temperature (T). The
model, derived through multiple linear regression,
estimates nanofluid thermal conductivity as a
function of volume fraction while accounting for the
significant effects of temperature and particle
diameter. The regression analysis employed
simultaneous data entry. Five different models with
varying relational patterns were comprehensively
evaluated, with their results presented in Table 1.

Table 1: Error and deviation of the proposed models compared to
experimental results

Model R Square  Error % o? c
7 1.09 1.19 156 0.895
8 0.87 0.76 1.14 0.878
9 1.19 1.42 144 0.885
10 0.83 0.69 1.10 0.887
11 0.98 0.97 1.08 0.937

A comparison graph of the models with
experimental results is shown in Figure 1.
Ultimately, the fifth model (presented below)
emerged as the most accurate with the highest
precision (R2=0.94).
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Figure 1: Comparison chart of thermal enhancement ratio
predicted by various models versus experimental results for
different particle diameters
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Figure 2: Comparison of thermal conductivity between
experimental results and Model 5 predictions according to

Equation (11)

Figure 2 demonstrates the comparison between
experimental laboratory data and the model's
predictions.

The developed model provides a reliable predictive
tool for determining nanofluid thermal conductivity
while simultaneously considering the interactive
effects of these three crucial parameters. This
comprehensive approach offers significant insights
for thermal system design and optimization in
nanofluid applications.

4- Conclusion

This experimental study investigated the thermal
conductivity of ZnO/ethylene glycol nanofluids,
examining temperature, particle diameter, and
volume fraction effects. The two-step preparation
method with ultrasonic homogenization ensured
stable nanofluid dispersion, while thermal
conductivity measurements employed the transient
hot-wire method (KD2-Pro). Multivariate empirical
models were developed to predict thermal
conductivity, showing: (1) consistent thermal
conductivity enhancement with increasing volume
fraction across all temperatures; (2) temperature
elevation improved conductivity due to weakened
molecular bonds and intensified Brownian motion,
though stability limits this effect; (3) higher volume
fractions increased conductivity through greater
solid particle density, with maximum 18%
improvement observed at peak temperature (50°C),
highest concentration (1 vol%), and smallest
particle size (10-30nm); (4) comparative analysis
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revealed  growing  discrepancies  between
experimental and semi-empirical results at elevated
temperatures and concentrations, though the
proposed model (R?=0.94) effectively captured
these parametric relationships. The findings
demonstrate synergistic effects between the studied
parameters, providing critical insights for thermal
system optimization using nanofluids.
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Abstract

Baseball is one of the most popular sports in the United States, and numerous
studies have examined various aspects of its throwing mechanics, including
ball release characteristics, upper-limb biomechanics, common shoulder and
elbow injuries, and performance differences between left- and right-handed
players. Given the high incidence of overuse injuries—particularly among
pitchers—there is a growing need for advanced control strategies to optimize
joint and muscle coordination during throwing. This study aims to develop an
optimal control framework based on Sliding Mode Control (SMC) integrated
with a detailed dynamic model of the upper limb during the baseball pitching
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Sliding Mode Controller
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motion. The proposed model enables precise regulation of joint angles and
performance
musculoskeletal injury risk. The outcomes of this research have potential
applications in rehabilitation systems, pitching skill training, and the

torques, helping maintain  athletic

development of assistive robotic technologies.
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1- Introduction

Baseball is one of the most widely practiced sports
in the United States, and the pitching motion has
long been a major focus of biomechanical research
due to its repetitive, high-load nature and its strong
association with shoulder and elbow injuries[1-4].
Although previous studies have extensively
examined the kinematics, Kkinetics, and injury
mechanisms of pitching, fewer investigations have
explored the use of control strategies to actively
optimize joint motion and reduce musculoskeletal
risks during the throw[5-7]. This study aims to
develop a detailed dynamic model of the upper limb
during the baseball pitching motion and to design a

robust controller based on Sliding Mode Control
(SMC) for accurate tracking of joint angles and
regulation of applied torques[8]. The proposed
approach leverages the inherent robustness of SMC
against model uncertainties and external
disturbances, enabling more realistic simulation of
the pitching motion and offering potential for
reducing injury risk in repetitive high-speed actions.
The outcomes of this research provide valuable
insights for rehabilitation technologies, motor-skill
training, and the development of assistive robotic
systems for sports applications[9, 10].
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2- Research Methods

To derive the dynamic equations of the baseball
pitching motion, coordinate frames were assigned to
the shoulder and elbow joints, modeling the upper
limb with three degrees of freedom at the shoulder
(abduction—adduction,  flexion—extension, and
internal-external rotation) and one degree of
freedom at the elbow (flexion—extension)[11-13].
Joint angle trajectories were obtained using high-
speed motion capture of eight collegiate baseball
players (mean height 1.86 m, mean weight 84 kg)
and processed through a Direct Linear
Transformation (DLT) algorithm for full 3D
reconstruction[14, 15].

According to Figure 1 for the kinematic modeling
of the arm, the Denavit-Hartenberg (D-H)
convention was employed to describe the position
and orientation of each joint-attached coordinate
frame. Based on the identified D—H parameters,
homogeneous  transformation  matrices  were
formulated and sequentially multiplied to compute
rotation matrices and position vectors for all
segments.

Anthropometric  properties—including segment
length, mass, density, radius of gyration, and center
of mass—were determined from established
regression tables using the average body parameters
of the participants[16, 17]. These data were then
used to construct the inertia matrices, Coriolis and
centrifugal terms, and the gravitational torque
vector required for assembling the full dynamic
model of the upper limb[18, 19].

