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Preface

The manufacturing landscape is undergoing a profound transformation driven by the demand

for higher efficiency, precision, and sustainability. ‘High Performance and Hybrid Manufacturing

Processes’ brings together advanced concepts and emerging technologies that are shaping the future

of production systems. This reprint aims to provide readers with a consolidated resource that

captures the latest developments, research insights, and practical applications in this dynamic field.

Hybrid manufacturing—integrating additive and subtractive techniques—has opened new

possibilities for complex geometries, material optimization, and cost-effective production. Coupled

with high performance processes such as laser-based machining, advanced forming, and intelligent

automation, these innovations are redefining traditional paradigms and enabling manufacturers to

meet the challenges of Industry 4.0.

This collection serves as a valuable reference for researchers, engineers, and practitioners seeking

to understand and implement cutting-edge manufacturing strategies. By bridging theory and

practice, it highlights not only the technological advancements but also the interdisciplinary nature

of modern manufacturing, where materials science, digital technologies, and process engineering

converge.

We hope this reprint inspires further exploration and collaboration in developing sustainable,

efficient, and high-quality manufacturing solutions for the future.

Ali Abdelhafeez Hassan

Guest Editor
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DLP of Translucent Alumina: In-Depth Investigation on Slurry
Development and Debinding Regimes

Michele De Lisi 1,*, Chang Shu 1, Usama M. Attia 2 and Khamis Essa 1,*

1 Department of Mechanical Engineering, University of Birmingham, Birmingham B15 2TT, UK
2 The Manufacturing Technology Centre Limited, Ansty Park, Coventry CV7 9JU, UK
* Correspondence: mxd962@student.bham.ac.uk (M.D.L.); k.e.a.essa@bham.ac.uk (K.E.)

Abstract: Exploring the feasibility of producing near-net-shape components with advanced properties
and geometrical features via 3D printing has incrementally become the research focus of various
studies. Digital light processing (DLP) technology can manufacture complex-structured components
for various technical applications. The aims of this research were to investigate Al2O3 ceramic slurry
preparation procedures to identify the ideal components to add to an in-house-developed ceramic
slurry, to determine the optimal DLP printing parameters and conditions while understanding their
effect on the green part properties and to evaluate the appropriate debinding regime to achieve fully
dense crack-free fired parts capable of exhibiting translucent behaviours. The slurry obtained from
the ball-milled powder at 800 rpm for 1 h, together with 2 wt.% BYK-145 as a dispersant and the
highest achievable solid loading of 85 wt.%, showed the desired rheological and photopolymerisation
properties. Full-factorial design of experiments (DOE) was employed to study the impact of the
printing parameters on the density and the dimensions of the samples. Different debinding regimes
were investigated and it was proven that the lowest debinding heat rate (0.2 ◦C/min) and longer
holding times helped to reduce defects and promote densification (>99.0%), providing optimal
grounds to obtain translucent fired parts.

Keywords: additive manufacturing; DLP; ceramic slurries; debinding; DoE

1. Introduction

Additive manufacturing (AM) represents a possible alternative to conventional pro-
duction. It is a technique for producing three-dimensional objects by adding individual
layers based on a sliced computer-a design (CAD) model. In terms of processed materials,
plastics and metals are now the industry leaders, although ceramic additive manufacturing
has lately garnered a great deal of attention [1–3]. Indirect and direct ceramic AM are the
two most common classifications [4]: the former comprises, among other characteristics,
selective laser sintering (SLS), selective laser melting (SLM), and direct inkjet printing (DIP),
while the latter includes laminated object manufacturing (LOM) and stereolithography
(SLA). SLA is one of the most popular kinds of ceramic-additive-manufacturing techniques
and digital light processing (DLP) is one of the most promising processes that originate
from the SLA approach while improving it at the same time. The benefit of DLP technology
is the more rapid and efficient fabrication of the part, as the projected light source solidifies
one layer of slurry at a time [5] rather than a point or a single line.

A crucial objective of AM is the achievement of dimensional precision and repro-
ducibility in the produced parts [6]. For AM of metals, it is common to find extensive
research on the effect of printing settings on the part dimensions. For instance, in previous
literature, it is possible to find examples of studies where laser powder bed fusion [7–9]
and selective laser melting [10,11] were adopted to create complex metallic structures, and
exhaustive research on the effect of the process parameters was conducted. However, on the
other hand, the influence of AM processing parameters on the final properties of ceramic

Machines 2023, 11, 321. https://doi.org/10.3390/machines11030321 https://www.mdpi.com/journal/machines1



Machines 2023, 11, 321

components has begun to be investigated only more recently and, even though the con-
ducted studies have been providing progressively more information, further investigations
can strengthen the existing knowledge base. Regarding slurry-based methods, in particular,
the effects of slurry preparation and printing settings of ceramic stereolithography-based
methods on the dimensional accuracy and obtained density have not been thoroughly re-
searched when linked to the final properties of the fired samples. Fu et al. [12] investigated
the effect of laser power on the dimensional accuracy of the SLA of bulk items and con-
cluded that the length and breadth increased with increasing laser power due to an increase
in light scattering. In a separate investigation, the printing parameters were experimentally
altered during the production of a gear shape using LCM and it was discovered that the
horizontal resolution rose as the exposure energy decreased [13].

The slurries used for ceramic additive manufacturing via DLP generally comprise
ceramic filler, binder, photoinitiator, and other additives. The interactions between all of
them must be taken into account when considering possible combinations. For instance,
while dimensional error in ceramic-based stereolithography is usually due to the dispersion
level of the added ceramic particles to UV resin [14,15], a high index of refraction mismatch
between ceramic particles and photopolymerisable resins can reduce the cure depth and
alter the resolution [15,16], affecting the achievable accuracy. In the existing literature,
there are various examples of the selection process of starting slurry components and
different methods for preparing ceramic suspensions are presented. The ceramic powder
may be utilised as-is [17–21] or the surface of the ceramic particles may be pre-treated
with a dispersant prior to the addition to the photopolymerisable resin [22–24]. There is a
dearth of information about the photopolymerisation behaviour and rheology, as well as a
lucid description of the optimal way of preparation and achievement of a solid loading
greater than 40 vol%, which is a key aspect in the development of ceramic slurries able
to obtain successfully dense parts [17,25,26]. High solid loadings are also desired, as they
enhance mechanical characteristics while decreasing sintering shrinkages. However, the
addition of hydrophilic ceramic particles to the hydrophobic resin dramatically increases
viscosity, which directly affects the printing feasibility. To obtain a high solid loading and
an excellent dispersion of ceramic particles in the resin, it is necessary to add a dispersant
to create steric barriers between ceramic particles that compensate for the van der Waals
attractive forces and avoid Brownian motion-induced particle collisions [17].

In addition to the preprocessing and printing parameters, the debinding and sintering
processes need to be optimised and strict controls must be established to obtain samples
free of cracks [27,28], as low solid loadings can result in 70% shrinkage during the thermal
postprocessing. In fact, the 3D-printed ceramic green body is subjected to heat treatment
methods in order to produce sintered bodies with the required final qualities. During the
debinding procedure, the ceramic slurry’s binder must be pyrolysed away. As the binder
diffuses through the ceramic green body, microcracks are caused by high heating rates
and unsuitable holding temperatures and holding durations [29]. When microcracks are
not eliminated, their presence during sintering degrades the mechanical characteristics.
Therefore, the heating rate and the dwelling temperatures within the temperature range
where the binder decomposes must be accurately calculated prior to thermally stabilising
the ceramic green body for an appropriate holding period [27]. In addition, a sufficient
sintering temperature is necessary, as the ceramic densification process is incompletely
attained when an improper heating temperature is used in the sintering process, resulting
in a degradation of the material’s physical properties. Therefore, optimal sintering temper-
atures should be investigated appropriately in advance to fully exploit the potentialities of
ceramic materials [30].

Recently, several intriguing experiments have been devoted to the fabrication via AM
of ceramic components for special applications in micro-electro-mechanical-system [31] or
catalyst-substrate manufacturing [32–34]. However, due to the great optical transparency
and characteristic ceramic features of transparent ceramics, they are equally suitable for
a wide variety of high-performance applications, such as lasers, armours, and lighting.
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There is a pressing need to simultaneously lower the weight of transparent armour systems
and boost their ballistic protective qualities. When both mechanical strength and abra-
sion resistance are essential performance characteristics, material options are frequently
restricted to a few materials [35–37], such as aluminium oxynitride (AlON) [38–40], sap-
phire (Al2O3) [41], and magnesium aluminate spinel (MgAl2O4) [42,43]. Due to their great
strength and hardness, these three materials have been investigated as possible replace-
ments for ballistic glasses in transparent armour applications for quite some time, and
ballistic tests have demonstrated that spinel, AlON, and sapphire exhibit comparable
performance. Payne and colleagues [44,45] claimed that transparent yttrium aluminium
garnet (YAG) ceramics may be created via a direct ink writing (DIW) approach, but that
the subsequent CIP and HIP processes are still required. Wu et al. [46] continued to use
the extrusion-based AM method employing copolymer-assisted slurry so that complex-
shaped transparent YAG ceramics could be immediately produced. Hostaša et al. [47]
manufactured YAG laser ceramics by lithography-based ceramic manufacturing (LCM) to
demonstrate the benefit of lithography-based techniques in terms of spatial resolution and
product form. Two-photon printing was used to create small transparent YAG objects with
nanometric precision in the nanometre and micrometre ranges (TPP) [48]. However, studies
on the DLP of translucent alumina starting from an in-house systematically developed
slurry and its consecutive post-processing have yet to be explored.

In conclusion, complex interactions between process settings, printer resolution, and
composition of the photopolymerizable slurry determine the precision of DLPed compo-
nents. Although numerous studies have focused on the effects of printing parameters on
the performance of manufactured parts, a systematic examination of the effects of slurry
preparation and printing parameters on the geometrical properties of DLPed advanced
alumina ceramics is necessary. The impact of different ball-milling pre-treatments, diverse
slurry components and, hence, curing behaviours and debinding regimes has to be eval-
uated by analysing the evolution of the density and the geometrical accuracy at various
layer thicknesses and energy dosages. This research aims to analyse the ceramic slurry
preparation steps and establish optimal printing and debinding settings for achieving
translucency in alumina-based structures even in air-sintering conditions. In this study,
the influence of the pre-treatment of ceramic particles relative to the as-received powder
was investigated, as well as the additions in the ceramic slurry of different components
in various proportions. A full-factorial design of experiment (DoE) was used to explore
the influence of layer thickness, exposure power, and exposure time on dimensional ac-
curacy. On the basis of a comparison of the printing’s dimensional correctness and on
the estimation of the density, the optimal printing parameters were determined. Different
debinding regimes were then analysed and, finally, samples were sintered. In the end, the
entire process was repeated following the now-established optimal route and adding MgO
as a sintering aid in a minimal quantity (1000 ppm) without altering the slurry printability,
in order to obtain even a slightly translucent sample.

2. Materials and Methods

2.1. Ceramic Powder Pretreatment

Alumina was used as the ceramic powder (CT 3000 LS SG, Almatis GmbH, Ludwigshafen,
Germany) for the photopolymerisable slurry. The as-received aluminium oxide powder
(D50 = 0.92 μm) was ball milled together with 0.8 mm of aluminium oxide grinding media
(Industrie Bitossi S.p.A., Spicchio-Sovigliana, Italy) in a 1:1 ball-to-powder ratio (BPR) at
different rotating speeds and holding times in a planetary ball milling (HMK-1901, Dandong
HMKTest Instrument Co., Ltd., Dandong, Liaoning, China) in order to see if, within a limited
window of investigation, any changes in the pretreated powders could be appreciated. Table 1
illustrates the various values of speed and time tested.
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Table 1. Ball-milling parameter combinations investigated.

Run Milling Speed [rpm] Milling Time [h]

1 400 1
2 400 2
3 400 3
4 600 1
5 600 2
6 600 3
7 800 1
8 800 2
9 800 3

The set of parameters producing the best results was adopted and finally sieved
via a 250 μm mesh screen. The particle size distribution of the ceramic powder was
measured by laser diffraction particle size analysis (Sympatec GmbH, Clausthal-Zellerfeld,
Germany), which was performed in a liquid dispersion consisting of water and two drops
of tetrasodium pyrophosphate as a dispersant. Additionally, SEM images were obtained to
analyse the shape of the powder (JEOL JSM-6060LV, Tokyo, Japan).

2.2. Slurry Preparation

The resin was prepared by mixing polyfunctional and monofunctional monomers in
different proportions together with a dispersant and a plasticizer (20 wt.% to the resin con-
tent) to prevent delamination. Diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (Sigma
Aldrich, Gillingham, UK) was added to the resin mixture as a photoinitiator (1.0 wt.% of the
photoreactive resin components). A difunctional and a monofunctional polymer were cho-
sen in a proportion of 6:5 and a ceramic loading of 85 wt.% was selected to be implemented.
The processes for preparing ceramic slurry were derived from the literature [49].

The first step consisted of blending the resin components using an overhead mixer at
room temperature for 30 minutes, followed by the addition of the dispersant and another
30 minutes of stirring. Then, the ceramic powder was gradually added until a solid loading
of 85 wt.% was reached. The photoinitiator was subsequently added to the combination,
which was then mixed for further 30 min with the mechanical mixer and, finally, the slurry
was placed in a turbula mixer for at least 12 h along with 6 mm spherical alumina grinding
media (Industrie Bitossi S.p.A., Spicchio-Sovigliana, Italy) with a BPR = 1. Before the
printing, the produced slurry was processed for 10 min in a vacuum degasser to eliminate
air bubbles and minimise polymerisation inhibition.

Different dispersants, various percentages of dispersants, and diverse solid loadings
were explored. Table 2 shows the components and parameters investigated.

Table 2. Investigated slurry preparation parameters.

Parameter

Dispersant BYK-111 BYK-145 BYK-9076

Dispersant content 1 wt.% 2 wt.% 3 wt.% 5 wt.%

Solid loading 75 wt.% 80 wt.% 85 wt.% 90 wt.%

First, the dispersant influence was investigated by trying three different dispersants
at the same weight–content percentage to the ceramic powder content and the optimal
dispersant was then selected. Second, the effect of the chosen dispersant weight content
was studied by varying the weight content between 1% and 5% and the dispersant showing
the ideal rheology behaviour was selected. Finally, the solid content workability range was
explored by considering four different ceramic solid loadings and the optimal one was
chosen. To comprehend the rheological properties of the prepared suspension, the rheology
of the ceramic suspensions was examined with AR 500 (TA Instruments, New Castle, DE,

4



Machines 2023, 11, 321

USA) using a 40 mm parallel plate geometry in the shear rate window ranging from 0.1 to
300 s−1 at a constant temperature of 20.0 ◦C, in accordance with DLP printing conditions.

2.3. DLP

With a light source operating at a wavelength of λ = 405 nm, the Admaflex 130
(Admatec Europe BV, Alkmaar, The Netherlands) was employed as a 3D printing machine
capable of achieving a resolution of 40 μm on the layer plane. The actual forming tool of
the machine is composed of thousands of mirrors that move in accordance with pixels
to imprint the picture on the slurry. The Admaflex 130 utilises a rotating foil system for
transporting the slurry from the reservoir to the 3D construction area and subsequently
to the collecting zone, where a pump mechanism returns the unneeded slurry to the
reservoir. The light-reactive slurry is exposed to light at the machine’s operating wavelength
and, as a result, the entire layer is cured at once due to the presence of multiple mirrors.
Gradually, the green body is printed in its totality after being repeatedly cured, layer by
layer (Figure 1b).

 
(a) 

 
(b) 

Figure 1. (a) Admaflex 130; (b) schematic of the Admaflex 130 DLP process.