Elbow

Figure 1: Coordinate system setup

3- Results

The dynamic model of the upper limb was
formulated using the Lagrangian approach, with
joint torques serving as control inputs for tracking
the experimentally identified reference trajectories.
Simulation results show that the proposed Sliding
Mode Controller successfully tracks the desired
joint motions with high accuracy. The overall RMS
tracking error was approximately 0.67°, with peak
errors ranging from 1.15° to 2.87°, which is
acceptable for fast pitching motions (T = 0.5 s). The
tracking error rapidly decreased during the initial
0.1-0.2 s, converging to a narrow steady-state band
of 0.57°, indicating fast sliding-surface
convergence and strong robustness to modeled
disturbances.

The use of a saturation function instead of a sign
function effectively reduced chattering while
maintaining  acceptable  tracking  precision.
According Figure 2-Figure 5 ,analysis of joint
torques revealed higher torque demands at the
shoulder compared to the elbow, consistent with the
greater injury risk reported for the shoulder during
high-speed throwing. A sharp initial increase in
shoulder torque was also observed ,

corresponding to the rapid arm elevation at the onset
of the pitching motion. External disturbances and
model uncertainties were incorporated into the
simulations to evaluate the robustness of the
proposed controller. The results demonstrate that
the Sliding Mode Controller effectively maintains
system stability under these perturbations, keeping
the tracking error within a very small range. This
behavior highlights the inherent robustness of SMC
against uncertainties and disturbances, confirming
its suitability for controlling fast and highly
dynamic pitching motions. Comparative analysis of
the simulated and desired joint trajectories indicates
nearly complete overlap, with only minor deviations
occurring during rapid motion segments. These
small errors are quickly corrected by the controller,
demonstrating that the proposed Sliding Mode
Controller not only guarantees theoretical stability
but also achieves precise practical tracking of the
pitching motion. According to Figure 6-Figure 9 the
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proposed Sliding Mode Controller demonstrated
high accuracy in tracking the desired joint
trajectories, with RMS errors below 1° for all
degrees of freedom and maximum errors not
exceeding 3°, which are negligible from a
biomechanical perspective. Simulated and reference
trajectories nearly completely overlap, with
differences barely noticeable in graphical
comparisons. In addition to ensuring stability, the
controller exhibited strong robustness against
disturbances and model uncertainties. These results
indicate that the approach is effective and reliable
for high-speed precision-demanding

biomechanical tasks such as baseball pitching.

4- Conclusions

This study presents the design and implementation
of a robust Sliding Mode Controller (SMC) for a
four-degree-of-freedom biomechanical model of
the upper limb, comprising three shoulder and one
elbow degree of freedom, to analyze and control the
baseball pitching motion. Joint trajectories.
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Abstract

This study investigates the buckling and post-buckling behavior of composite pipes
under internal pressure, with a focus on the effect of embedding NiTi wires with shape
memory alloy (SMA) effect on improving mechanical capacity and controlling post-
buckling. The pipes were made of carbon/epoxy composite (T300/5208) and fabricated
using a filament winding process with a [-55/55] layup. Shape memory wires under 5%
prestrain were embedded in multiple layers to provide compressive force against
residual tensile stresses caused by curing and to enhance the mechanical performance
of the tubes. Three models were analyzed using Abaqus software: a pipe without SMA
and internal pressure, a pressurized pipe without SMA, and a pressurized SMA-
reinforced pipe. Buckling analysis using a linear perturbation solver and examining the
first five buckling modes was performed; then, post-buckling analysis using a general
nonlinear static solver and applying initial deflection according to mode | was
performed. The results showed that the presence of the memory wire increased the
critical buckling force by less than 1% and increased the internal pressure capacity of
the pipes by 20%, without negatively changing the post-buckling behavior under
internal pressure. These findings indicate that the use of shape memory alloys can be
an effective and practical solution for improving the mechanical performance and
increasing the pressure capacity of composite pipes, especially in industrial applications
and advanced structures.
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1- Introduction

The increasing demand for carbon-fiber-reinforced
polymer (CFRP) materials in  aerospace,
automotive, and oil and gas industries highlights the
necessity of reliable and cost-effective design and
simulation approaches. In the design of composite
pressure vessels and pipes, achieving minimal
thickness while maintaining maximum internal
pressure capacity remains a key challenge, as
weight reduction directly influences production,
transportation, and installation efficiency.

Numerous analytical and numerical studies have
investigated the buckling and post-buckling
behavior of multilayer composite cylinders under
complex loading conditions, including internal and
external pressure, axial forces, and thermal effects.
Previous research has shown that fiber orientation,
laminate sequence, and manufacturing
imperfections  significantly  affect  buckling
resistance and post-buckling stability. However,
traditional composite structures often suffer from
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residual tensile stresses generated during curing,
which can compromise their load-bearing capacity.

Embedding pre-strained shape memory alloy
(SMA) wires into composite laminates offers a
promising method to actively counteract these
residual stresses and improve mechanical
performance. The present study numerically
investigates the influence of NiTi SMA
reinforcement on the buckling and post-buckling
behavior of composite pipes under internal pressure
using Abaqus finite element simulations. The
results provide insight into the potential of SMA
integration for enhancing structural stability and
pressure-bearing capacity in advanced composite
applications.

2- Modeling and Solution Method

In this section, the governing theory describing the
mechanical behavior of composite pipes and shape
memory alloys (SMAs) is first presented.
Subsequently, the numerical modeling approach
developed to analyze the behavior of SMA-
reinforced composite pipes is described in detail.