A single-layer curing approach was utilised to assess the critical exposure energy
and depth of penetration by measuring the cure depth at various exposure energies. The
working curve of the ceramic slurry depicts the slurry’s curing depth as a function of the
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light dosage for a particular light source. The vertical polymerisation depth, Cd, may be
experimentally stated with Jacob’s equation:

Cd = Dp ln(E/Ec), (1)

where Dp is the penetration depth—i.e., the distance at which light intensity decreases by
e−1 [22]; E is the surface exposure energy density; and Ec is the critical surface exposure
energy density for the slurry [17], which specifies the minimal energy density necessary
for the photopolymerisation of the slurry [50]. Therefore, for higher values of Dp and
smaller values of Ec, a lower amount of energy density is required to obtain a certain
cure depth Cd. Ec and Dp are believed to be resin-specific metrics that are unaffected by
exposure factors [51].

On a layer of photopolymerisable resin, a checkerboard picture was projected at dif-
ferent exposure surface powers for various exposure times. Table 3 illustrates the exposure
times and exposure surface powers studied for understanding the curing behaviour.

Table 3. Curing parameters investigated.

Exposure Time [s] Exposure Surface Power [mW/cm2]

1 2 3 3.52 6.69 10.21 13.93 17.24

The cured layers were peeled away from the foil and the thickness of the cured material
was measured using a portable micrometre (Mitutoyo Digimatic Micrometer, MDC-25PX,
Kawasaki, Japan). Five consecutive measurements were collected, and the average cure
depth was determined, together with its standard deviation.

Following the single-layer curing tests, full-factorial design of experiments (DoE) was
employed to design an experimental plan and determine the impact of printing settings
on the dimensional accuracy. The analysis of variance was utilised to determine the
relevant printing factors and their interactions with the process outputs [6]. Exposure
power, exposure time, and sliced layer thickness were chosen as the experimental variables.
The first variable represents the surface energy density delivered to the slurry for every
second of exposure to the light source; the second variable expresses the period of time
during which the phopolymerisable slurry is continuously cured under the light source for
each layer; the third variable is the height of each individual slice of the model. Three levels
were chosen for exposure duration, exposure power, and layer thickness. The exposure
power is represented as a fraction of the DLP light source intensity, resulting in irradiance
values of 3.52 mW/cm2 for 50‰, 6.69 mW/cm2 for 100‰, and 10.21 mW/cm2 for 150‰.
The experimental matrix for the complete factorial experiment is presented in Table 4.

For each set of conditions, the printing of a total of 5 discs (CAD dimensions: diameter
= 20 mm; thickness = 1.5 mm) and 5 squared plates (CAD dimensions: side = 15 mm;
thickness = 1.5 mm) was attempted. The designed CAD parts were converted to .STL
files and sliced to the corresponding layer thickness using the machine’s internal slicing
software. For each layer, the delay before exposure was set to 15 s to allow the slurry to
spread homogeneously on the layer, while the delay after exposure was set to 3 s to allow
the layer to stabilise. In addition, the building platform was lifted and lowered each time
by 6 mm at a speed of 2.5 mm/s to ensure a complete detachment of the cured layer from
the foil and permit safe passage to the sliding foil. Finally, successful or acceptable samples
were detached from the building platform and cleaned by using ethanol and compressed
air. Minitab 21 statistical software was used to conduct an analysis of variance to determine
the statistical relevance of each parameter.

The dimensions of the samples, as well as the geometrical accuracy and the shrinkage,
were determined using a combination of a Vernier calliper and an optical microscope
Alicona InfiniteFocusG5 plus (Bruker Alicona, Leicestershire, UK). The density of the
samples was deducted adopting Archimedes’ principle and the optimal printing parameters
were selected.
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Table 4. DoE factors, levels, and experimental matrix of the DLP experimental campaign.

Factors Levels

Exposure power [mW/cm2] 3.52 6.69 10.21
Exposure time [s] 1 2 3

Layer thickness [μm] 25 50 100

Experiment [mW/cm2] [s] [μm]

1 3.52 1 25
2 3.52 1 50
3 3.52 1 100
4 3.52 2 25
5 3.52 2 50
6 3.52 2 100
7 3.52 3 25
8 3.52 3 50
9 3.52 3 100

10 6.69 1 25
11 6.69 1 50
12 6.69 1 100
13 6.69 2 25
14 6.69 2 50
15 6.69 2 100
16 6.69 3 25
17 6.69 3 50
18 6.69 3 100
19 10.21 1 25
20 10.21 1 50
21 10.21 1 100
22 10.21 2 25
23 10.21 2 50
24 10.21 2 100
25 10.21 3 25
26 10.21 3 50
27 10.21 3 100

2.4. Thermal Post-Processing

Removing the photopolymerisable resin from the region between the ceramic particles
is a vital step in post-processing 3D-printed components. During the debinding process,
the organic components of the green body disintegrate into gas molecules, which disperse
or pierce the surface of the green body and ultimately escape, creating interspaces between
particles inside the brown body. Thermogravimetric analysis (TGA) and a differential
scanning calorimetry (DSC) test were performed on an SDT NETZSCH STA with a heating
rate of 5 ◦C/min to determine the mass loss of the DLP-printed green body and the crucial
temperature for the binder removal. After printing more samples for the optimal printing
parameters, 6 different debinding regimes were explored by varying the heating rate and
the holding times, while keeping constant the 3 dwelling temperatures previously set
according to the TGA/DSC test. Moreover, a pre-sintering step at 1000 ◦C was added to
promote densification and facilitate the post-debinding sample handling. The debinding
cycles were then carried out in a tube furnace (TSH/15/75/450, Elite Thermal Systems
Ltd., Market Harborough, UK).

The dimensions and density of the samples were again tested and measured. Finally,
the brown parts with the optimal properties were sintered according to the available
facilities at 1700 ◦C for 12 h in a sintering furnace (HTF 17/27, Carbolite Gero, Sheffield,
UK) with a heating rate of 10.0 ◦C/min in an air atmosphere in order to achieve fully dense
alumina parts. A schematic summary of the entire experimental campaign is reported in
Figure 2.
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Figure 2. Schematics of the whole experimental campaign.

3. Results and Discussion

3.1. Ball Milling

The various ball-milling (BM) trials resulted in similar results, as the window explored
in terms of milling time was chosen according to the existing literature and was quite
restricted, as, in this process chain, the ball milling is a preprocessing step that aims
to break the agglomerates in the as-received powder rather than significantly changing
the powder-size distribution. In addition, longer ball-milling times would increase the
slurry preparation time and, therefore, increase the total time duration of the process
chain, the completion of which, in the case of additive manufacturing processes, is already
relatively time-expensive. Hence, a tight range for ball-milling time was chosen while
the ball-milling speed was allowed to change in a wider range, as reported previously in
Table 1. Nevertheless, some of the trials, slightly more than other trials, managed to shift
the distribution toward a lower average particle size, while breaking the agglomerates in
the micron scale and leaving behind mostly sub-micron particles. For brevity, only the most
successful trials are reported in Figure 3.

Even though all the results across all the trials conducted were similar, the results
corresponding to the lowest level of BM time succeeded in deagglomerating the as-received
powder and shifting the D50 0.92 ± 0.02 μm to ~0.75 μm. However, the run with the
highest BM speed and, hence, the highest kinetic energy input, managed to achieve a D50
of 0.71 ± 0.01 μm, while also performing better than the other trials, with the same BM
time, at reducing the presence of agglomerates. Furthermore, the samples were analysed
under the SEM (Figure 4).

Although it is not easy at these magnifications to obtain high resolution, it can be seen
that particles seem more deagglomerated as the BM speed is increased, suggesting that at
lower BM times it is preferable to have a high kinetic input to thin out the ceramic powders.
As a consequence, combining the results obtained from both PSAs and SEM images, the
BM speed of 800 rpm and the BM time of 1 h were chosen to continue the investigation.
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Figure 3. Particle size distribution of the as-received and the most successful BMed powders.

   

(a) (b) (c) 

Figure 4. SEM images of BM powders: (a) 1 h 400 rpm; (b) 1 h 600 rpm; (c) 1 h 800 rpm. Visible
agglomerates are circled in dashed lines.

3.2. Slurries Characterisation

First, the rheology of the slurries with the chosen different dispersants was tested;
the results are reported in Figure 5. It can be noticed that the viscosity of all the prepared
slurries decreases at increasing shear rates and their viscosity does not change relevantly
from shear rates higher than 20 s−1, which is the suggested behaviour for slurries that have
to be used with Admaflex 130. However, they should have a shear-thinning behaviour
with a dynamic viscosity below 10 Pa·s for shear rates between 10 and 300 s−1 [49]. When
utilising a doctor blade gap of 120 μm, typical shear rates throughout the process can reach
up to 200 s−1 on average. As a matter of fact, the BYK-9076 is not within the workability
window previously defined. The slurry with the optimal performance is the one containing
BYK-145 as a dispersant, as it possesses the rheology requirements needed to be DLP-
printed with Admaflex 130, and both its stability and its lower viscosity, compared to the
slurry with BYK-111, allow a better recovering of each layer during the printing process.

9
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Figure 5. Viscosity vs. shear rate of slurries with different dispersants.

After choosing the optimal dispersant, its weight percentage content was varied to
understand the different outcomes in terms of viscosity and to comprehend if there was
a saturation value beyond which the dispersant is actually agglomerating rather than
dispersing. Viscosity tests were then carried out, and the results are plotted in Figure 6.

Figure 6. Viscosity vs. shear rate of slurries with BYK-145 at different weight contents.

As can be observed, initially the viscosity of the slurry slightly decreased when
increasing the dispersant content from 1 wt.% to 2 wt.%, and it reached a stable value at
smaller shear rates, which is the desired behaviour. However, if the content was increased
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to 3 wt.% or 5 wt.%, the viscosity values in the workability window of Admaflex130
increased. Therefore, the stability of the slurry is degraded if the dispersant concentration
is too high [21]. Al2O3 particles are not efficiently modified by the dispersant when the
concentration is extremely low; however, when its concentration was appropriately raised
to 2 wt.%, the particles’ surface covering is more efficient, resulting in a more stable network
of particles [52]. However, at higher concentrations, there is a surplus of dispersant, which
promotes flocculation and, hence, increases the viscosity.

Afterwards, the role of the solid loading was examined; the rheology of the various
slurries is reported in Figure 7. As expected, the 70 wt.% solid-loaded slurry exhibited
a less viscous behaviour, which resulted in a more liquid slurry being unable to remain
within the reservoir during the DLP printing and moved via the tape-casting foil system of
Admaflex130 without spilling out. This was due to the extremely low viscosity (<1 Pa·s in
the window of interest). On the contrary, the 80 wt.% loading resulted in a more viscous
slurry than the 85 wt.% loaded slurry at lower shear rates, and slightly less viscous at higher
shear rates. It is possible that the quantity of the dispersant was not optimal for the former,
so the particles were flocculating at lower shear rates; however, as higher percentages
of solid loading facilitate the densification of the finished samples while reducing the
shrinkage and, hence, the insurgence of cracks due to the geometrical modifications, the
85 wt.% was preferred as it also showed better properties without further studies. The
90 wt.% solid-loaded slurry was also prepared, even though it was expected that increasing
the packing fraction would have rapidly increased the suspension viscosity [53]. In fact,
its consistency was more similar to a powder rather than a slurry, even after long mixing
and varying the percentage of dispersant. This was essentially due to the reduction of
the average distance between the ceramic particles when the solid loading was increased;
as a consequence, a relevant increase in the friction between them resulted in a higher
viscosity [54]. Therefore, it was concluded that such a high solid loading was not viable
and the 85 wt.% solid-loaded slurry was selected for the continuation of the study.

Figure 7. Viscosity vs. shear rate of slurries with different solid loadings.

3.3. Curing Behaviour and DLP Printing

The curing behaviour of the selected slurry was analysed by registering several cure
depth values at different exposure times and powers, which are reported in Figure 8.

11
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Figure 8. Cure depth values of the slurry at different exposure powers and times.

The values of Dp and Ec can be deducted from the linear regression of the collected
data and, in particular, Dp = 59.018 μm and Ec = 1.399 mJ/cm2. While the latter is compati-
ble with a highly reactive slurry, the former describes a slurry that permits better control of
lateral definition, as smaller values of Dp promote higher resolution [55]. In addition, even
though all the values were registered while using different exposure parameters, all the col-
lected data points lay acceptably around the trend line obtained from the linear regression
with a good correlation coefficient, demonstrating that Dp and Ec are independent of the
exposure conditions [51].

Afterwards, the printing trials were started following the schedule established through
the DOE. Among all the trials undertaken, the 25 μm layer thickness samples were the
most successful in terms of the density achieved and the fidelity of the dimensions to the
starting CAD design (CAD diameter = 20 mm; CAD plate side = 15 mm) and, in particular,
the ones corresponding to the lowest level of exposure power were the most outstanding,
as can be seen in Figure 9 for discs and Figure 10 for plates.

 

(a) (b) 

Figure 9. Diameter dimension (a) and measured density (b) of the DLPed discs with 25μm layer thickness.
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(a) (b) 

Figure 10. Side dimension (a) and measured density (b) of the DLPed plates with 25 μm layer thickness.

The highest setting of power produced inaccurate parts with a high deviation from the
corresponding dimension modelled via CAD and, also, a significant standard deviation,
as the results were less predictable due to the light scattering phenomenon. Since the
energy input was too high, the respective cure depth was the equivalent of a few layers
which, hence, were irradiated many times repeatedly. In the case of an exposure time of
3 s and an exposure power of 150‰, the same layer was irradiated almost 10 times, as
can be deducted from Figure 8; naturally, this caused relevant overcuring, dimensional
inaccuracies, and higher standard deviations (Figure 11). Therefore, parts produced with
the lowest exposure power among the samples printed with a layer thickness of 25 μm
were considered the best ones (Figure 12) and, specifically, the parts that were exposed for
2 s and 3 s were labelled as the optimal ones, due to their good geometrical accuracy and
final green density.

   
(a) (b) (c) 

Figure 11. DLP printed part with 25 μm as layer thickness, 3 s exposure time, and exposure power of
(a) 50‰; (b) 100‰; (c) 150‰.

   

(a) (b) (c) 

Figure 12. DLP printed part with 25 μm as layer thickness, 50‰ s exposure time, and exposure time
of (a) 1 s; (b) 2 s; (c) 3 s, same as Figure 11a.
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For the discs and plates with layer thicknesses of 50 μm and 100 μm, the samples that
were tried to be produced at the lowest level of power and exposure time failed, as the
energy input was probably not sufficient for guaranteeing enough light penetration to stick
two consecutive layers in a stable way. Other conditions were all printed with different
outcomes. Since the energy delivered to the layer in the same printing conditions, in terms
of exposure time and power, was the same but the volume to which it was delivered was
different, the samples with higher layer thickness failed or were mechanically weaker at
lower energy input conditions, but survived successfully without heavy distortions or
deviations at higher energetic conditions. However, due to the fact that for a specified
thickness, the number of layers diminishes with the increase of the layer thickness, the
50 μm and, in particular, the 100 μm samples lacked a good interlayer cohesion, resulting
in samples that had to be handled carefully and were slightly bendable. On the other
hand, the 25 μm samples were more compacted and rigid and, thus, achieved a greater
density, which was the main objective for producing, in the end, translucent parts. It was
interesting to notice that, in general, across all the samples, an increase in the exposure
time level, rather than an increase in the exposure power level when the same energy dose
was delivered, led to better results, suggesting that the management of the exposure time
is more significant than the management of exposure power. In fact, the slower energy
delivery to the slurry when longer exposure times and lower exposure powers are adopted
allows the layers of the green parts to be cured more gradually from the uncured slurry
surface directly exposed to the DLP projector up to the previously cured layers within the
curing depth, ensuring a more stable printing, better interlayer bonding, and increasing
geometric accuracy. On the contrary, conveying the same energy dose by utilising higher
exposure power levels and lower exposure times is more similar to an impulsive input of
energy, which is less controllable and less accurate, resulting in a horizontal overcuring on
the layer plane. Therefore, combinations of lower exposure powers and longer exposure
times should be preferred when the optimal energy dose is already determined. It is very
important to select the optimal set of parameters, as final sintered parts properties are
dependent on the curing process during DLP printing, since the polymerisation grade of
the green parts directly affects the bonded geometry of the unsintered alumina [56]. In
addition, the high solid loading of small-sized ceramic particles ensures that the achievable
final density is higher, as the capability to reach a greater sustainable packing factor allows
a better densification [57].

Table 5 reports the significance values for the parameters investigated and their
interactions, as obtained from Minitab 21, when density is imposed as the response to
analyse, while Figures 13 and 14 illustrate the factorial plots for the density.

Following the previous findings that confirmed that the significant process parameters
consisted of the exposure time and its interaction with the exposure power, since their
significance value was p < 0.05, the printing parameters of 25 μm as layer thickness, 2 s as
exposure time, and 50‰ as exposure power were considered the optimal parameters and
were selected to print more discs for the following debinding experiments. It must be noted
that the low values of mean density corresponding to the lowest levels of exposure power
and time were mainly due to the failed trials for the 50 μm and 100 μm layer thicknesses.

Table 5. p-values of analysed factors and their interactions.

Factor p-Value

Exposure power 0.109
Exposure time 0.027

Layer thickness 0.066
Exposure power – Exposure time 0.023

Exposure power – Layer thickness 0.269
Exposure time – Layer thickness 0.246
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Figure 13. Effect of the process parameters on the mean of the density.

 

Figure 14. Effect of the process parameters interactions on the mean of the density.

3.4. Thermal Post-Processing

The TGA–DSC study of the green body provided data on the breakdown behaviour
of the organic materials in relation to the fluctuating temperature (Figure 15). At around
375 ◦C and 480 ◦C, two significant exothermic peaks were recorded and, as seen by the
TG curve, the total mass loss was 15.29%, indicating the complete burnout of the organic
components. The first mass loss began to occur when the temperature was between 150 ◦C
and 250 ◦C. This weight loss can be ascribed to the evaporation of adsorbed water and
residual cleaning solution. The second mass loss took place between 270 ◦C and 380 ◦C,
while the third and last significant loss occurred between 390 ◦C and 550 ◦C, beyond which
the mass loss was negligible. Since the starting ceramic powder was α-Al2O3, from the DSC
curve it can be deduced that the thermal debinding reaction was an exothermic process
with two major peaks, the former attributed to the oxidative decomposition of polymer
chains and the latter ascribed to the thermal decomposition of the crosslinked polymer
network [58]. The debinding regime was established, based on these findings. Figure 16
illustrates the temperature settings for the debinding procedure in detail. The temperature
was increased from room temperature to 175 degrees Celsius and allowed to dwell at this
initial temperature setpoint. The temperature was then raised to 375 degrees Celsius and
sustained for another dwelling-time period in order to degrade the organics slowly and, as
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a result, alleviate the thermal strains on the ceramic components. Afterwards, the system
was heated to 480 degrees Celsius and kept at this temperature. Finally, the temperature
was steadily increased to 1000 degrees Celsius to eradicate any organic residue and to
pre-sinter the sample, which was held for another dwelling and, then, left to cool down to
room temperature. Throughout the whole debinding procedure, the rate of heating was
regulated according to the ongoing scheduled trial. Figure 16 illustrates the debinding
regimes investigated.

Figure 15. TG–DSC curves of the DLPed Al2O3 sample.

Figure 16. Debinding regimes explored.

After undergoing debinding, the samples were again tested and measured to observe
the geometrical dimensions and density evolution. The outcomes of these analyses are
reported in Figure 17.
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(a) (b) 

Figure 17. Diameter dimension (a) and measured density (b) of the debound discs.

It was observed that at lower heating rates and longer dwelling times, the samples
were able to reach higher densities, as the gradual removal of the binder over a longer time
contributed to the reduction of residual pores [59] and, hence, to the reaching of higher
brown densities. In fact, small heating rates when transitioning between peak dwelling
temperatures provided more time for the organics to escape the ceramic structure, instead
of being abruptly extracted and leaving behind cracks and defects. Moreover, longer
holding times at significant dwelling temperatures ensured that all the corresponding
organics exiting the sample were completely expelled. On the contrary, the highest heat
rate of 1.0 ◦C/min, while allowing the samples to reach comparable densities to the ones
obtained from the cycles at 0.2 ◦C/min, resulted in a lower diameter dimension, due to the
rapid binder extraction, which caused loss of superficial debris and, hence, geometrical
inaccuracy (Figure 18).

  
(a) (b) 

Figure 18. (a) Sample debound at 0.2 ◦C/min for the longer set of holding times; (b) sample debound
at 1.0 ◦C/min for the longer set of holding times.

Following the previous results, the debinding cycle with a heat rate of 0.2 ◦C/min
and dwelling times of 2 h, 6 h, 4 h, and 2 h was chosen to conclude this investigation. The
samples were then prepared, following the process recipe established in this investigation,
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and finally heated up in an air sintering furnace at a heating rate of 10 ◦C/min until the
temperature of 1700 ◦C was reached, then held in this condition for 12 h, after which
they spontaneously cooled down inside the sintering furnace chamber. Another batch
of samples was prepared following this process chain until the end, with the exception
of adding MgO as a sintering aid in the starting slurry in a percentage of ~1000 ppm to
promote densification and help with the management of the grain growth. Both samples
exceeded the relative density of 98.5% and, in particular, the sample with MgO registered a
relative density slightly higher than 99.0%, thereby starting to demonstrate a translucent
behaviour (Figure 19).

  
(a) (b) 

Figure 19. (a) Sample prepared following the process recipe herein described; (b) sample prepared
following the process recipe herein described with the addition of MgO as a sintering aid.

4. Conclusions

A systematic method for determining the optimal components and process parameters
for developing an efficient slurry in-house from the ball-milling parameters selection
down to the debinding regimes to follow was extensively presented. This method can be
applied to tailor the slurry properties to the desired values and develop specific slurries for
particular scopes, such as, in this case, producing final parts that exhibit translucency, by
working on constantly maintaining high values of relative densities. The main findings of
this study can be summarised as follows.

• Within the workability window explored, dry ball milling with low milling time and
high milling speed (1 h and 800 rpm) was the most effective in reducing agglomerates
to sharpen the as-received powder size distribution.

• Among the investigated various dispersants and their concentrations, the most appro-
priate dispersant to use with the specific slurry prepared in this study was BYK-145
with a weight percentage content of 2% to the ceramic powder content.

• Different solid loadings were examined and ~85 wt.% of ceramic filler resulted in the
optimal choice, reducing the risk of heavy distortions and excessive thermal stress
while guaranteeing high densities at all stages.

• The curing behaviour of the prepared slurry was analysed and the conducted full-
factorial DoE highlighted that exposure time and its interaction with the exposure
power were the most significant parameters in the DLP printing of the developed
slurry. Optimal printing parameters were 2 s as exposure time and 50‰ as exposure
power when the layer thickness was set to 25 μm.

• Among all the debinding trials investigated, lower heating rates (0.2 ◦C/min) and
longer dwelling times delivered a more stable sample with higher relative density and
geometrical dimensions retention.

• Finally, samples were manufactured according to the process schedule established
and sintered at 1700 ◦C for 12 h. The ones with the addition of MgO (1000 ppm) as a
sintering aid started to demonstrate a translucent behaviour.
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Future development of this work should be aimed at achieving more dense and
translucent samples by utilising a high-performance sintering furnace able to work under
vacuum at high temperatures or a microwave sintering furnace. In addition, a study on the
effect of sintering parameters, such as heating rate and dwelling time as well as dwelling
temperature, may provide useful information on the optimal sintering cycle to follow and
result in decreased light refraction. In fact, to obtain higher translucency, the final relative
density of the parts must be increased further over 99.5% while controlling and tailoring
the grain growth to maximise light transmittance. This could be achieved by sintering the
parts under vacuum at high temperatures (>1500 ◦C) in order to minimise air encapsulation
and, hence, residual porosity, while improving the densification process.
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Abstract: This article presents an experimental investigation and statistical analysis of the effects
of cutting conditions on the machining performance of AISI 1045 steel using a wiper-shaped insert.
Experimental findings are used to compare the machining performance obtained using wiper inserts
with those obtained using conventional round-nose inserts as recently reported in the literature. In
addition, the effects of process conditions, namely cutting speed, feed rate, and depth of cut, are
analyzed in order to obtain optimum conditions for both types of inserts. The goal is to achieve
the optimal machining outcomes: minimum surface roughness, resultant cutting force, and cutting
temperature, but maximum material removal rate. A full factorial design was followed to conduct
the experimental trials, while ANOVA was utilized to estimate the effect of each factor on the process
responses. A desirability function optimization tool was used to optimize the studied responses. The
results reveal that the optimum material removal rate for wiper-shaped inserts is 67% more than that
of conventional inserts, while maintaining a 0.7 μm surface roughness value. The superior results
obtained with wiper-shaped inserts allow wiper tools to use higher feed rates, resulting in larger
material removal rates while obtaining the same surface quality.

Keywords: AISI 1045; dry turning; cutting forces; cutting temperature; surface roughness;
wiper-shaped insert; conventional round-nose insert

1. Introduction

Machining has been considered a prime choice for processing a wide range of engi-
neering materials. This can mainly be explained through its high ability to produce complex
features with a tight tolerance and high accuracy [1]. However, machining is considered a
complex multiphysics process entailing mechanical, thermal, and even chemical regimes [2].
The effect of the process conditions on different performance indicators of the process, such
as material removal rate, surface quality, life of cutting tool, cutting forces, and consumed
thermal energy, has been widely examined by a number of researchers [1,2].

To examine the effects of nanofluid-based advanced cooling on the performance of
machining of AISI1045, Abbas et al. conducted a comparative study of this type of cooling
when compared with conventional dry and flood cooling strategies, considering aspects of
the product, i.e., surface quality, and aspects of the process, such as energy consumption, in
machining AISI1045 steel. Based on the developed mathematical models for the machining
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responses, the results showed that nanofluid minimum quantity lubrication, with an
overall weighted sustainability index of 0.7, exhibited the most sustainable performance
and produced the lowest surface roughness and energy consumption. The optimum results
(with desirability of 0.9050) were speed of cut = 116 m/min, cutting depth = 0.25 mm,
and feeding rate = 0.06 mm/rev. Moreover, lowering the feeding rate was suggested to
improve surface quality. To lower power consumption, lowering control factors were
recommended [3].

Brown et al. [4] compared and de-convoluted the effects of surface quality resulting
from the relations between geometric parameters during the turning process. They con-
cluded that employing large stones for cutting edge geometries reduces the roughness of
the machined surface for cases of high values of kinematic roughness. On the other hand,
for cases with low values of predicted kinematic roughness, using large stones results in
increases in surface roughness, since ploughing occurs in this case. Moreover, instability
and side flow dominate conditions and result in larger surface roughness at low kinematic
roughness. Process stability and smaller tip size produce better surface roughness at higher
kinematic roughness parameters.

Khidhir et al. experimentally evaluated the resultant surface finish and wear of the
tool tip when turning nickel-based Hastelloy C-276 under different turning conditions
and with two different ceramic cutting inserts. The authors concluded that the interaction
between cutting depth and cutting speed produced a built-up edge at low to medium
speeds, which affected surface roughness and tool wear. Additionally, examination of SEM
images demonstrated that the wear of the nose radius was responsible for the generated
high surface roughness values. On the other hand, conventional round inserts resulted in
improved surface roughness with a reduction in depth of cut and higher cutting speed [5].

Rodrigues et al. [6] studied the machinability of hardened ASTM H13 steels (50
HRC) at both mild speeds and high speeds of cutting (also known as HSC). Dry tests
were conducted on seven different geometries of chip breakers of carbides coated with
titanium nitride. The study included evaluation of surface roughness and the process of
chip formation. It was reported that a reduction in the specific cutting energy of 15.5%
was achieved as a result of sharply increasing the cutting speed for very high values
approaching 700%. A mere increment of one degree (1◦) in the chip breaker bevel angle
resulted in a 28.6% reduction in the specific cutting energy for normal speeds. The reduction
becomes 13.7% for high-speed cutting (HSC). Values of workpiece roughness determined
under various test conditions were very low so as to correspond to values resulting from
conventional grinding operations, with a typical value around one fifth of a micrometer, or
0.2 μm.

In machining operations, the edge geometry of the cutting inserts has a great influence
on process responses such as cutting forces, temperature, and surface roughness. There
are two main geometries for cutting edges: conventional round-nose and wiper. The
latter, wiper inserts, have been recently utilized to achieve a good surface quality in order
to eliminate the need for further grinding process. Nevertheless, machining with wiper
inserts could exhibit some negative impact in terms of higher cutting force and cutting
temperature [7].

Mourão et al. [8] determined factors that significantly affect specific cutting energy
(SCE) during face milling of aluminum alloys using wiper inserts. They reported that
SCE is inversely proportional to the square of the cutter’s cutting speed, indicating high
sensitivity to changes in cutting speed. Additionally, SCE decreased as the depth of cut
and feed per tooth increased, with the effect of the former more prominent than the latter.

Khan et al. [9] investigated the influence of microscopic geometry of wiper inserts on
the resulting material hardness. They used two different geometries for the edge of wiper
insert tools, the chamfer (0.15 mm × 25◦) and the chamfer plus hone (0.15 mm × 25◦-25 μm),
in a hard-turning process of an AISI D2 steel alloy in dry conditions, i.e., without cutting
fluid. They concluded that the role of wiper macro-geometry was somewhat suppressed
in tool life as well as surface roughness. In particular, the hardness of the workpiece was
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the major factor affecting tool life (with a PCR value of 70.11%). With regard to surface
roughness, the insert type (with wiper inserts showing significantly better effects than
conventional tools) and feed rate played a larger role.

Dogra et al. [10] conducted a review of tool geometry variation entailing the radius of
the tool nose, rake angle, rake face groove, variation of geometry of cutting edge geome-
try, geometry of wiper, and curved edge tools and their effects on tool wear/life, surface
roughness, and also the integrity of machined surfaces. Moreover, the review included dis-
cussion of numerical approaches using modeling and simulation in tool geometry analysis,
including an approach to variable micro-geometry tools developed in a recent study.

In another work, Abbas et al. [11] performed a comparative analysis between con-
ventional and wiper inserts to investigate surface quality though a set of criteria (Ra, Rt,
and Rz) in high-strength steel turning. The study highlighted the significance of the depth
of cut and feed rate in improving surface roughness. An approach using the desirability
function was employed to investigate the machining conditions leading to optimum surface
roughness for the range of experimental results, in order to optimize multiple parameters
of the response. The results revealed that the use of a wiper carbide insert produced signifi-
cantly better surface quality than that produced using the conventional carbide insert. The
improvement of the wiper insert over the conventional insert, which reached a maximum
of 3.5-fold, was possible at a machining speed of 75 m/min. The improvements became
lower as the speed was reduced, so were 3, 2.5, and 2 times at machining speeds of 100,
125, and 150 m/min, respectively.

In a following study, Abbas et al. [7] carried out an experimental evaluation of the
surface quality produced during the precision turning process of the alloy steel AISI
4340 with conventional round and wiper inserts under various cutting conditions. An
experimental design of full factorial with three parameters, each of them with four levels,
was employed. The parameters are the feeding rate, the cutting speed, and the cutting
depth. The resulting average roughness (Ra) is used to characterize the finished surface
quality. The results showed that for the intended range of cutting conditions, wiper inserts
produced lower surface roughness values, as opposed to conventional inserts, resulting in
better surfaces. When the type of insert was included as a qualitative factor using ANOVA,
it was found to be the most important factor for best surface roughness and metal removal
rate. The feeding rate was the next factor of influence. Then, there came the interaction
between feeding rate and insert type. Using wiper inserts made it possible to achieve a
concurrent increase in feed rate, cutting depth, and cutting speed, and at the same time a
superior quality of the resulting surface was obtained with a lower Ra value, as compared to
surface roughness results when using normal cutting inserts. The improvements obtained
through using wiper inserts over conventional ones reached up to ten times higher than
metal removal rates. This is a clear indication of the enormous improvement in productivity
achieved by wiper inserts over conventional inserts in precision hard turning of the alloy
steel AISI 4340.