2.1 Mechanical Properties of T300/5208

To analyze the mechanical response of thick-walled
composite pipes under internal pressure, the
analytical method proposed by Bohafas [1] was
employed. In this approach, the radial and hoop
stresses in each layer are determined by satisfying
the interlaminar boundary conditions between
adjacent layers. The mechanical properties of the
T300/5208 carbon/epoxy composite used in the
present study are summarized in Table 1.

Table 1: Mechanical Properties of T300/5208[1]

Strength

Poisson’s ratio (MPa)

Elastic modulus (GPa)

El E2 E3 G12 V12 Vi3 V32 Y Y”

181 103 103 717 028 028 059 40 246

2.2 Behavior of Shape Memory Alloys

Shape memory alloys (SMASs), in addition to
conventional mechanical and thermal properties
such as Young’s modulus, Poisson’s ratio,

coefficient of thermal expansion, and specific heat
capacity, exhibit unique characteristics associated
with the martensite and austenite phases. The
thermomechanical  properties of NiTi are
summarized in Table 2.

A finite element model of the composite pipes and
shape memory alloy (SMA) wires was developed in
Abaqus. The main steps are as follows:

Geometry and material definition: The pipes were
created, and the T300/5208 properties were
assigned according to Table 1. SMA wires were
modeled using a user-defined UMAT subroutine
[3], based on the NiTi properties listed in Table 2.

Table 2: Mechanical and thermomechanical properties of

NiTiNOL [2]
Parameter Denoted by Magnitude

Elastic Stiffness of the Enm 19.14 GPa
martensite

Elastic Stiffness of the Ea 37.43 GPa
Austenite

Poisson's ratio (equal for vy 0.33
both phases)
Coefficient of thermal Cm 29 MPa°C™!
expansion for the

martensite

Coefficient of thermal Ca 21.74 MPa°C™?

expansion for the austenite

Martensitic finish Mg 18°C
temperature
Martensitic start Ms 33°C
temperature
Austenitic start temperature As 45°C
Austenitic finish A¢ 75°C
temperature

SMA placement: The wires were embedded
helically within the composite layers with a
diameter of 60 mm and a pitch of 5 mm. A pre-strain
of 5% was applied to the wires, and the components
were assumed to be stress-free at the furnace
temperature.

A linear perturbation solver was employed to
perform the buckling analysis and determine the
critical loads for the first five modes. Boundary
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conditions were applied with one end fully fixed and
the opposite end constrained only in the axial
direction. Figure 1 illustrates the displacement
contour perpendicular to the pipe axis under Mode |
buckling. In this figure, the pressurized pipe,
subjected to an initial imperfection based on the first
buckling mode and axial loading, exhibits post-
buckling behavior. The pipe under internal pressure
was analyzed with simple support conditions (one
end fully fixed, the other end free in the axial
direction) while subjected to axial load.

Figure 1: Displacement contour of the pressurized pipe
under post-buckling conditions

The primary objective of the modeling was to
investigate the effect of embedded shape memory
alloy (SMA) wires and their pre-strain levels on the
pressure capacity and reduction of twisting in
composite pipes. Upon activation of the SMA wires
after curing and cooling, the shape memory
recovery force helps to alleviate residual stresses
and improve the buckling behavior.

3- Results

To investigate the effect of the shape memory alloy
(SMA) on the internal pressure capacity of the
composite pipe, the wire winding diameter was
considered as a variable in the first stage. Helical
SMA wires were embedded within the composite
layers with diameters of 55, 60, 65, and 70 mm.

Table 3: Critical buckling loads of the first five modes for the pipe
without shape memory alloy and without internal pressure

Mode Buckling Load (N)
1 3495408.75
2 3495408.75
3 8309028.75
4 8309028.75

W

12579625

Table 4: Critical buckling loads of the first five modes for the pipe
without shape memory alloy under internal pressure

Mode Buckling Load (N)
1 3412296.88
2 3412296.88
3 8233080
4 8233080
5 12510937.5

Table 5: Critical buckling loads of the first five modes for the
SMA-reinforced pipe under internal pressure

Mode Buckling Load (N)
1 3440851.25
2 3440851.25
3 8288913.13
4 8288913.13
5 12581587.5

The results of Table 3, corresponding to the baseline
composite pipe without SMA and internal pressure,
were used as a reference. Comparison with Table 4
shows that applying 10 MPa internal pressure
slightly reduces the critical buckling loads for the
first five modes. Table 5 presents the SMA-
reinforced pipe with 70 mm winding diameter and
10 mm pitch under the same pressure, showing a
minor increase in critical loads and improved
buckling behavior. Post-buckling analysis of the
three pipe configurations was conducted using
initial imperfections from Mode | and a nonlinear
static solver. Figure 2 illustrates that SMA wires
reduce twisting, enhance post-buckling stability,
and increase load-bearing capacity under internal
pressure. These findings confirm that SMA
reinforcement improves  the mechanical
performance of composite pipes without negatively
affecting critical buckling loads. Future studies may
explore axial SMA placement to further enhance
axial buckling and post-buckling response.
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Post Buckling

No Wire- No Pressure
== == No Wire-10MPA Internal Pressure

020 With SMA Gap10/R70 - 10MPA internal pressure

0.00 50.00 100.00 150.00 200.00 250.00

Y Direction Deformation (mm)

Figure 2: Comparison of post-buckling results for the three pipe
specimens under FEM analysis

As observed in Figure 2, the presence of shape
memory alloy (SMA) wires causes a minor change
of less than 1% in post-buckling behavior, and the
examined models behave nearly identically.
Therefore, it can be concluded that SMA
reinforcement successfully enhances the internal
pressure capacity of the pipes without adversely
affecting  post-buckling  performance.  This
demonstrates the practical and safe applicability of
SMA wires for improving the mechanical
performance of composite pipes under internal
loading.