Processing AISI 1045 alloy steel samples by face milling was studied by Pimenov et al.
to find the best processing conditions [12]. The study was inclusive of various parameters
that included the cost of cutting tool components, consumption of energy, cutting tool wear,
material removal rate, and, importantly, the resulting surface quality. Various experiments
were conducted with variations in cutting length, after which the results were statistically
studied in order to choose the optimum conditions of cutting. A multi-layer regression
analysis was performed on the results of the experiments, which resulted in a nonlinear set
of mathematical equations with a coefficient of determination of R2 = 0.98. The correlations
considered in the study included the effects of the parameters feed per tooth (fz), speed
of cut (vc), flank wear (VB) on surface roughness (Rz), material removal rate (MRR),
sliding distance (ls), cutting performance (Pc), and last but not, least life of tool (T’). The
overall results, estimated using Gray’s relation analysis (GRA), showed that the optimum
performance in fly milling for fast manufacturing (the first case) is obtained for feed per
tooth fz = 0.25 mm/tooth, cutting speed vc = 392.6 m/min, and machined length l = 5
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mm. In the second case, the optimal parameters for saving resources (mainly tools) were a
feed per tooth of 0.125 mm/tooth, a cutting speed of 392.6 m/m, and a machined length of
5 mm.

Szczotkarz et al. [13] performed an assessment of the surface topography resulting
from a turning process of the alloy steel AISI 1045 using carbide inserts with respect to
the applied titanium-based coatings. The work presented the results of three-dimensional
parameters, isometric views, contour maps, and material ratio curves. Analysis of the
topography of the resulting surfaces revealed that for the TiAlN-coated insert at low cutting
speeds and large feed rates, surface roughness parameters were low. In contrast, lower
values of the selected 3D parameters resulted from the insert with TiC coating at higher
cutting speeds. It was also reported that the TiC-coated insert produced the most uniform
distribution of valleys and ridges in the machined surface. These results were used to
determine the best ranges of cutting parameters, which allow appropriate selection of the
type of titanium-based coating when machining this type of alloy.

D’Addona et al. [14] studied the surface roughness during hard turning with a wiper
insert geometry. In the analysis, the surface roughness of wiper inserts and traditional
inserts with a radius were compared. The analysis employed tools such as ANOVA, surface
plots, and AOM. The conclusions of the study are as follows: wiper inserts produce better
surface finish than traditional inserts with comparable surface finish during grinding.
The feed rate proved to be the most important factor affecting the surface roughness.
Additionally, feed rate then depth of cut and type of insert have statistically significant
effects on surface roughness. The study concluded that the best processing conditions to
produce high surface quality are as follows: a wiper nose radius of 1.2 mm, a speed of
1200 RPM, a feed rate of 0.08 mm/rev, and a depth of cut of 0.1 mm.

Patil et al. used the response surface method (RSM) to predict the process parameters
in order to optimize the VMC-five axis milling of D3 steel. The responses selected for
optimization in this study were the surface roughness and MRR. The multi-objective
teaching learning-based optimization (MTLBO) technique was used to optimize the two
combined responses. It was found that the machining conditions predicted by the hybrid
RSM-MTLBO improved the studied responses significantly [15].

Jumare et al. used RSM to investigate the effects of three process parameters on the
surface roughness (Ra) and tool wear in the diamond turning process of single-crystal
silicon. ANOVA was used to examine the significance of the parameters (cutting speed,
feed rate, and depth of cut) on the two responses. A desirability function multi-objective
optimization approach was used to minimize both Ra and the tool wear, and to maximize
MRR. The results showed that while the three parameters were significant, the feed rate
had the largest effect on both responses [16].

Benkhelifa et al. built a mathematical model to optimize surface roughness and tool
flank wear in the turning of AISI 316L stainless steel. The experiments were designed
using the Taguchi L27 matrix. Both ANOVA and RSM techniques were applied to estimate
the significance of the studied turning parameters, and to build a mathematical model for
optimization. Multi-objective optimization using the desirability function was utilized in
this study. The results showed that the feed rate was the main factor affecting both surface
roughness and tool flank wear [17].

Rudrapati studied the individual and combined effects of grinding processing con-
ditions on the surface quality of glass fiber reinforced epoxy composite. A full factorial
design was used to plan the experimental work, and ANOVA was used to estimate the
significance of each factor and interaction on the response. The desirability function was
applied to predict the surface quality level as a function of quality level [18].

Looking at the reviewed literature, there has been a large number of investigations
into the effect of different process parameters entailing the geometry of cutting inserts
on individual or even a number of responses. Nevertheless, comprehensive studies of a
wide range of parameters on several responses have not been fully covered. Therefore, the
goal of this work is to perform an overall evaluation of the machinability performance of
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AISI1045 when machined with a wiper in terms of the resulting surface, the cutting forces,
and cutting temperature, and to compare these responses with those reported in the work
of Abbas et al. [1] when conventional round-nose inserts were used.

2. Materials and Methods

As previously stated, this is a useful extension of the work reported by Abbas et al.
in [1], in which the surface roughness, cutting force, and cutting temperature obtained
when turning AISI1045 using conventional round-nose inserts were presented. AISI 1045
has played a key role as a reliable material for a number of applications such as gears, shafts,
spindles, rollers, and crankshafts [1]. In this work, AISI 1045 samples are machined under
uniform cutting conditions but with a different insert type with wiper geometry for the
goal of assessing the machining performance of AISI1045 using different tool geometries.
In addition, statistical analyses of the results for both cases are conducted and discussed.

2.1. Workpiece Materials

The material samples considered in the experiments are made from AISI 1045 steel,
which is used in a wide range of applications in heavy industries where high strength and
resistance to wear are desired. The specific elemental content of this alloy is shown in
Table 1. The mechanical properties are provided in Table 2.

Table 1. Chemical content of AISI 1045 steel alloy [1].

Element C Mn P S Fe

Percentage % 0.45 0.65 0.03 0.04 Balance

Table 2. Mechanical properties of AISI 1045 steel alloy [1].

Properties Value

Ultimate Strength 565 MPa

Yield Stress 310 MPa

Fracture Elongation (in 50 mm) 16%

Area Reduction 40%

Elastic Modulus (Typical for steel) 200 GPa

Vickers Hardness 170

An optical microscope (OM) manufactured by Olympus, model: BX51-M, was used for
the metallographic investigations. The samples were prepared according to the standard
procedures for metallographic sample preparation. This includes grinding with SiC abra-
sive paper, subsequent polishing with a diamond paste of 1.0 and 0.05 μm, and final etching
by immersion for 10 s in 5% Nital to visualize the microstructure of the sample. Figure 1a
shows the optical micrograph, where the microstructure contains pearlite grains (light)
in a ferrite matrix (dark). Pearlite grains consist of alternating lamellae of proeutectoid
ferrite (Fe)/cementite (Fe3C) of random orientations, as shown in higher magnification in
Figure 1b. The pearlite phase accounted for 43% of the volume, while the ferrite fraction
was 57%.
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(a) (b) 

Figure 1. Microstructure of AISI 1045 at two magnification levels, (a) 100 μm and (b) 50 μm.

2.2. Experimental Setup

A conventional lathe machine was used (type: EMCOMAT- 20D, from Emco Co.,
Salzburg, Austria) for machining test samples, see Figure 2. The machine specifications
were 5.3 kw drive motor, with electronic speed control 40 to 3000 rpm, a longitudinal feed
of 0.045 to 0.787 mm/rev, and stepless speeds.

 
Figure 2. Apparatus for machining the test samples and measuring the cutting forces and temperature.

The turning machine is a product of Sandvik (Stockholm, Sweden), with a holder of
the type SDJCR 2020K 11 and an insert of the type DCMX11 T304- WF 4315 for the wiper
cutting insert. This is compared to the conventional type insert used in the work reported
in [1] with type number DCMT11 T304-PF 4315. The insert specifications were as follows:
shape angle = 55◦, clearance angle = 7◦, rake angle = 6◦, and tool nose radius = 0.4 mm.
Optical microscope images of edge geometry for both conventional and wiper insert types
are shown in Figure 3a,b. With design specifications for efficient material removal, this
turning machine is utilized for various materials including stainless steel and aluminum
and titanium alloys. The workpiece sample was 120 mm in length and 70 mm in diameter,
with a cutting length of 30 mm for each round of experiments.
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(a) (b) 

Figure 3. Optical microscope images of edge geometry: (a) conventional insert (b) wiper insert [7].

2.3. Design of Experiments

Full factorial design, with three factors, each of which had three levels, was used to
build the experiment matrix. Specifically, the experimental plan was set with 27 test runs as
follows: three levels of cutting speed 80, 120, and 160 m/min, three levels of cutting depth
0.5, 0.75, and 1.0 mm, and three levels of feed rate 0.045, 0.09, and 0.135 mm/revolution.
Table 3 summarizes the factors and their levels. The full matrix is illustrated in the next
section with the measured responses. Minitab 18 was used to check the significance of the
three factors, and their interactions, on the responses through analysis of variance (ANOVA).
ANOVA is a widely used technique to test the significance of factors and their interactions
when more than two factors and/or interactions are examined. A 95% confidence level
was set for the analysis, i.e., p-values below 0.05 prove the factor is significant and those
above 0.05 show non-significance [19]. Backward elimination was applied to remove the
non-significant items from ANOVA one at a time. Least squares multiple regression was
utilized to build a model representing the three responses.

Table 3. Experimental cutting parameters with different levels for each parameter.

Designation Process Parameter Level 1 Level 2 Level 3

S Cutting Speed (m/min) 80 120 160

D Depth of Cut (mm) 0.50 0.75 1.00

FR Feed Rate (mm/rev) 0.045 0.090 0.135

2.4. Characterization

For force measurement and calculation, a test stand of the type number Kistler 5070
was used with the software Dynoware 2825A (Liechtenstein, Switzerland) for data process-
ing to calculate cutting force components: the main cutting force (Fc), the radial force (Fr),
the feed force (Ff ), and cutting force (Fc), see Figure 4. The resultant force (R) is evaluated
using the standard relationship:

R =
√

F2
r + F2

f + F2
c (1)

The unit used in measurement of forces is Newton (N).
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(a) (b) 

Figure 4. Cutting forces Fr, Ff, and Fc for (a) conventional and (b) wiper inserts.

The material removal rate (MRR) is evaluated using the equation

MRR = 1000 V fr d (2)

where V represents the surface speed (m/min.), fr is the feed rate (mm/rev.), and d is the
depth of cut (mm), and MRR is measured in (mm3/min).

Thermal images were obtained with a ThermoPro-TP8 thermographic camera pro-
duced by Guide Co. (Wuhan, China). The camera must be stable and pointed at the target
whose temperature is to be measured. In this case, the target is the contact between the
cutting face of the insert tool and the surface of the sample during turning. The specifica-
tions of this camera are as follows: thermal sensitivity: ≤0.08 ◦C at 30 ◦C, measurement
range: −20–1000 ◦C, detector type: micro-bolometer UFPA384 × 288 pixels, spectral range:
8∼14 μm, accuracy: ±2 ◦C. The parameters that must be specified include the distance of
the target object from the camera lens and the emissivity, which must be specified according
to the type of material, surface condition, temperature, and other factors. It is determined
using a reference table in the camera manual. Care must be taken during calibration be-
cause although the camera performs automatic calibration, manual calibration must be
performed before each exposure to achieve maximum sensitivity.

The test apparatus assembly for the machining process and measurements of cutting
forces and temperature is shown in Figure 5.

 
(a) (b) 

Figure 5. Thermal image for (a) conventional and (b) wiper inserts.

For surface roughness (Ra) measurement, a Rugosurf 90-G type surface testing device
from Tesa (Bugnon, Switzerland) was utilized. The measurement parameters were set as
follows: cut-off length 0.8, cut-off number 15, and measurement speed 1 mm/s, and the
measurements were performed on the curved surfaces.
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3. Results and Discussion

3.1. Experimental Results

Figure 6 shows the obtainable surface roughness measurements for the swiper inserts
versus the conventional inserts used under similar set conditions of cutting. The graph
demonstrates the significant influence of the type of inserts used on the generated surface
finish, which indicates the superiority of the wiper insert, resulting in a much lower surface
roughness with a reduction percentage that varies between 31% and 60% in contrast to the
results obtained from the case of conventional round-nose inserts under the same cutting
parameters. To explain the superior performance of wiper inserts when compared with
conventional round-nose ones, one should refer to the geometry of the wiper insert as
presented in Figure 3. Specifically, while a conventional insert is composed of a single
round nose, the wiper geometry consists of small radii that are well connected to the
conventional nose. Therefore, the wiper edge geometry results in a nose with an effective
straight section of minimal cutting nose. Therefore, with the aid of the straight section of
the small cutting edge, when applying relatively small feed rates, the generated surface
contains moderate peaks with a significantly reduced profile texture, resulting in improved
surface quality [7].

 

Figure 6. Resultant surface roughness, Ra in μm for both cases, of conventional and wiper inserts
under a range of cutting conditions.

It is also not so difficult to see that the increase in the feed rate leads to a dramatic
increase in the resulting surface roughness in both cases of tools, wiper and conventional
round-nose inserts. In addition, looking at the surface roughness measurements achieved,
one can say that higher cutting speeds have a noticeable negative effect on the final surface
roughness for both insert types, wiper and conventional round-nose ones.

Figure 7 presents a comparison of the cutting forces obtained for the cases of wiper
and conventional round-nose inserts for the full range of cutting conditions. The effects
of cutting parameters on the resultant cutting forces can be summarized in two trends.

30



Machines 2023, 11, 397

Firstly, the resultant cutting force is directly proportional to both feed rate and depth of cut.
However, the cutting speed effect on the cutting force has a different trend. Specifically,
for the wiper insert, the resultant cutting force is inversely proportional to the cutting
speed, while for the conventional round-nose insert, the middle-range cutting speed of
120 m/min results in a higher cutting force when compared with other values of high and
low cutting speeds. When looking at the effect of the insert type on the generated cutting
force, a complex relationship can be concluded. In particular, the high and medium values
of cutting speeds of the wiper inserts lead to the generation of less cutting force. However,
at low cutting speeds, unclear trends are observed, where the resultant cutting forces for
both cases are overlapping with minor deviations and flipping for different values of depth
of cut. The results presented in Figure 7 show the nonlinear behavior of the turning process
due to the effect of the cutting parameters or because of the type of cutting insert used.

 

Figure 7. Resultant cutting force, F in N for both cases, of conventional and wiper inserts under a
range of cutting conditions.

Figure 8 illustrates the cutting temperatures measured for both types of inserts under
the entire range of cutting parameters. For the wiper insert, it is quite clear that cutting
speed has a noticeable proportional effect on the detected thermal behavior of the process.
Nevertheless, this is not the case for the conventional round-nose insert, where, except
for the effect on feed and depth of cut at low cutting speed, there is no clear influence
of the process parameters on the cutting temperature observed. The results also show
the overlapping trend of the cutting temperature for both types of insert tools at low and
medium values of cutting speeds, and a substantial difference is presented at high cutting
speed, where the wiper inserts exhibit a higher thermal response of the process as opposed
to the round-nose inserts.
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Figure 8. Cutting temperature, T in ◦C for both cases, of conventional and wiper inserts under a
range of cutting conditions.

Looking at the results presented in Figures 6–8, it is not so difficult to see the contra-
dicting effect of the type of insert, whether it is wiper or conventional round-nose inserts,
on the three responses examined in this study. In particular, while surfaces produced with
wiper inserts exhibit much less surface roughness compared to those from the conventional
round-nose ones for the entire range of cutting conditions, the cutting forces resulting for
the case of wiper inserts are higher than those associated with the round-nose ones, espe-
cially at high speeds of cutting. Furthermore, unclear and overlapping trends of the effect
of the type of insert on the resultant cutting forces, particularly at low cutting speed, can be
detected. However, even more crossed trends can be observed for the effect of the insert
type on the obtainable cutting temperature at low and medium cutting speeds. Again, the
aforementioned observation points out the need for an in-depth statistical analysis of the
various effects of cutting parameters for each type of insert to elaborate further their effect
and identify the optimal working window and cutting parameters for the best achievable
process performance.