4- Conclusion

The influence of shape memory alloy (SMA) wires
on carbon/epoxy composite pipes under internal
pressure was investigated using a validated 3D
finite element model. SMA wires, embedded as
secondary reinforcement between layers, were
studied with varying diameters and winding pitches.
Results showed that SMA inclusion slightly
increased the critical buckling load (<1%) and

improved post-buckling behavior. Post-buckling
analysis with initial imperfections indicated no
adverse effect on axial response. Comparison of
pipes without SMA, with pressure, and SMA-
reinforced under pressure revealed minor
enhancements in buckling and post-buckling
performance. Wire geometry directly influenced
stability, with 70 mm diameter and 5 mm pitch
yielding the highest improvement (~1%). The study
demonstrates that SMA reinforcement can
effectively enhance internal pressure capacity
without negatively affecting structural stability,
providing a reliable tool for the design and
optimization of composite pressure vessels.
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Abstract

The high sensitivity of spectral strain estimation has made it a powerful tool for
early detection of failures and dynamic nonlinear instabilities. In this study, first,
the modal analysis of a free-free aluminum beam was addressed in the form of
three experimental, analytical, and numerical approaches. In the modal section,
the dynamic responses of the beam were recorded at six points with a calibrated
hammer impact test. The experimental results were combined with signal analysis
and advanced algorithms to obtain modal parameters, including natural
frequencies, modal vectors, and frequency responses, with an accuracy of more
than 90% compared to the analytical and numerical results. Numerical modeling
in Abaqus showed that the results at frequencies of 80 to 1800 Hz corresponded
with acceptable accuracy and were able to simulate the vibration behavior of the
system with low error. In the second section, the analysis of dynamic signs and
spectral strain of the frequency response function signal was performed using
wavelet transform and short-time Fourier transform methods. The results of this
analysis showed that at a frequency of 255 Hz, there is a significant dynamic
anomaly in mode 2 with a high quality factor (more than 25) and a strain in the
range of 4.5 to 6.5, indicating the possibility of cracks, loosening, or stiffness
changes in the structure. This anomaly is stable over time and is associated with
mode interaction and nonlinear phenomena.
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1- Introduction

Structural damage detection is one of the most
important ~ fields  for  investigating many

dynamic characteristics [1, 2].
frequencies have a theoretical relationship with the

Since natural

multidisciplinary fields for structural safety. Cracks
in beams lead to a decrease in stiffness, frequency,
and a change in damping. The location and depth of
the crack can be identified through changes in

location and size of the crack, it can be concluded
that changes in the first two natural frequencies
provide sufficient data to identify the type and depth
of the crack [3]. The use of aluminum sections due
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to their high tensile strength, corrosion resistance,
and high fracture toughness can have a significant
impact on preventing crack growth in various
structures [4]. In numerical methods, Monte Carlo
simulation is a method based on the statistical
description of the system response under random
inputs that provides insights into the behavior of the
system under various uncertainties in the simulation
output [5]. For large-scale engineering structures,
small-scale modal analysis cannot be used, so
parameter estimation methods based on acceleration
and displacement should be used. Spectral Kurtosis,
as an effective signal processing method, is applied
to analyze the vibration and anomaly of the system
by first decomposing it into the time-frequency
domain, after which the stretching values are
determined for each frequency band. The concept of
spectral stretching analysis was first developed by
Dwyer, a tool capable of identifying non-Gaussian
features in different frequency bands using the
fourth-order moment of the real part of the short-
time Fourier transform (short-time Fourier
transform). Dwyer only investigated the application
of spectral stretching to stationary processes, while
he did not consider the non-stationary vibration
signals typical of rotating machines' effect on
employee creativity, with its moderating role of
creative efficiency. To examine this hypothesis, the
structural equations modelling with the partial least
squares method and SPSS and Smart PLS software
have been used. This research also examines sub-
hypotheses [6]. The main distinguishing point of
this research is the simultaneous application of the
short-time Fourier transform and the wavelet
transform in the spectral elongation method for the
analysis of random signals, while previous studies
mainly used a single method for deterministic
signals. This combined approach has a unique
ability to identify nonlinear behaviors, low-
amplitude frequency oscillations, and local
instabilities of the structure that cannot be detected
by traditional methods.

2- Research Methods

In this study, the modal analysis laboratory setup
consists of an aluminum beam with free-end

boundary conditions, which is suspended
horizontally by thin wires from six strategic points.
This suspension allows the beam to be in a near-free
condition without any physical restraints, and its
natural vibrations are measured with minimal
disturbance. A PCB 0803 impact hammer with a
medium-tip head is used to excite the structure,
which is equipped with a piezoelectric sensor to
simultaneously measure the applied force. Impacts
are applied to the aluminum beam at six marked
points to allow the identification of all vibration
modes in the desired frequency range. To measure
the response, a PCB 352C22 single-axis
accelerometer with a sensitivity of 10 mV s
installed at the center of the bottom surface of the
beam. A PCB 378B02 precision polarized
microphone is also placed at a certain distance from
the beam to record the acoustic response of the
structure. The signals received from the sensors are
amplified by a PCB 480E09 signal amplifier and
then transmitted to a four-channel data acquisition
system, model NI 9234, with a sampling accuracy
of 24 bits and a sampling frequency of 25.6 kHz.
The collected data are processed in the STAR modal
analysis software environment, so that frequency
response functions (FRF) are calculated using fast
Fourier transform, and modal parameters, including
natural frequencies, damping ratios, and modal
shapes, are extracted using modal identification
algorithms such as POLY MAX. To increase
accuracy, each experiment is repeated three times
with different numbers of nodes, and the average of
the results is closest to the numerical and analytical
solution results. In signal processing, to reduce
spectral leakage, a Henning window is applied to
the force signal and an exponential window is
applied to the response signal. This laboratory setup
allows for accurate identification of the dynamic
properties of the beam with minimal error, which
can be used to validate finite element models and
predict the behavior of similar structures.
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Figure 1: Graphical schematic of a free-free beam under impact
excitation

Figure 2: Experimental setup of a free-free beam under impact

3- Results

The data collected from the experimental test can be
run as a file in the Star signal analysis software, and
After analyzing the resonances across the frequency
range, the results of the frequency response function
analysis show that the system under study has six
dominant resonance modes at frequencies of 93.2,
254.8, 474.1, 835.9, 1307, and 1712.7 Hz, which
form a complex pattern of dynamic behavior. A
detailed examination of the frequency distribution
of these modes indicates the existence of a multi-
stage dynamic structure in which the spacing
between successive modes does not follow a regular
pattern, but rather indicates the effect of various
physical parameters such as mass, stiffness, and
damping in different regions of the system. Figure 3
shows the frequency response function diagram of
the excited beam.
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Figure 3: Frequency response function diagram of the system under excitation in Star software
The results of the fast Kurtogram show that the Hz. Examination of the spectral Kurtosis

distribution at different bandwidth levels indicates
the presence of significant anomalies in the second

system has six distinct resonant modes at
approximately 93, 255, 474, 836, 1307, and 1713
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mode (255 Hz), which, with a stretch value of 7.5,
shows the highest sensitivity to possible defects.
Due to its high quality factor (Q=25) and limited
bandwidth, this mode is capable of detecting small
changes in the dynamic response of the system.
Comparing the Kurtogram pattern at different levels
shows that the 1307 and 1713 Hz modes, with
Kurtosis values of 6.0 and 7.2, respectively, have a
higher bandwidth and moderate sensitivity to
defects. The first mode (93 Hz), with an elongation
of 4.8 and a relatively wide bandwidth, shows the
least sensitivity for detecting anomalies. The energy
distribution in the Kurtogram indicates that possible
defects in the system are more detectable in the
higher frequency range and with a narrower
bandwidth. The results of this analysis demonstrate
the importance of continuous monitoring of the 255
Hz mode as a key indicator for early detection of
failure in the vibration system under study.
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Figure 4: Kurtogram resulting from the system’s frequency
response function

4- Conclusion

The spectral elongation study of the free-free beam
frequency response function has been carried out
using two different methods, each of which provides
a different view of the dynamic behavior of the
system. In this study, the natural frequency and
mode shapes of the shock-excited system were first
obtained using three analytical, numerical, and
experimental methods. The frequency results show
that the natural frequencies of the system in all three
cases have been recorded as acceptable values in the

range between 0 and 1800 Hz with an error rate of
less than 10%. Comparing the results obtained from
the spectral Kurtosis analysis with the two wavelet
transform and short-time Fourier transform methods
for the signal resulting from the system frequency
response function shows that the wavelet method
provides a larger and smoother picture of the system
behavior and identifies the main peaks related to the
lower modes well, while the short-time Fourier
transform method shows more details of the
frequency oscillations and is also able to identify
sub-resonances and harmonics. The sharpness of the
signal in the second mode (approximately 255 Hz)
indicates that this mode is more susceptible to
dynamic instability and system anomalies than the
other modes. The overall distribution of the
recorded strain values of the system has an almost
normal shape with a mean of about 3, which is
consistent with the statistical properties of Gaussian
signals. The engineering applications of these
studies are of great importance in modal
identification, structural health monitoring, damage
and crack detection, and investigation of the
nonlinear behavior of dynamic systems. High strain
values at certain frequencies can indicate high
energy concentration or nonlinear behavior, which
is very important in the design of vibration control
systems.
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Abstract

This study examines the influence of nanosilica incorporation on the mechanical and
thermal performance of hybrid biocomposites composed of pine wood flour and
recycled polypropylene. Composite formulations containing 50 wt% polypropylene, 50
wt% pine wood flour, nanosilica at four loadings (0, 3, 6, and 9 wt%b), and 3 wt% maleic
anhydride grafted polypropylene were compounded using a twin-screw extruder.
Standardized test specimens were subsequently manufactured by injection molding.
Mechanical properties—tensile and flexural strength and modulus, as well as notched
Izod impact strength —alongside thermal behavior and flammability characteristics
were evaluated. Increasing nanosilica content to 9 wt% resulted in reductions of
12.98% and 5.16% in tensile strength and tensile modulus, respectively. Flexural
strength, flexural modulus, and notched impact strength also declined by 6.1%, 5.02%,
and 10.92%, respectively. Conversely, the limiting oxygen index exhibited a 12.4%
increase at the highest nanosilica loading, accompanied by higher residual char and
improved thermal stability. Morphological analyses further showed fewer interfacial
voids in specimens containing 3 wt% nanosilica, indicating superior fiber—-matrix
adhesion and reduced fiber pullout. Overall, nanosilica demonstrated a favorable
contribution to the thermal performance of the composites, though excessive loading
adversely affected mechanical properties due to nanoparticle agglomeration. The
findings highlight the importance of optimizing nanosilica content to achieve a balanced
enhancement of mechanical and thermal functionalities in bio-based polymer
composites.
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1- Introduction

Polymer composites, comprising two or more
distinct phases, have been widely adopted across
numerous industrial sectors due to their superior
mechanical and thermal performance compared
with monolithic materials [1]. In recent years, the
utilization of natural fibers and fillers—particularly
wood flour—in polymer matrices has gained
momentum owing to their cost-effectiveness,
biodegradability, and renewability [2]. Although
pine wood flour is commonly used in wood—plastic
composites, its incorporation often leads to

diminished mechanical and thermal performance,
thus necessitating the introduction of reinforcing
additives such as nanomaterials [3].