3.2. Statistical Analysis
3.2.1. Conventional Edge

Table 4 summarizes ANOVA results for Ra using the conventional round-nose cutting
edge. The results show that the three investigated factors have significant effects on Ra. It is
also shown that there is no significant interaction between these factors. Figure 9 illustrates
the main effect plots of the three factors. The graph shows that the most significant effect
on Ra comes from the feed rate, which is expected in turning processes.
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Table 4. ANOVA analysis results for parameter Ra using conventional cutting edge.

Source DF Adj SS Adj MS F-Value p-Value

S 1 1.738 1.7385 13.63 0.001
D 1 2.291 2.2905 17.96 0.000
FR 1 13.478 13.4784 105.68 0.000

Error 23 2.933 0.1275
Total 26 20.441
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Figure 9. Main effect plots for Ra using conventional edge.

Table 5 shows ANOVA analysis for the resultant force using the conventional edge.
The results show that only the feed rate and the cutting depth have a significant effect on
the force. Again, this is expected in turning processes. The main effect plots of these two
significant factors are depicted in Figure 10. The resultant force varies in almost the same
pattern with both factors.

Table 5. ANOVA results for F using conventional cutting edge.

Source DF Adj SS Adj MS F-Value p-Value

D 1 221,219 221,219 68.11 0.000
FR 1 156,572 156,572 48.21 0.000

Error 24 77,946 3248
Total 26 455,737
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Figure 10. Main effect plots for F using conventional edge.

Table 6 presents the ANOVA results for the temperature of cutting using the con-
ventional round-nose insert. The three studied factors affect the measured temperature
significantly. Additionally, there is a significant interaction between the cutting speed
and the cutting depth, and between the cutting speed and feed rate. Figure 11 shows
the interaction and the contour plots for temperature vs. cutting speed and depth of cut.
While the temperature increases continuously with increasing feed rate, it presents a differ-
ent pattern to that of the cutting depth. The measured temperature increases for cutting
depth values between 0.5 and 0.75 mm, after which it decreases slightly between 0.75 and
1.00 mm with cutting speeds of 80 and 120 m/min. Additionally, the rate of temperature
increase with feed rate is steeper at the speed of 80 m/min than the other two speeds. The
contour plot shows that the maximum temperature occurs at the maximum depth of cut
and minimum cutting speed, while the minimum temperature occurs at minimum depth
of cut and minimum cutting speed. It also presents a nonlinear distribution of temperature
over the studied range of both factors.

Table 6. ANOVA results for T using conventional cutting edge.

Source DF Adj SS Adj MS F-Value p-Value

S 1 981.8 981.8 8.64 0.008
D 1 538.8 538.8 4.74 0.041
FR 1 1467.8 1467.8 12.92 0.002
S*D 1 410.7 410.7 3.61 0.071
S*FR 1 779.2 779.2 6.86 0.016
Error 21 2386.3 113.6
Total 26 5648.0

The “*” sign represents interaction between the factors.
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Figure 11. (a) Interaction plot and (b) contour plot for T using conventional edge.

Table 7 summarizes the mathematical equations representing the measured outputs.
These equations were constructed by regression using the least squares method. They
could be used in predicting these responses under different machining conditions.

Table 7. Mathematical equations for the measured responses.

Response Equation

Surface Roughness Ra = −2.232 + 0.00778 S + 1.427 D + 19.23 FR

Cutting Force F = −219.6 + 443.4 D + 2073 FR

Cutting Temperature T = 337.5 + 0.836 S + 83.3 D + 764 FR – 0.585 S*D − 4.48 S*FR
The “*” sign represents interaction between the factors.

The desirability function optimization tool in Minitab 18 was used to minimize Ra, F,
and T, and to maximize MRR. The priority was given to keeping Ra below 0.8 μm (with a
target of 0.7 μm), then to maximize MRR and minimize T. The lowest priority was given
to minimizing F. Individual desirability (d) and composite desirability (D) have a range
of 0.0 to 1.0. One denotes the ideal case and zero illustrates the case when the response
is outside its acceptable limits. The optimum values for the factors were calculated to be
S = 160 m/min, D = 0.52 mm, and FR = 0.05 mm/rev. The expected optimum responses
were calculated to be Ra = 0.7 μm, F = 114 N, T = 468 ◦C, and MRR = 3726 mm3/min. The
optimization plot is shown in Figure 12. For both force and surface roughness, d equals
1.0, proving that these two responses will be optimized with perfection. For temperature,
d equals 0.84, and for MRR, d equals 0.7. These numbers show that the temperature
and material removal rate will be optimized to a good extent, but not with perfection.
For the combined responses, D, equals 0.87, proving that the combined optimization is
well achieved.
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Figure 12. Optimization plot for responses using conventional cutting edge.

3.2.2. Wiper Edge

Table 8 summarizes the ANOVA results for Ra using the wiper cutting edge. The
results show that the investigated three factors have significant effects on Ra, in a similar
pattern to that of the conventional edge. Figure 13 illustrates the main effect plots of the
three factors. It is clear that the wiper cutting edge results in higher surface roughness,
with almost half of the conventional cutting edge values.

Table 8. ANOVA results for Ra using wiper cutting edge.

Source DF Adj SS Adj MS F-Value p-Value

S 1 1.2461 1.24609 34.80 0.000
D 1 0.8642 0.86417 24.14 0.000
FR 1 3.6450 3.64500 101.80 0.000

Error 23 0.8235 0.03580
Total 26 6.5788
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Figure 13. Main effect plots for Ra using wiper cutting edge.

The results from ANOVA analysis for resultant force using the wiper cutting edge
tool are displayed in Table 9. It is clear from the table that all three factors have significant
effects on the resultant force. These results are different from the conventional cutting edge,
in which the cutting speed effect on the resultant force was not significant. The main effect
plots of the three factors are shown in Figure 14.

Table 9. ANOVA results for F using wiper cutting edge.

Source DF Adj SS Adj MS F-Value p-Value

S 1 57,529 57,529 17.77 0.000
D 1 112,689 112,689 34.81 0.000
FR 1 87,185 87,185 26.94 0.000

Error 23 74,447 3237
Total 26 331,850
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Figure 14. Main effect plots for F using wiper edge.
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Table 10 summarizes the ANOVA results for the measured temperature with the wiper
cutting edge. The three factors have significant effects with no interaction, in contrast to
the conventional edge. Figure 15 shows the main effect plots for the temperature.

Table 10. ANOVA results for T using wiper cutting edge.

Source DF Adj SS Adj MS F-Value p-Value

S 1 9587 9587.4 50.38 0.000
D 1 2123 2123.3 11.16 0.003
FR 1 3044 3044.1 15.99 0.001

Error 23 4377 190.3
Total 26 19,132
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Figure 15. Main effect plots for T using wiper cutting edge.

Table 11 summarizes the mathematical equations representing the measured outputs.
These equations were constructed by regression using the least squares method. They
could be used in predicting these responses under different machining conditions.

Table 11. Mathematical equations for the measure responses.

Response Equation

Surface Roughness Ra = −1.56 + 0.00658 S + 0.876 D + 10.00 FR

Cutting Force F = −37.0 + 316.5 D + 1547 FR

Cutting Temperature T = 350.9 + 0.577 S + 43.4 D + 289 FR

The desirability function optimization tool was used to minimize Ra, F, and T, and to
maximize MRR with the same optimizing conditions used with the conventional edge. The
optimum values for the factors were calculated to be S = 160 m/min, D = 0.52 mm, and
FR = 0.075 mm/rev. The expected optimum responses were calculated to be Ra = 0.7 μm,
F = 93.7 N, T = 487.5 ◦C, and MRR = 6163 mm3/min. Figure 16 shows the optimization plot.
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Figure 16. Optimization plot for responses using wiper cutting edge.

For both force and surface roughness, d equals 1.0, proving that these two responses
will be optimized with perfection. For temperature, d equals 0.9, and for MRR, d equals 0.79.
These numbers show that the temperature and material removal rate will be optimized to a
good extent, but not with perfection. For the combined responses, D, equals 0.93, proving
that the combined optimization is well achieved. The results show that the same value of
Ra could be achieved with the wiper edge at a higher removal rate than the conventional
edge, which gives an advantage for the wiper edge in machining.

4. Conclusions

This manuscript presented an experimental investigation and statistical analysis of
the dry turning of the AISI 1045 steel alloy for two cases of tools inserts used in machining:
the wiper type insert and the conventional round-nose insert. The experimental results for
the performance of the wiper inserts are compared with the results recently reported by the
authors in [1] and obtained under similar cutting conditions. In particular, the following
is concluded:

• For conventional inserts, the optimal process conditions to be applied are cutting
speed: 160 m/min, cut depth: 0.52 mm, and feed rate: 0.05 mm/rev. These parameters
produce a surface roughness of 0.7 μm, a cutting force of 114 N, a cutting temperature
of 468 ◦C, and a material removal rate of 3726 mm3/min.

• For a wiper-shaped insert, the optimal parameters are a cutting speed of 160 m/min,
depth of cut 0.52 mm, and feed rate 0.075 mm/rev, which produce the following opti-
mum responses: surface roughness: 0.7 μm, cutting force: 93.7 N, cutting temperature:
487.5 ◦C, and material removal rate: 6163 mm3/min.

• One can conclude that cutting inserts with a wiper edge prove to provide lower surface
roughness than inserts with a conventional cutting edge under the same set of cutting
conditions. This advantage allows wiper tools to use higher feed rates, resulting in a
greater material removal rate, while obtaining the same value of surface roughness,
which gives an advantage for the wiper edge in machining.
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• There are no notable differences between the resultant cutting forces of both cutting
edges at low cutting speeds. However, for higher cutting speeds, wiper inserts
outperform the conventional round inserts with regard to obtainable cutting forces,
which demonstrates the superiority of wiper inserts not only in terms of surface
roughness but for less cutting force.

• At high cutting speeds, wiper inserts exhibit higher values of cutting temperature
and, thus, conventional round-nose inserts are recommended at such high levels of
cutting speeds.

• For conventional round-nose inserts, the feed rate was found to be the most significant
parameter affecting the generated surface roughness, cutting force, and temperature.
For wiper inserts, the feed rate was found to be the most significant parameter affecting
surface roughness and cutting speed, while for cutting temperature, cutting speed
was the most effective factor.
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Abstract: Since the inception of electric discharge machining (EDM), it has facilitated the production
industries, for instance, die & mold, automotive, aerospace, etc., by providing an effective solution
for machining hard-to-cut materials and intricate geometries. However, achieving high machining
rates and a fine surface finish is an inherent issue with the traditional EDM process. The emergence
of the powder mixed electric discharge machining (PMEDM) process has not only provided the
opportunity for enhancing productivity and surface finish but also opened a window for its potential
application in surface modification/coating of biomaterials. The process incorporates simultaneous
machining and coating of bioimplants, i.e., lacking in the already available chemical and physical
coating methods while requiring costly post-treatment procedures. This study comprehends the
influence of powder characteristics and EDM process parameters on the performance parameters.
The impact of tool electrodes and additive powders on the machined and coated surface of commonly
used biomaterials. Furthermore, the study depicts the most frequently used methods for optimizing
the PMEDM process, future research directions, challenges, and research trends over the past decade.

Keywords: EDM; PMEDM; surface modification; powders; coating

1. Introduction

Electric Discharge Machining (EDM) technology has been applied efficiently in the
die and mold-making industries, focusing on component precision rather than increased
production [1–3]. EDM is an electrothermal material erosion process that primarily uses
electrical energy and converts it into thermal energy through a cycle of discontinuous
electrical discharges ongoing among the tool and workpiece submerged in a dielectric
medium. The thermal energy produces a plasma channel between the anode and cathode
at extremely high temperatures (8000 ◦C to 12,000 ◦C) and pressure (20 MPa). During the
machine work, the materials melt and evaporate in the presence of a dielectric which fulfils
the requirement of coolant, insulation and flushing of microscopic debris [4,5]. EDM can
efficiently machine hard, ductile, and brittle materials and create geometrically complicated
shapes since there is no direct connection between the electrode and the workpiece [6].
Nevertheless, the significant constraints, for instance, low material removal rate, inadequate
surface quality, time-taking, and restriction to machine-only conductive materials, mitigate
the employment of EDM [7–10].

The innovation of powder-mixed electric discharge machining (PMEDM) occurred
in the late 1970s, and the initial publication was attained in the 1980s [11]. Mitsubishi
originated the revolutionary dual tanks for EDM in the additive process marketplace [12].
The tank containing a dielectric only initiates the rough machining process, while the
other tank comprising a powder-mixed dielectric provides the finish machining process.
PMEDM is an innovative surface modification technique that can simultaneously machine
and coat the workpiece and addresses the limitations to significant extent that exist in EDM.
In PMEDM, thermally and electrically conductive powders are mixed with a dielectric fluid
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to strengthen the machining performance measures and altered surface characteristics by
lowering the shielding strength of the dielectric fluid and augmenting the sparks among
the tool and the workpiece. The gap between the electrode and workpiece was reported to
be increased by 200%, enlarging the plasma channel and producing a shallow crater on
the machined surface [13]. This technological advancement draws researchers’ attention to
significantly considering machined surfaces with alloy modification. A standard PMEDM
arrangement, as shown in Figure 1, is a slightly re-designed and upgraded version of the
EDM setup.

Figure 1. Typical arrangement of PMEDM system.

In the PMEDM process, powder particles are suspended in a dielectric fluid with
a powder circulation system via a stirrer and a set of permanent magnets to filter the
remnants. Usually, a submersible pump is equipped to prevent the settlement of powder
bits at the base of the working container. It also assists in avoiding the resting of powder
particles on the component surface. A pair of permanent magnets enable the detachment
of residues from the powder particles, which only applies when the workpiece is magnetic,
and the powder material is non-magnetic. The add-on of appropriate powder particles to
the dielectric contributes to a superior surface texture and improved production capability
compared to the EDM that excludes powder-mixed dielectrics. The industrialization of
PMEDM still requires a breakthrough. It can be accomplished by having a complete
insight into its process mechanism, correlation, and influence of process factors on the
performance responses.

The prime objective of this literature review study is to elucidate the PMEDM mech-
anism, the impact of powder characteristics and machining parameters on the PMEDM
outcome and its potentiality in biomedical applications. Secondly, exploring the trend of
additives employed in the PMEDM process, future research directions in the published
literature and probing the opportunities for its commercialization.

2. Mechanism of PMEDM Process

The mechanism of PMEDM is yet to be explored, which involves the suspension
of fine powder particles in the dielectric medium. An electrical field of 105–107 V/m is
produced in the inter-electrode gap (IEG) of around 25–50 μm when adequate voltage
(nearly 80–320 V) is used among the tool electrode and substrate. The powder particles
get activated and build up in a random pattern, as illustrated in Figure 2b. Under the
sparking region, particles form chain-like formations between the electrode and substrate.
The interlinking of the powder particles occurs in the current flow path. The chain-like
arrangement of the molecules assists in bridging the spark gap between the electrode and
the substrate and eventually reduces the insulating strength of the dielectric. The short-
circuiting phenomenon causes a premature explosion in the IEG area, resulting in a series
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of discharges with rapid sparking and enhanced material removal rate [14]. Concurrently,
the added powder particles augment and broaden the discharge gap and passage with
uniformly distributed sparking between the particles. It reduces spark current density,
resulting in constant erosion with a finer finish on the machined surface [15].

Figure 2. (a) Sparking mechanism in electric discharge machining process; (b) Sparking mechanism
in powder-mixed electric discharge machining process.