Nanosilica, characterized by its high specific
surface area, exceptional thermal stability, and
strong potential for interfacial bonding, has been
widely reported as an effective reinforcement agent
in polymer-based composites [4]. Prior studies have
demonstrated that nanosilica can enhance strength,
toughness, crystallinity, and thermal resistance in
wood-polymer composites [5], and its role as a

How to Cite this Article:

[1]J. E. Kasmani and A. Samariha, "Reinforcement Effect of NaNosilica on the Mechanical and Thermal Performance of Pine Wood Flour/Recycled Polypropylene
Hybrid Composites,” Journal of Science and TechNology in Mechanical Engineering, Vol. 4, No. 2, pp. 241-255, 2026. [Online]. Available:

https://doi.org/10.22034/stme.2025.543980.1163(in Persian)

©2026 the authors. Published by Technical and Vocational University (TVU), Tehran,
Iran. This article is an open-access article distributed under the terms and conditions of
the Creative Commons Attribution-Noncommercial 4.0 International (CC BY-NC

E-ISSN: 2981-2232

License) (https://creativecommons.org/licenses/by-nc/4.0/)



https://stmechanics.bmtc.ac.ir/?lang=en
https://doi.org/10.22034/stme.2025.543980.1163
https://doi.org/10.22034/stme.2025.543980.1163
https://doi.org/10.22034/stme.2025.543980.1163
https://orcid.org/0000-0001-8442-473X
https://orcid.org/0000-0001-7831-9992

Journal of Science and Technology in Mechanical Engineering

Vol. 4, No. 2, 2026 242

elevated
improved

thermal  enhancer contributes to
degradation  temperatures  and
performance in industrial applications [6].

Despite these advantages, achieving uniform
nanoparticle dispersion remains a major challenge,
as agglomeration can diminish the reinforcing
efficiency. Moreover, environmental considerations
and processing costs associated with nanomaterials
must be carefully evaluated.

The present study aims to systematically assess the
effect of varying nanosilica concentrations on the
mechanical and thermal properties of pine wood
flour/recycled polypropylene composites.

2- Materials and Methods

2.1 Materials

Recycled polypropylene was prepared by
reprocessing virgin polypropylene (density: 0.952
g/cm3) supplied by Arak Petrochemical Trading
Company. The polymer was melt-compounded
twice using a twin-screw extruder at 180 °C and 100
rpm to obtain uniform recycled PP granules. Pine
wood flour, sourced from a furniture manufacturer,
was sieved (passed through 60 mesh and retained on
70 mesh) and oven-dried at 100 °C for 24 h. Maleic
anhydride grafted polypropylene (98% purity)
served as a coupling agent. Nanosilica (Degussa,
Germany) was employed as the nanofiller.

2.2 Methods

Formulations used in this study are shown in
Table 1. All components were compounded in a
counter-rotating twin-screw extruder at 160 °C and
70 rpm. The high mixing efficiency of this system
ensured improved homogeneity and nanosilica
dispersion, which is critical for tailoring composite
performance.

Table 1: Percentage Composition of the Composite in Different

Treatments
No Nanosilica Wood Polypropylene  Compatibilizer
(phc) Flour (phc) (phc)
(pho)
1 0 50 50 3
2 3 50 50 3
3 6 50 50 3
4 9 50 50 3

2.2.1 Preparation of Standard Test Specimens

The compounded granules were shaped into
standardized specimens using a semi-industrial
injection molding machine. Injection parameters
were optimized to ensure acceptable surface quality
and consistent mechanical performance. Specimens
were conditioned before testing.

2.2.2 Mechanical and Thermal Properties

Tensile and flexural properties were evaluated
following ASTM D638 and ASTM D747,
respectively, using an Instron 1186 machine.
Notched Izod impact strength was measured in
accordance with ASTM D256 using a Zwick impact
tester. Thermogravimetric analysis (TGA) was
conducted on 5-7 mg samples using a TGA Q50
analyzer following ASTM E1131. Limiting oxygen
index (LOI) was measured per ASTM D2863.
Morphological observations were conducted using
a JEOL JXA-840 scanning electron microscope.

Figure 1: JXA-840 Scanning Electron Microscope (SEM)
2.3 Statistical Analysis

A one-way ANOVA (three replicates per treatment)
was carried out using SPSS, followed by Duncan’s
multiple range test at a 95% confidence level.

3- Results and Discussion

The results indicated that nanosilica had a
significant effect on tensile strength and the limiting
oxygen index; however, it did not exert a
statistically meaningful influence on tensile
modulus, flexural strength, flexural modulus, or
notched impact resistance. These findings suggest
that while nanosilica effectively enhances certain
key properties, it does not produce a substantial
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improvement in other mechanical characteristics of
the composite.

Table 2: Analysis of Variance (F-Value and Significance Level) of
Processing Variables on Mechanical and Thermal Properties

Property / Variable F-Value &
Significance
Tensile Strength 6.791*
Tensile Modulus 0.583 ns
Flexural Strength 2.526 ns
Flexural Modulus 1.604 ns
Notched Impact Strength 2.696 ns
Limiting Oxygen Index (LOI)  272.902 *

Notes: *Significant at p < 0.05; ns = not significant.

3.1 Tensile Properties

Nanosilica exhibited a significant effect on tensile
strength but not on tensile modulus. At higher
loadings, poor nanoparticle dispersion and
agglomeration hindered interfacial adhesion,
resulting in reduced tensile performance. Moderate
nanosilica incorporation, however, contributed to
enhanced interfacial stress transfer [7—10].