Mixing powder particles in the dielectric medium enables the enlargement and expan-
sion of the machining gap, even the dispersal of sparks and alloying surface layer. The
effect of Al powder particles in the kerosene dielectric medium during the machining oper-
ation is displayed in Figure 3. From the representation, it can be observed that Figure 3a
depicts the sparking procedure of conventional EDM. In contrast, the steps in Figure 3b–g
represent the PMEDM process with an enlarged and widened discharge gap resulting in
the formation of tiny craters due to the multiple discharges and bridging arrangement
between the added Al particles. Figure 3h shows the voltage waveform using the kerosene
with Al powder particles during the single pulse duration [13].

The electrical and physical characteristics of the powder particles portray a significant
impact on the increase of the discharge gap. The available electrons lying in electrically
conductive powders lessen the insulating strength of the dielectric. The enhanced conduc-
tivity results in the development of a spark from an enlarged distance and thus augments
the discharge gap [16]. Following the initial discharge, powder particles in IEG become
excited and proceed promptly in conjunction with ions and electrons. These energetic
powder particles impact dielectric molecules and trigger further ions and electrons [17].
Therefore, a higher number of electrical charges are generated in PMEDM compared to
traditional EDM.

Additionally, hydrostatic pressure operating on the plasma channel is lessened due
to the discharge gap augmentation. The occurrences of these two incidents endorse the
broadening of the discharge path. The severity of discharge strength lowered due to the
increased and broadened discharge column, leading to substantial shallow cavities on the
machined surface.

In a single pulse-on duration, a series of discharge pathways are examined in PMEDM
caused by the abrupt zigzag displacement of the added powder particles, securing consis-
tent energy dispersion and creating several minor craters. Unlike EDM, several fluctuating
signals report various discharges in the PMEDM process during an individual pulse-on
time [18,19]. When the dielectric fluid disintegrates, the carbon and oxygen molecules
separate from it and blend with the partly melted powder particles and the residues of
molten metal to shape carbides and oxides. Due to the exceptional amount of powder
particles, the enervated debris could not flush out properly and suppresses in between the
discharge gaps resulting in the relocation towards the substrate surface and infiltrating
the molten pool until the curing occurs [20]. Succeeded by additional discharges, the
carbides and oxides speed up, generate negative pressure by electrophoresis, and migrate
towards the machined surface. The coupled layer of carbides and oxides in the shape
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of micro-droplets develops a consolidated region on the upper surface of the machined
substrate. Favorably, in parallel, an immense quantity of absorbed gas is expelled, which
results in the making of pores and a smoother shape on the upper surface of the machined
component, as stated by Peng et al. [21].

 

Figure 3. Influence of Al powder additive in kerosene dielectric medium during the machining
process [22].

The migrated coupled layer of oxides and carbides decreases micro-cracks generation
on the modified coated surface and enhances the mechanical characteristics [23]. The fun-
damental structure of material migration throughout the PMEDM process is demonstrated
in Figure 4. The schematic description of material migration during the PMEDM process
is demonstrated in the subsequent steps: Step 1 indicates that the sparking develops the
plasma channel of thermal flux among the powder particles and substrate surface; Step
2 demonstrates the assemblage of hydrocarbon (C) and oxygen bubbles (O) among the
partly dissolved powder particles and molten metal micro-droplets (M); Step 3 shows
the arrangement of carbides (MC, XC) and oxides (MO2, XO2) due to the existence of
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hydrocarbon (C), oxygen molecule (O), and powder particles (X) and Step 4 exhibits the
infiltration of oxides and carbides in the molten pool area of the coated layer before curing
on the substrate surface in PMEDM method. Janmanee et al. [23] examined the deposition
of a tough layer of tungsten carbide by EDM technique using titanium as a powder additive.
The migrated, coupled layer diminishes the micro-cracks on the machined surface of the
workpiece and enhances the mechanical features.

 

Figure 4. Schematic demonstration of material migration during the PMEDM process [24].

High heat generation and rapid quenching during the PMEDM process result in
electrode materials melting, evaporation and re-solidifying. Due to this, surface modifi-
cation naturally occurs in the PMEDM process with the stochastic behavioral response of
process parameters.

3. Powder Characteristics and Its Utilization in the PMEDM Process

In the PMEDM process, the powder features play a crucial role in impacting several
performance actions of the process. Therefore, it is imperative to assess powder character-
istics and their interconnectivity with the EDM performance measures. Powder material,
size and concentration are mainly essential features of the powder particles that influence
the PMEDM process.

3.1. Powder Material

The essential thermophysical properties of the powder, i.e., particle density and
electrical and thermal conductivity, significantly impact the performance measures of the
PMEDM process. Wong et al. [25] investigated the outcome of Graphite (Gr), Silicon (Si),
Aluminum (Al), Silicon carbide (SiC), Molybdenum disulphide (MoS2) and crushed glass
on PMEDM performance measures. They discovered that, except for crushed glass, all
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powders increased the discharge gap by at least two times and provided the near-mirror
surface finish in machining SKH-51. The superior electrical and thermal conductivity
of Al powder provided the major machining gap expansion by nearly 12 times and the
best surface quality. The gap expansion attributes for Al powder are in harmony with
the research by Chow et al. [22] that assures the widening of the discharge gap and
superior surface finish by adding Al powder particles to the dielectric medium. However,
the influence of SiC additive is not in agreement because of its high electrical resistivity.
Tzeng et al. [26] pointed out that within Al, SiC and Cr powder particles, Cr provided the
maximum material removal rate, followed by Al and SiC. In comparison, the tool wear
rate was noticed with SiC, Al and Cr, respectively. Yih-Fong and Fu-Chen [27] examined
the Al, Cr, SiC and Cu powder particles and indicated that Al powder established the best
surface finish and thinner white layers on the machined surface of SKD-11. Copper does
not participate in the process due to its high particle density, which causes the powder
to settle into the tank’s bottom. Adding Graphite (Gr) powder particles to the dielectric
increases its electrical conductivity and offers exceptional lubricity. The suspended Gr
powder particles deliver enhanced material erosion rate and lowered tool erosion rate,
and its auspicious application lies in the micro-PMEDM [16,28,29]. The utilization of
Titanium (Ti) as an additive powder in the dielectric enhances the material erosion rate [30],
micro-hardness [23], and surface quality. In contrast, it lowers the surface roughness and
micro-cracks on the machined product. Likewise, Tungsten (W) powder-mixed dielectric
boosts the micro-hardness of the machined surface by 100% [31].

3.2. Powder Size

The size of the powder particle is considered a vital powder parameter to get desirable
outcomes during the PMEDM process. Utilizing smaller powder particles in the dielectric
fluid improves the metal erosion rate and surface condition of the modified surface com-
pared to the larger powder particles [26,32–34]. According to the research by Tzeng and
Lee [26], smaller particles (70–80 nm) develop a minimal machining gap between the tool
and the substrate, resulting in a more significant material removal rate and lower tool wear
rate. Research by Yih-Fong et al. [27] reported that the size or dimension of the powder
particle is the decisive factor in the machined surface quality. Smaller particles result in a
superior surface finish while augmenting the white layer thickness.

3.3. Powder Concentration

A suitable quantity of powder drives effective machining operations and stability. A
higher amount of powder is useful in adding the number of discharges that increases the
material removal rate [35]. Increasing the powder concentration over the optimum value
results in arching, short-circuiting, and unsteady machining due to unnecessary powder
and residue particles [26]. Moreover, the existence of excessive powder particles in the
machining gap results in surface degradation and settlement issues [36]. The estimation
of powder concentration is crucial as its low value will not significantly influence the
process dynamics and hence the outcome responses. Contrarily, the higher quantity of
powder can induce particle settling, unrestrained bridging effects, and unsteady machining
(short-circuiting and arcing), resulting in the degradation of the altered surfaces.

3.4. Powder Additives Utilization and Trend

Powder additives are added to the PMEDM process mainly for (i) to enhance the
process efficiency and (ii) to upgrade the EDM process to surface coating technology. In
the case of process efficiency, the prime process characteristics are material removal rate
(MMR), tool wear rate (TWR), and inter-electrode gap (IEG). Subsequently, the surface
modification process can improve microhardness, adhesion strength, coated layer thickness,
surface roughness (SR), biocompatibility, wettability, corrosion and wear resistance. Table 1
lists the powder additives used in the PMEDM process over the last decade and their
purpose of utilization.
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Table 1. Powders utilized in the PMEDM process over the last decade.

Powders Nomenclature Impact on the Process Efficiency and Effectiveness

Graphite Gr Increases electrical conductivity that results in high MRR and low TWR
Aluminium Al High surface quality, enhances fatigue endurance and corrosion resistance

Silicon Si Develops a mirror-like surface finish on the machined surface
Silicon carbide SiC High MRR and surface integrity with the formation of hard layers

Titanium Ti Increases the altered surface hardness and reduces the surface cracks
Manganese Mn Defect-free surface with high surface microhardness and low SR

Hydroxyapatite HA Develops bioactive surfaces with enhanced wettability and high SR
Carbon nanotube CNT Low surface microcracks, process instability, SR and coated layer thickness

Zirconium Zr Improves the machined surface with low SR and TWR
Aluminium oxide Al2O3 Nano-sized particles improve the surface finish and topography
Titanium dioxide TiO2 MRR reduces up to the optimum quantity of powder and then increases
Tungsten carbide WC High surface microhardness and wear resistance

Nickel Ni High abrasion resistance of the coated layer, MRR and TWR with low SR
Silver Ag Coated layer thickness increases with powder quantity

Copper Cu Surface quality and MRR increase with the optimal quantity of powder
Chromium Cr High microhardness and corrosion resistance with a low tool wear ratio

Molybdenum Mo Improves the machining efficiency and surface microhardness
Tungsten W Enhances surface integrity, MRR and the coated layer microhardness

Boron carbide B4C Increases MRR and IEG and reduces TWR with good discharge distribution
Zinc Zn Enhances corrosion resistance and incorporates high MRR

Graphene Graphene Effectively augments the MRR and reduces SR and coated layer thickness
Titanium carbide TiC Forms a hard coated surface and assists in dispersion hardening with low SR

Boron nitride BN Increases MRR and develops a hard coated surface on the machined part
Niobium Nb Increases the adhesion strength of the coated layer and wear resistance

Boron oxide B2O3 Increases MRR and surface microhardness of the coated layer
Tungsten disulphide WS2 Enhances the lubricity and wear resistance of the coated layer

Titanium nitride TiN Elevates microhardness, good corrosion, and wear resistance
Tantalum carbide TaC Strengthens surface microhardness and enhances process stability

Cobalt Co Improves adhesion strength, corrosion, and wear resistance

The PMEDM process trend is maximum in 2018, 2021 and 2022, with Gr, Al, Si and SiC
powders being used most frequently during the last decade, as the bar chart representation
is illustrated in Figure 5. The frequency on the y-axis represents the number of articles in a
given year describing the particular powder usage in the EDM process.

 

Figure 5. The trend of powder materials utilized for the PMEDM process (Extracted from the
databases: Scopus and Web of Science).
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4. Influential Process Parameters in the PMEDM

The process factors (electrical and non-electrical) significantly affect PMEDM perfor-
mance. Some of the significant process parameters can be classified in the following way:

4.1. Dielectric Type

Kerosene, mineral oil, and pure distilled water are generally used as dielectrics in
the PMEDM process, and their significant properties are tabulated in Table 2. Pure water
possesses higher thermal conductivity and specific heat to withdraw heat from the ma-
chining area and ensure effective cooling [37]. During the machining process, kerosene
builds carbides, and pure water creates oxides on the altered surface of the workpiece [38].
Carbides need higher thermal energy to dissolve than oxides, resulting in a better material
removal rate, minimum tool wear rate for deionized water, and superior surface finish for
kerosene as the dielectric.

Table 2. Significant properties of dielectrics used in the PMEDM process [39].

Dielectric
Medium

Thermal
Conductivity

(W/m·K)

Specific
Heat

(J/kg·K)

Breakdown
Strength (kV/mm)

Flashpoint
(◦C)

Kerosene 0.14 2100 24 37–65
Deionised water 0.62 4200 65–70 N/A

Mineral oil 0.13 1860 10–15 160
Silicon oil 0.15 1510 10–15 300

4.2. Peak Current

Peak current is one of the most significant process parameters that must be optimally
allocated as it directly impacts PMEDM performance. The increase in the peak current
produces more electrons and ions in the machining area, which develops higher pressure in
the plasma channel and increases the material removal rate due to the boost up of discharge
energy [40–42]. The peak current’s rise may result from increased tool wear, surface quality
degradation, recast layer thickness, deep craters, etc. [43,44]. However, the instant heating
and quenching at a high-level pulse current results in the improved micro-hardness of the
altered surface [45].

4.3. Pulse Duration

High pulse duration may lead to an unstable process and deteriorated surface quality
by short-circuiting and insufficient debris exclusion from the machining region [43,46].
When the pulse duration exceeds the productive machining time, additional residues
are formed and stick to the machined surface, causing an increase in the coated layer
thickness [38,47]. The microhardness of the altered surface gradually improves with the
increasing pulse duration due to the material transfer process [45].

4.4. Voltage Gap

An upper increase in the voltage gap during the machining process takes more time to
bridge the ions and electrons within the discharge gap, augments the spark gap and lessens
the energy density resulting in a lowering of surface irregularity and material removal rate
of the altered surface [48–50]. A rise in gap voltage increases deposited layer thickness
because of augmentation of the spark gap and reduction in coated layer thickness due to
lowering the discharge column [51].

4.5. Polarity

The polarity designates the allocation of a cathode (−) and anode (+) onto the tool and
workpiece. For achieving a better material erosion rate and lower tool wear rate, positive
polarity on the workpiece with a shorter pulse duration and negative polarity with a longer
pulse duration is preferable. The positive and negative polarities results were observed,
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as shown in Figure 6, using Scanning Electron Microscopy (SEM) after performing the
EDM of a Ti alloy in which SiC was used as an additive in the dielectric [52]. The bulging
response at the crater’s center is examined with positive polarity causing the buildup of
powder material on the machined surface [53]. In contrast, deep cavities were observed
with negative polarity, resulting in a better erosion rate and a coarser surface finish [52,54].

 

Figure 6. The outcome of polarity variation on the machined surface [52].

4.6. Duty Cycle

An optimum selection of the duty cycle percentage leads to reasonably low surface
irregularity and an improved material erosion rate. The extended duty cycle causes process
instability, insufficient flushing of accumulated debris, and electrode wear [48,50].

4.7. Electrode Classification

The electrode tool is an essential parameter of the PMEDM process which demands a
low tool wear rate during the machining phase and a moderate tool wear rate during the
coating phase of the PMEDM process. The PMEDM electrode mainly relies on its material,
shape and size. The machining process develops a mirror shape of the electrode on the
workpiece. The finished size of the workpiece is achieved by setting an undersized amount
during the machining process to compensate for the electrode wear. The formula for the
undersize amount can be given as follows:

Undersize amount (one side) = (Finished size − Electrode size)/2

The undersized amount is incorporated in the electrode design, keeping the machining
accuracy and projection area in view. The criteria for selecting the suitable electrode material
for a specific output requirement depends on the properties tabulated in Table 3.

Table 3. Electrode classification and its properties [39,55].

Electrode
Material

Properties That Impact the Selection Criteria of EDM Electrode

Density
(g/cm3)

Melting
Point (◦C)

Thermal
Conductivity

(W/mK)

Electrical
Resistivity

(μΩ cm)
MRR 1 TWR 2 Cost Fabrication

Metals

Copper
Tungsten

Brass
Titanium

Silver
Aluminum

8.93 1083 385 1.7 High Low High Easy
19.3 3370 163 5.65 Low Low High Difficult
8.03 920 159 15.6 High High Low Easy
4.5 1668 17 178 High Low High Difficult

10.49 961 419 1.55 High Low High Medium
2.69 660 210 2.7 High High Low Easy
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Table 3. Cont.

Electrode
Material

Properties That Impact the Selection Criteria of EDM Electrode

Density
(g/cm3)

Melting
Point (◦C)

Thermal
Conductivity

(W/mK)

Electrical
Resistivity

(μΩ cm)
MRR 1 TWR 2 Cost Fabrication

Non-Metals

Graphite 2.25 3650 25 6000 High Low High Easy

Composites

Cu-W 14.84 2250 220 3.83 Medium Low High Medium
Cu-Gr 6.8 2550 250 4.36 High Low High Easy
Ag-W 15.28 >980 160 3.45 Medium Low High Difficult
W-C 15.7 2870 84.02 66.5 High Low High Difficult

Te-Cu 2.69 660 210 2.7 Low High High Difficult
1 Material Removal Rate, 2 Tool Wear Rate.

4.8. Discharge Energy

Discharge energy is an essential factor that impacts surface topography, which refers
to the profile shape and roughness of the altered surface. The energy of electric discharge is
linked with other parameters of EDM and is a product of peak current, voltage, polarity and
pulse duration [56]. Discharge energy determines the crater size and shape in micro-EDM
applications [57]. This energy affects the coating thickness-to-roughness ratio, critically
important when analyzing the coated layer on metallic biomaterials developed using the
PMEDM process.

4.9. Surface Free Energy

The melting, vaporization and re-solidification of electrode material occur during
the single discharge phase of the EDM process. During this process, energized debris
gets deposited on the treated surface, a capacitive force is developed in the machining
gap, and surface-free energy is acquired on the modified surface. A hydrophilic surface is
formed due to the surface energy, shallow craters, and nanopores formation, improving
biocompatibility and osseointegration at the bone-implant interface. The wettability of
a coated surface is assessed based on the contact angle between the liquid and the solid
surface. A surface is hydrophilic if the contact angle measurement is less than 90◦ and is
desirable for bioimplant-coated surfaces [58].

5. Common Metallic Biomaterials Investigated Using the PMEDM Process

Metallic biomaterials account for 70% of bioimplant base material manufacturing
mainly due to the advantages of mechanical strength, ductility, corrosion and wear resis-
tance [59]. The surface modification of the biomaterials with biocompatible elements can
develop a micron-level coating resulting in an effective bone-implant interface. Numerous
physical and chemical coating methods are already established for surface modification
of biomaterials, e.g., thermal spraying, laser cladding, sol-gel dip coating, electrochemical
deposition, etc. [60]. Most prior techniques incorporate weak bonding between the coat-
ing film and substrate, lack process controllability, and contain a special apparatus with
high-temperature devices. All require the fabrication of bioimplants before the coating pro-
cess [61]. PMEDM is an emerging and ongoing research technique that can simultaneously
perform the machining and coating process and possesses a high potential to serve as a
cost-effective surface modification method to fulfil surface functional requirements, i.e.,
surface roughness, microhardness, corrosion resistance, biocompatibility, cracks-free and
nano-porous surface for better osseointegration. Numerous studies have been commenced
to explore the impact of multiple process factors indulged in powder-mixed EDM by inves-
tigating various combinations of work materials and powder additives. The research is
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still ongoing and requires a breakthrough in introducing the PMEDM process for the mass
production of bio-implants in the marketplace.

5.1. Machined Surface of Biomaterial

The most frequently used biomaterials, for instance, Ti alloys, Mg alloys and 316L SS,
possess exceptional mechanical properties but not satisfactory bio-function capabilities.
During the PMEDM process, selecting appropriate electrodes, additive powder, and dis-
charge energy significantly influence the substrate’s altered surface to enhance the material
erosion rate and minimize electrode wear rate and surface topography [13].

Bains et al. [62] analyzed the machined surface of Ti-6Al-4V by employing Copper
(Cu) as an electrode and Hydroxyapatite (HA) as an additive to the dielectric medium. It
was noticed that the peak current and powder concentration are the significant process
factors for enhancing the material removal rate. The highest erosion rate of 7.648 mg/min
was estimated for the current of 12 A. Bui et al. [63] assessed the machined surface of Ti
alloy by utilizing Tungsten Carbide (WC) as an electrode tool and nano silver (Ag) particles
as an additive to the dielectric medium. The high electrical and thermal conductivity of
Ag powder particles results in a 185% increase in the material erosion rate and an 8.7%
reduction in the electrode wear rate due to the WC’s elevated melting point and hardness.
Prakash et al. [64] assessed the machined surface of Ti-6Al-4V by using Cu as an electrode
tool and Silicon (Si) powder as an additive to the dielectric medium. It was discovered that
the peak current, pulse duration and powder concentration are the most influential process
factors for the optimum machining performance measures. The maximum material erosion
rate of 1.1872 mm3/min and minimum electrode wear rate of 0.0750 mm3/min were
achieved with the optimum values of current intensity (9.55 A), pulse duration (255.95 s)
and powder amount of (4 g/L). Moreover, Prakash et al. [64] stated further reduction in
the electrode wear rate by using pure Ti as an electrode, as the addition of Si powder tends
to form TiC on the surface of the electrode. Shabgard and Khosrozadeh [65] performed on
the machined surface of Ti-6Al-4V by employing Cu as an electrode and carbon nanotube
(CNT) as an additive to the dielectric medium. It was reported that initially, the material
erosion rate was improved mainly due to the enlargement of the discharge gap as the
CNT absorbed the machining heat due to its high electrical and thermal conductivity and
afterwards both material removal rate and electrode wear rate were decreased.

Hourmand et al. [66] quantified the machined surface of the Al-Mg2Si composite
matrix by employing Cu as an electrode and nano Al particles as an additive to the
dielectric medium. It was observed that potential voltage, current intensity, and pulse
duration are the most impactful factors affecting the material erosion rate. The highest
value of material erosion rate of 0.0736 g/min was accomplished at the current intensity
of 15 A, pulse duration of 200 μs, a potential voltage of 80 V and duty cycle of 0.55%.
Santosh et al. [67] examined the machined surface of ZM21 Mg alloy by engaging Cu as
an electrode and nano Gr particles as an additive to the dielectric medium. A valuable
increase in the material erosion rate was noticed by adding the Gr particles with the current
intensity of 11 A, pulse-on duration of 75 μs and pulse-off duration of 6 μs.

Santosh et al. [67] investigated the influence of CNT addition to the dielectric fluid
on stainless steel machining outcomes via the PMEDM process. It was revealed that the
pulse duration and powder concentration significantly influence the material erosion rate.
Most importantly, the machining rate of 0.2503 g/min was measured with the add-on of
0.3 g/L CNT, pulse-on time of 10 μs and a constant current of 6 A. Lamichhane et al. [68]
investigated the machined surface of 316L SS by adding the hydroxyapatite powder to
the dielectric fluid. The study discovered an improved material erosion rate and electrode
wear rate due to influential process factors such as current intensity, pulse duration and the
powder amount. A 65.45% increase in material erosion rate was measured with a value
of 19.01 g/min corresponding to the current intensity of 28 A, pulse-on duration of 60 μs
and pulse-off duration of 120 μs. Moreover, a 53.07% growth in electrode wear rate was
observed due to the higher value of powder quantity and pulse-off time. Banh et al. [69]
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examined the performance measures of the Ti powder mixed EDM process for steel alloys
utilizing two separate electrodes, namely Gr and Cu. This study ensured that the most
impactful process factor is powder amount followed by current intensity, pulse-on time,
polarity, workpiece material and pulse-off time, resulting in maximum material erosion
and minimum electrode wear rates.

5.2. Coated Surface of Biomaterial

During the PMEDM process, the preference of the suitable tool and additive powder
has a substantial effect on the modified or treated surface of the substrate to optimize the
coating thickness, micro-hardness, surface roughness, adhesion strength, biocompatibility
and resistance to wear and corrosion [13].

Bains et al. [62] studied the modified surface of Ti-6Al-4V by using Copper (Cu) as
an electrode tool and Hydroxyapatite (HAp) as an additive to the dielectric medium. It
was discovered that adding HAp resulted in a surface roughness reduction and a surge
in wear resistance by 82%. The enhanced, modified surface of the Ti-alloy may result
due to the placement of hard carbide and bio-ceramic layer. Prakash and Uddin [70]
explored the influence of MWCNT on HAp-mixed dielectric fluid on β-type Ti with the
Gr as electrode via the PMEDM process. The research outcome claims that the mixture
of MWCNT/HAp produces enhanced biocompatibility and surface integrity due to the
uniform spark propagation during the machining process. Abdul-Rani et al. [71] analyzed
the treated surface of Ti-alloy in terms of surface roughness and morphology by employing
tungsten and copper as a tool and nano-Al particles as an additive to the dielectric fluid.
The addition of nano-Al powder by 3 g/L provided an exceptional increase in surface
roughness by about 38.46% due to its high conductivity.

From the morphological point of view, micro-cracks and voids were improved on the
modified surface. Prakash et al. [72] evaluated the modified surface of Ti-alloy by using
pure Ti as an electrode and Si powder as an additive to the dielectric fluid. In this research,
a biocompatible and durable modified surface of 1080 HV was obtained by developing a
15 μm white layer thickness containing carbides and oxides at the peak current value of
15 A, pulse duration of 50 μs and Si powder amount of 8 g/L. Furthermore, the friction
coefficient of the modified surface improved by 60% due to the development of TiC and
SiC on the treated surface. Similarly, Farooq et al. [73] assessed the modified surface of
Ti-alloy by employing Cu as an electrode tool and Silicon (Si) powder as an additive to the
dielectric medium. Due to the superior thermal conductivity of Si powder particles, the
rapid sparking in the machining gap occurs, and the amount of additive contributed to
the surface roughness and recast layer thickness of the modified surface. Moreover, the
nano-porous surface of 50–200 nm was examined with the Si powder quantity of 5 g/L.
Devgan and Sidhu [74] investigated the altered surface of the Ti-alloy by utilizing the
HAp-added dielectric. The add-on of HAp developed a bio-ceramic layer with exceptional
micro-hardness, crack-free surface, corrosion resistance and biocompatibility.

Hourmand et al. [66] estimated the modified surface of Mg-alloy by employing Mg-Ca
as an electrode and HAp particles as an additive to the dielectric medium. It was perceived
that the increased concentration of HAp enhances the micro-hardness and wear resistance,
whereas it reduces the surface roughness. The biocompatibility of the treated surface was
achieved due to the formation of oxides, and the deposition layer thickness increased as the
amount of HAp was enhanced. Razak et al. [75] assessed the modified surface of Mg-alloy
by engaging Cu as an electrode tool and Zinc (Zn) powder particles as an additive to the
dielectric medium. The high conductivity of Zn powder maintains the spark functioning
and machining stability. Its optimum addition to the dielectric efficiently reduces surface
roughness and wear resistance. Rout et al. [76] analyzed the treated surface of the Mg-alloy
by using three electrodes of brass, copper and stainless steel and Al powder particles as an
additive to the dielectric medium. It was revealed that the brass and copper electrodes and
suspended Al powder enhance surface roughness. The performance of brass and copper
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electrodes was better than stainless steel electrodes because of their higher conductivity
and stability in the machining process.

Lamichhane et al. [68] explored the impact of HAp addition to the dielectric medium
to alter the surface of stainless steel using the PMEDM process. It was discovered that
mixing HAp with the dielectric improves the surface roughness due to the scouring effect.
A biocompatible surface was formed onto the modified surface because of the development
of an oxide layer. Mohan et al. [77] investigated the modified surface of 316L SS by using
tungsten as an electrode and the TiO2 powder particles as an additive to the dielectric fluid.
The study revealed that forming hard oxide and carbide layers onto the treated surface pro-
vides hardness and wear resistance, respectively. G. Singh et al. [78] evaluated the modified
surface of 316L SS by utilizing Cu as an electrode and HAp powder particles as an additive
to the dielectric fluid. In this research, the optimum add-on of HAp powder produces
a hard and biocompatible oxide layer on the machine surface resulting in the enhanced
micro-hardness and bioactivity of the developed bioimplants. Bhaumik and Maity [79]
assessed the modified surface of 316L SS by engaging W-C as an electrode tool and SiC
powder particles as an additive to the dielectric medium. The research revealed that
adding SiC forms a hard carbide layer that enhances surface hardness, wear resistance and
surface roughness.

6. Methodologies for Optimization of PMEDM Process

The main objective of employing optimization methods in the PMEDM process is to
find the values of the influential process parameters for optimising performance responses.
The accomplishment of optimum settings for the machining parameters of the PMEDM
process is unlike the EDM process due to the involvement of powder additives. Numerous
researchers have employed tools like the design of experiment (DOE) methods, analysis
of variance (ANOVA) and numerical techniques to discover the optimal values for the
PMEDM process and performance parameters. Single and multiple objective optimization
techniques estimate the best solution for a specific criterion.

6.1. Taguchi Method

Taguchi is a robust statistical tool to plan the experimentation for the best values
of process factors. Assarzadeh and Ghoreishi [48] used the Taguchi method to obtain
the optimum process parameters by employing boron carbide-mixed electric discharge
machining on the surface of titanium alloy. It was revealed via ANOVA that current
intensity, pulse duration and powder quantity are the most influential factors contributing
to the machining performance measures, i.e., material erosion rate and surface roughness.
Kansal et al. [80] applied the Taguchi method to attain the optimum process factors by
engaging graphite powder particles in the kerosene oil dielectric for performing the rough
machining process on the surface of die steel (AISI D2). The experimental investigative
results reveal that the suitable addition of graphite particles to the dielectric enhances the
material erosion rate and reduces electrode wear and surface irregularity. Ishfaq et al. [81]
employed graphene nanoparticles in the dielectric medium for sustainable EDM of Ti-alloy
by using three different electrodes Al, Cu and Br. The study carried out the planning for the
design of experimentation using Taguchi’s method and analyzed the experimental results
using statistical tools. Bains et al. [62] engaged Hydroxyapatite (HAp) powder particles
in the dielectric medium to machinate Ti-6Al-4V. Experiments were executed based on
Taguchi design with an orthogonal array of L16 to consider process parameters, i.e., current
intensity, pulse-on and off time, electrode inner diameter and dielectric type concerning
outcome responses in the form of surface irregularity and material erosion rate. The
machining rate was statistically significant (p < 0.05) by the factors of hole diameter, peak
current, dielectric fluid, and the combination of current and dielectric. SR was statistically
significant by current intensity, pulse duration and dielectric medium.
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6.2. Response Surface Methodology (RSM)

RSM is a mathematical and statistical method used for modelling and analysing a pro-
cess for an optimized response measure controlled by variable factors. Garg and Ojha [82]
studied the machined surface of EN-8 steel by adding chromium powder particles as
an additive to the dielectric. The RSM method has been used to plan and analyse the
experimentation for process variables and consider PMEDM performance in improved
material removal rate and surface finish. Aliyu et al. [83] investigated the Hydroxyapatite
Deposition Rate (HDR) and Surface Roughness (SR) during the electro-discharge coating
of Bulk Metallic Glass (BMG). Using a D-optimum customizable design approach, RSM
was employed to generate the models and optimize the input factors. Optimum process
parameters setting is essential in enhancing product performance and contributing to the
commercial industries by lowering the component’s production time and expense.

6.3. Analytic Hierarchy Process (AHP)

AHP is a technique used to organise and indicate process variables’ importance on
output performance with an analytical approach. Bhattacharya et al. [84] executed a multi-
objective optimization of material erosion rate, electrode wear rate and surface roughness
during PMEDM of High Carbon High Chromium (HCHC), Hot Die Steel (HDS) and EN31
using the AHP approach.

6.4. Gray Relational Analysis (GRA)

GRA is an approach used to obtain optimum conditions of input variables to find the
best-suited outcome with insufficient information. S. Singh and Yeh [33] and Talla et al. [85]
employed the GRA technique to assess the efficacy of optimizing the variable performance
measures of PMEDM for aluminum matrix composites with inadequate data.