3.2 Flexural Properties

Nanosilica loading influenced flexural response in a
similar ~ manner. Optimal concentrations
strengthened the composite structure, whereas
excessive  nanosilica disrupted  fiber—-matrix
interactions and impaired flexural strength and
stiffness [11, 12].

3.3 Impact Strength

Nanosilica decreased notched impact strength,
attributed to increased brittleness, reduced polymer
chain mobility, and the presence of nanoparticle
clusters acting as crack initiators [13].

3.4 Thermal Stability and Flammability

Nanosilica increased residual char yield and delayed
thermal degradation. LOI enhancement was
attributed to the formation of silica-derived
insulating layers, which impede heat transfer and
restrict volatile release from the matrix [14]. These
results confirm the beneficial role of nanosilica in
improving fire resistance and thermal performance.

3.5 Morphological Analysis

SEM micrographs revealed poor interfacial bonding
and noticeable voids in nanosilica-free composites.
In contrast, nanosilica-containing samples exhibited
improved interfacial adhesion, reduced porosity,
and more coherent failure patterns, demonstrating
effective stress transfer and superior morphological
integrity [15].

4- Conclusion

This study demonstrated that nanosilica exerts a
dual effect on wood flour/recycled polypropylene
composites. While excessive nanosilica loadings
negatively influenced tensile, flexural, and impact
strengthes due to nanoparticle agglomeration and
decreased interfacial compatibility, nanosilica
significantly enhanced thermal stability, residual
char formation, and fire resistance.

SEM analyses confirmed improved interfacial
adhesion in nanosilica-modified composites. These
findings emphasize the importance of optimizing
nanosilica dispersion and loading levels to obtain a
desirable balance between mechanical and thermal
performance, thereby advancing the development of
durable and  high-performance  bio-based
composites for industrial applications.
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Abstract

Gears are components that transmit rotational motion by engaging the gear teeth. Since
gears are used in the power transmission system, their failure will lead to the
mechanism failure. So, predicting failure factors is important to ensure a proper design.
Tooth surface failure includes cases such as wear, pitting and spalling. Considering that
experimental studies of fatigue phenomena are time-consuming and expensive, it is
necessary to improve numerical models and bring them as close as possible to real
conditions. The aim of this research is to present a numerical model to predict the
subsurface fatigue crack initiation and growth under cyclic contact loading. In this
study, Abaqus software was used for 2D modeling of a pair of teeth in contact. The
analysis was performed using standard finite element method with progressive crack
growth. The crack growth angle was determined according to the improved Richard
criterion. The results showed that the maximum AK position, with about 9% error,
has the best agreement with the experimental spalling. So, the maximum AKn position
was proposed as a criterion for determining the subsurface crack initiation position.
The stress intensity factor of initial subsurface crack left and right tips is the same, and
s0, both tips start to grow simultaneously. In this model, the improved Richard criterion
was used to determine the crack growth angle, which leads to the prediction of a
spalling with dimensions close to the experimental spalling. The predicted spalling
length showed a difference of about 6% compared to the experimental spalling.
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1- Introduction

Gears are machine elements that transmit rotational
motion and power from one shaft to another through
meshing of the tooth flanks. In modern industry, the
designer requires mechanical elements, including
gears, that can withstand high loads at high
operating speeds while having minimum size and
weight. In such applications, predicting the main
causes of failure is crucial to ensure an appropriate
design. The primary failure mechanisms of gears are
divided into two categories: tooth bending failure
and failures caused by contact stresses [1]. Bending
failure occurs when the bending stress in the tooth
exceeds its bending fatigue strength. Surface failure

occurs when the contact stresses at the tooth surface
exceed the surface fatigue strength of the teeth.

Glodez et. al. [2] proposed a new model for
evaluating the pitting resistance of gear tooth flanks.
In this model, the short-crack theory was employed
to numerically simulate the fatigue process leading
to pitting. On the basis of the computational results,
they were able to estimate the service life of gear
tooth flanks in terms of the number of stress cycles
required for a crack to grow from its initial length to
a critical length. Ding and Rieger [3] conducted an
experimental study on gear tooth spalling in AISI
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4340 steel gears and demonstrated the spalling
process arising from the growth of cracks near the
contact surface. Their experimental results
confirmed the spalling mechanism of collapse of the
ligament region, that is, the region between the
crack tip and the contact surface. Ding and Gear [4]
proposed a model for predicting the spalling depth
of gears. They developed the computational model
using numerical data obtained from finite element
analysis. The spalling depth caused by contact loads
and various crack sizes obtained from this model
was compared with experimental results under
corresponding loading conditions, demonstrating
the accuracy of the proposed model. Heirani and
Farhangdoost [5] proposed a two-dimensional
model for predicting the initiation location and
growth path of subsurface cracks on spur gear teeth.
They identified the position of maximum AKII as
the subsurface crack initiation location and
employed the maximum tangential stress criterion
to determine the crack growth path. The results of
this model showed good agreement with
experimental results. Batory et. al. [6] investigated
the behavior of 3D-printed spur gears made from
AISI 316L steel. The gears were tested under
lubricated conditions and varying loadings to study
the effect of torque on pitting resistance. The gears
performed satisfactorily at torques below 60 N-m,
whereas a torque of 135 N-m caused pitting on the
teeth.

In previous studies on gear spalling formation, the
equivalent two-cylinder contact model has been
used. A limited number of studies have employed
the involute tooth profile; however, instead of full
contact between two teeth, a parabolic distribution
of Hertzian contact pressure was shifted along the
tooth surface. Given that the contact point between
two teeth shifts during operation, the radius of
curvature and load distribution vary, so modeling
the contact between two teeth with an involute
profile can bring the analysis closer to the physical
reality of the problem.

2- Research Methods

In this section, the problem geometry is modeled as
two real contacting gear teeth. To achieve this, the
involute profile of the tooth must be modeled. An
initial subsurface crack is considered in the model,
and the initial crack is modeled at various depths.
Contact loading is applied to the tooth, and the
Mode | and Mode Il stress intensity factors at the
crack tips are extracted. The growth path of the
subsurface crack wunder contact loading is
determined using the modified Richard model
according to Eqg.1, which is based on experimental
crack growth results under mixed-mode loading.

Loading is applied as torque on a gear. The crack
propagates progressively, and the new crack
geometry is modeled until the crack tip reaches the
tooth surface, resulting in the formation of spalling
on the gear tooth surface. Stress field analysis and
determination of stress intensity factors are
performed using the finite element software
Abagus.

Figure 1 shows a gear tooth with a module of 4.5
and 24 teeth, modeled in Abaqus software according
to Reference [7]. Both gears are assumed to be made
of steel (42CrMo4) with a Young's modulus of 206
GPa and a Poisson's ratio of 0.3. The coefficient of
friction between the contact surfaces of two gear
teeth was considered as 0.04, according to reference
[7]. As shown in Figure 2, the element used for
meshing is CPE4R. The mesh size in the crack tip
region was set to 5 um, and the number of elements
in cracked tooth was 19,150. A torque of 31 N-m is
applied to the tooth.

3- Results
3.1 Fatigue crack initiation

Subsequently, an initial subsurface crack of length
25 um, according to reference [8], was positioned
at various depths from the contact surface at the
pitch circle location. Upon applying loading to the
gear teeth, the stress intensity factor for the left and
right crack tips was calculated. Figure 3 illustrates
the depth of the experimental spalling bottom from
reference [8] and the position of the maximum
values of the three parameters AKII, Von Mises
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stress, and Tresca stress. According to this figure,
the position of the maximum AKII shows the best
correlation with the experimental spalling depth.
Therefore, for the subsurface crack growth phase,
the initial crack will be placed at the depth
corresponding to the maximum AKII.

3.2 Fatigue crack growth

The initial crack is placed at the location of
maximum AKII, and stress intensity factors for both
crack tips are calculated. By substituting these stress
intensity factor values into the improved Richard
relation, Eq. 1, presented by Heirani and
Farhangdoost [5], the crack growth angle at this
stage can be determined.

The crack is extended at the obtained angle with a
longitudinal growth of 10 um. This process
continues until the crack tips reach the tooth surface,
resulting in the formation of a complete spalling.
Figure 4 shows the complete path of subsurface
crack growth until it reaches the surface and results
in spalling formation on the gear tooth.

¥

Figure 1: Tooth profile in Abaqus software

Figure 2: Tooth meshing and specialized mesh for the crack tip
region
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Figure 3: Experimental spalling depth and the positions of the
maximum values of the AKII, Von Mises, and Tresca stress [9]

The crack is extended at the obtained angle with a
longitudinal growth of 10 um. This process
continues until the crack tips reach the tooth surface,
resulting in the formation of a complete spalling.
Figure 4 shows the complete path of subsurface
crack growth until it reaches the surface and results
in spalling formation on the gear tooth.

0.1 mm

Figure 4: The subsurface crack growth path and spalling
formation on the gear tooth

To verify the accuracy of the spalling shape
predicted by the model presented in this
dissertation, the model results are compared with
the experimental spalling shape reported in [8].
Figure 5 shows the comparison between these two
forms, which exhibit good dimensional agreement.
The experimental spalling in this case has a depth of
approximately 140 um and a length of about 480
um, while the simulated spalling has a depth of 127
um and a length of approximately 450 pum. In
contrast, the simulated spalling in [8], which used
the maximum Von Mises stress criterion to
determine the subsurface crack nucleation site and
the virtual crack extension method for the crack
growth phase, shows a depth of 192 um and a length
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of around 600 pm. The simulation by the model
proposed in this dissertation provides a more
accurate result compared to the simulation in [8].

0.1 mm

Figure 5: Spalling shape, (a) experimental [8], (b) simulation by
the model presented in this research

4- Conclusion

Numerical analyses were conducted to determine
the nucleation location of subsurface cracks in a
simple gear tooth and to identify the growth path of
the subsurface crack until it reached the tooth
surface, causing complete spalling. The most
important findings of these analyses are as follows:

e Among the three parameters AKy, Von Mises
stress, and Tresca stress, the location of
maximum Von Mises stress has been the most
commonly used indicator for the initial
subsurface crack position. However, the results
of this study indicated that the location of
maximum AK;, has best corresponds with the
bottom of the experimental spalling, with a
deviation of approximately 9%. Therefore, the
location of maximum AKj is proposed as the
criterion to determine the subsurface crack
nucleation site.

o The stress intensity factor at the left and right tips
of the initial subsurface crack is equal, resulting
in simultaneous crack growth from both tips.

e The crack growth angle determined using the
improved Richard criterion, as presented by
Heirani and Farhangdoost, leads to the
prediction of spalling dimensions closely
matching the experimental spalling. The
predicted spalling aperture length differs by

about 6% from the experimental spalling,
whereas the reference model  shows
approximately 25% error.

Since the current model provides an accurate
prediction of spalling dimensions on the gear tooth,
it can aid in better understanding the subsequent
effects such as meshing stiffness and gear vibration
in the industry. Future research on the three-
dimensional analysis of the spalling phenomenon
could offer deeper insights into this issue.
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