6.5. Non-Sorted Genetic Algorithm (NSGA-II)

NSGA-II is an advanced evolutionary algorithm used for multi-objective optimization.
Al-Amin et al. [86,87] investigated the effects of process variables (current intensity, pulse
duration, powder amount, and duty cycle) on machining performance (material erosion
rate) and surface features (surface irregularity and recast layer thickness) using multi-
objective algorithms for optimal processing of MWCNT and HAp added ED machined
surface of 316L SS. NSGA-II was used as a multi-objective optimisation tool and Pareto fron-
tiers for optimal solution sets using MATLAB software. The LINMAP method selected the
finest solution set outcomes based on defined objective functions. Padhee et al. [88] carried
out concurrent optimization of several targets using NSGA and provided multiple outcomes
to the manufacturer for sorting the optimal combination from the approachable resources.

6.6. Hybrid Methods

The multi-objective optimization technique is used to optimize two or more opposing
objectives. The concurrent employment of the single and multiple optimisation approaches
leads to the hybrid response.

Tripathy and Tripathy [89] performed the PMEDM process on the machined surface
of H-11 die steel using chromium-mixed dielectric and copper electrodes. The Taguchi
method, combined with TOPSIS and GRA, has been implemented to estimate the usefulness
of enhancing numerous performance characteristics.

Prakash et al. [90] estimated the optimal settings of PMEDM process factors to pro-
duce the biocompatible surface on β-phase Ti alloy by employing NSGA-II coupled with
Taguchi-based RSM for the first time. The optimal condition was achieved with the desired
requirement of high surface microhardness and low surface roughness.

6.7. Numerical Modeling

An emerging trend among researchers is heading towards the numerical modelling of
the PMEDM process to simulate the temperature distribution and surface features onto the
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machined surface. Kansal et al. [91] established an axisymmetric 2D thermal model for the
PMEDM process using the Finite Element Method (FEM) technique. The study estimated
the temperature distribution on the substrate and measured the material erosion rate from
the temperature profiles. Bhattacharya et al. [92] achieved a 3D FEM model to estimate
the residual thermal stresses incorporated during the PMEDM process. Additionally, a
mathematical model was developed by Bhattacharya and Batish [93] for predicting the
crater dimensions and volume removed during the PMEDM process. Tan and Yeo [94]
simulated a 3D FEM model for surface integrity features for obtaining enhanced surface
roughness and reduced recast layer thickness using crater theories.

Wandra [95] numerically simulated the material removal mechanism using the finite
element analysis of the PMEDM process on the Ti-alloy. The simulation results found that
the surface finish and crater geometry on the machined surface during powder-mixed
EDM improved much compared to the EDM process. Tumer et al. [96] investigated the
mechanical properties of the graphene/CNT-coated Ti-6Al-4V and 316L SS using the finite
element analysis approach.The loading impact on the femur, first screw and the plate
with coated and uncoated conditions. Jampana [97] examined the thermal analysis on
powder-mixed EDM of stainless steel 630 using finite element and artificial neural network
techniques for obtaining optimum performance parameters regarding material erosion rate
and surface irregularity.

7. Applicability of the PMEDM Process

EDM can precisely manufacture critical components (i.e., impeller, fuel system, engine
blocks, piston heads, etc.) for the aerospace and automobile industries. Still, on the contrary,
it lacks the surface integrity features that can be potentially achieved using the PMEDM
process. With enhanced dimensional accuracy, PMEDM introduces exceptional surface
quality, biocompatibility and bioactivity, emerging to be an innovative advanced machining
option for the manufacturing industries of bio-implants and surgical instruments. The
potential application areas of PMEDM can be classified in the following way:

7.1. Rough Machining

The process parameter values of high current intensity and pulse duration mainly
cause the rough machined surface [98]. In this case, the problem arises with the rough
machined surface in the form of inadequate flushing of debris and a high tool wear
rate [17]. These issues can be addressed efficiently by considering the optimal values of
process factors. Mai et al. [10] employed CNTs in the dielectric medium using PMEDM
of NAK-80 die steel for evaluating the rough machining factors. It was revealed that long
pulse duration and high peak current significantly increase the machining rate.

7.2. Fine Machining

Finish machining is one of the significant fields of application in the PMEDM process.
The ability to produce a finely finished surface makes PMEDM a distinguished machining
option that avoids finishing operations costs. A near-mirror surface finish can be achieved
using the PMEDM process by increasing tool size and low discharge energy settings.
Mohri et al. [99] and Pecas and Henriques [100] observed a high-quality surface finish
during the electric discharge machining of H13 steel using Si-powder-mixed dielectric, as
shown in Figure 7, and the finish quality is further improved by increasing the machining
time. A further study examined a mirror-like finish on the machined surface of SKH-54 by
adding Al powder particles as an additive to the dielectric medium.
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Figure 7. Mold cavity (a) without Si powder (b) with Si powder [100].

7.3. Micromachining

Technological advancements in micro-electro-mechanical systems (MEMS) initiate
the demand for micromachining processes. The micro-mechanical accessories (e.g., mini
pumps, engines, and robots) and application areas (e.g., drilling of micro-holes for cooling
purposes on turbine blades) require precise micromachining procedures. Kibria and Bhat-
tacharyya [38,101,102] employed the μ-PMEDM approach for drilling holes on the Ti-alloy
surface using boron carbide mixed with kerosene and pure water as a dielectric medium.
Chow et al. [18] revealed a potential application of the PMEDM process to fabricate a micro-
heat scatter fin on the surface of Ti-6Al-4V, as displayed in Figure 8. The optimum discharge
conditions can be classified as peak current = 0.1 A, pulse-on time = 10 μs, workpiece
size = 0.8 × 0.8 × 0.6 mm, copper as tool electrode and kerosene as dielectric fluid.

 
Figure 8. SEM view of micro-slits fabricated on the surface of Ti-alloy using SiC-mixed EDM process [20].

7.4. Surface Modification

Inaccuracies arising from high tool wear avoid the utilization of electro-discharge
coating (EDC) as a powder deposition approach for surface coating and modification.
PMEDM is an arising technique for simultaneously machining and alloy coating onto the
modified surface with enhanced precision. Chen et al. [103] enhanced biocompatibility
by forming TiO on the modified surface of pure Ti using PMEDM with Ti-added pure
water. Zain et al. [40] accomplished exceptional microhardness on the modified surface
of SUS 304 stainless steel using tantalum carbide powder as an additive to the dielectric.
Bhattacharya et al. [104] evaluated the influence of different tool and powder combinations
on the micro-hardness of the modified surface. The study found that the merger of the
W-Cu tool and W powder particles to the dielectric develops the hardest modified surface
compared to the surfaces achieved using Gr and Si powder-mixed dielectrics.

7.5. Machining of Non-Conductive Materials

The machining of non-conductive materials in the PMEDM process is yet to be ex-
plored. Kucukturk & Cogun [105] performed non-conductive ceramics via PMEDM by
mixing Gr powder in the dielectric medium. The machined surface was coated with a
conductive layer to ensure the sparking.
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8. Future Research Directions of the PMEDM Process

In the past ten years, several researchers have published review articles on the poten-
tiality of the electric discharge machining and coating process for surface modification and
highlighted research directions yet to be explored. The ISI-indexed review articles based
on journal citation reports (JCR) have been tabulated chronologically in Table 4.

Table 4. Review articles on the PMEDM process over the past decade.

Review Article
(Year/JIF 1/Quartile)

Journal/Publisher Future Research Directions

[106]
An insight on Powder-Mixed
Electric Discharge Machining:

A state-of-the-art review
(2022/2.75/Q2)

Journal of Engineering
Manufacture/SAGE

1. PMEDM process associated with composite
coated electrodes.
2. PMEDM process coupled with laser and
ultrasonic machining.
3. Employment of shape memory alloys in the
PMEDM process.
4. Deep learning algorithms for the PMEDM process.

[107]
Investigation of Coatings, Corrosion and

Wear Characteristics of Machined
Biomaterials through Hydroxyapatite

Mixed-EDM Process: A Review
(2021/3.62/Q2)

Materials/MDPI

1. Uniform thin coating formation with
homogeneous alloying.
2. Uniform distribution of HAp-based oxide and
carbide on the deposited coat and its phase analysis.
3. HAp doped with reinforced additives for proper
distribution and enhancing mechanical properties
of biomaterials.
4. Measuring residual stress and wettability of
the coating.

[108]
Transition from EDM to PMEDM—Impact of
suspended particulates in the dielectric on

Ti6Al4V and other distinct material surfaces:
A review

(2021/5.01/Q2)

Journal of
Manufacturing Processes/

ELSEVIER

1. Evaluating the Recast Layer (RL) metallurgical
behavior (phase distribution and grain
size/refinement), bond strength (coherence with the
substrate), and homogeneity of the various surface
compounds over a specific area.
2. The optimum powder concentration range by
reducing the particles’ size from the micro to
the nanoscale.
3. Enhancing uniform spread of coated layer and
dispersion of the powder particles to
avoid agglomeration.
4. The effect of the shape and size of the powder
particles and tool electrode on the outcome responses.
5. Factors affecting material melting/vaporization /
re-solidification and alteration in the craters’
morphology (size and shape).
6. Multiple powders in the dielectric medium to
improve the tribological and bio-adaptive
characteristics using PMEDM.
7. Develop realistic practical models for improving the
PMEDM process considering its stochastic nature.

[109]
Bio-ceramic coatings adhesion and

roughness of biomaterials through PM-EDM:
a comprehensive review

(2020/4.61/Q2)

Materials and Manufacturing Processes/
TAYLOR &

FRANCIS INC

1. Assuring uniform bio-ceramic coating for
improving biocompatibility.
2. Suitable distribution of nano-porosities on the
modified surface.
3. Improvement by effectively adding surfactant with
HAp for uniform dispersion in dielectric fluid.
4. Optimal discharge energy for enhanced adhesion
and surface roughness.

[13]
Assessment of PM-EDM cycle factors
influence on machining responses and
surface properties of biomaterials: A

comprehensive review.
(2020/3.31/Q2)

Precision
Engineering/ELSEVIER

1. Quantification of nano-porous surface and its
porosity distribution on the machined surface.
2. Uniform dispersion of additives during the
machining process.
3. Formulation for selection of suitable additives
for biomaterials.
4. Controlling the presence of amorphous elements
during the coating process.
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Table 4. Cont.

Review Article
(Year/JIF 1/Quartile)

Journal/Publisher Future Research Directions

[58]
Powder mixed-EDM for potential

biomedical applications: A critical review.
(2020/4.61/Q2)

Materials and Manufacturing Processes/
TAYLOR &

FRANCIS INC

1. Developing uniform thickness of the coating.
2. Formulating optimum process factors for enhancing
surface characteristics and mechanical properties.
3. Development of the anti-bacterial coating as
per standardization.
4. Minimizing toxic and corrosive active elements and
compounds during the coating process.

[110]
Recent Advances and Perceptive

Insights into
Powder-Mixed Dielectric Fluid of EDM

(2020/2.89/Q2)

Micromachines/
MDPI

1. Exploration of PMEDM mechanism to find an
optimum relationship among the machining
parameters, powder properties, machined and
modified surface characteristics.
2. Environmental health issues related to using a
dielectric fluid with additives.
3. Machining of non-conductive materials.
4. Reduction of machining time in case of precisely
accurate parts.

[39]
A systematic review on powder mixed

electrical discharge machining.
(2019/0.46/Q2)

Heliyon/
ELSEVIER

1. Proper pumping mechanism and dielectric selection
for smooth powder particle flow.
2. Optimum concentration of powder particles for
surface modification.
3. Agglomeration and settlement of powder particles at
the bottom of the tank.
4. Separation of powder particles and debris
for reusability.

[14]
State of the art in powder-mixed electric

discharge machining: A review
(2017/2.61/Q2)

Journal of Engineering
Manufacture/SAGE

1. An efficient mechanism and appropriate dielectric
for flushing powder particles.
2. Collection of dense powder particles at the tank base.
3. The required amount of powder particles for
surface modification.
4. Eco-friendly process.
5. System for separation of debris from the
powder particles.

[111]
A Review of Additive Mixed-Electric

Discharge Machining: Current Status and
Future Perspectives for Surface Modification

of Biomedical Implants
(2017/1.72/Q3)

Advances in
Materials Science
and Engineering/

Hindawi

1. Controlling and measuring the actual thickness of
the coated layer.
2. Optimum relationship between powder
concentration and layer thickness size for
surface coating.
3. Material deposition monitoring during the
machining process.
4. Uniformity of coated layer to provide
implant-bone bonding.
5. Formulation of optimum process parameters for
all powders.

[112]
State of the art in powder mixed dielectric

for EDM applications
(2016/3.31/Q2)

Precision
Engineering/ELSEVIER

1. Effect of particle shape on performance parameters.
2. Comparison between various powder materials,
sizes, and concentrations for finding the
powder-specific application of PMEDM.
3. Relationship between powder and concentration
with the influence of vibration frequency and
amplitude on PMEDM performance.

[113]
Current trends in electric discharge
machining using micro and nano

powder materials—A Review
(2015/26.94/Q1)

Materials Today/ELSEVIER

1. Effect of particle shape on the performance
parameters, for instance, machining efficiency, surface
finish and tribological properties, are yet to be explored
in the PMEDM process.
2. Impact of particle shape while considering
micro/nano levelled powder particles.

1 Journal Impact Factor.
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9. Challenges to Commercialize PMEDM Process

The PMEDM process is still open-ended and requires a technological breakthrough to
enter the production market. Numerous researchers have claimed that superior surface
quality and enhanced productivity can be achieved with the PMEDM process, but still,
several challenges impede the embarkation of PMEDM industrialization.

9.1. Cost Effectiveness

The accumulation of powder particles at the tank’s base adds cost and alters the
powder concentration during the machining process [112]. The homogeneity of the powder
particles in the dielectric medium can be explored by adding an effective surfactant to the
powder-mixed dielectric, and ultrasonic vibration may prevent the settlement of powder
particles. An effective PMEDM circulation system is desired that launches a commercially
cost-efficient solution to restrain the powder agglomeration and deposition at the base of
the machining tank [112]. Figure 9 represents the illustration of the PMEDM circulation
setup. The mixing of debris with the powder material may primarily affect the outcome.
Magnetic filters can be introduced to separate the debris in the filter system to avoid mixing
with the dielectric and powders.

Figure 9. Representation of PMEDM Circulation Setup [112].

9.2. Longevity of the Deposited Layer

The researchers do not claim the life span of the coated layer deposited by the PMEDM
process. However, multiple research studies have evaluated the adhesion strength, micro-
hardness, and degradability of the coated layer onto the machined surface [112].

9.3. Reusability of the Powders

During the PMEDM process, the chemical transformation of the powders (micro and
nano size) can occur, which restricts their re-use and may require procuring the powders
in large quantities for experimentation. During the coating process, a minimal amount of
powder is utilized on the substrate, and a significant amount is flushed out. Due to the
stochasticity of the process, the justification for powder consumption and determination of
powder concentration for a specific application is a challenge for the commercialization of
the PMEDM process.
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9.4. Machining Time

Industrial manufacturing processes are generally for lengthy durations. The exper-
imental studies of the PMEDM process usually require a short machining time. For
industrial applications, it would be a real challenge to introduce this process for the long
period of machining and coating work.

9.5. In Situ Monitoring of the PMEDM Process

The addition of powders in the submerged machining process may obstruct the
visibility of the ongoing process. With the technological advancements in manufacturing
processes, advanced industries are pursuing on-stage monitoring to ensure the dimensional
accuracy of manufactured parts. In the PMEDM process, adding the powder to the dielectric
fluid makes it challenging to monitor and visualize the outcome during the machining and
coating process.

9.6. Health, Safety and Environmental Considerations

The social responsibility of PMEDM users demands deliberation on health and envi-
ronmental safety measures. The operator’s exposure to the fumes generated from powder
mixed dielectric, the explosibility of powder materials, and discarding dielectric are critical
factors that require specific working procedures. International standards can be developed
and implemented after certification from the regulatory authorities.

10. Limitation

This review study has a potential limitation that covers only the general understanding
of the PMEDM process and its effectiveness. The transition from EDM to PMEDM discov-
ered an emerging technological approach to simultaneously machine and coat materials,
i.e., still at the early research stage. This technology got the attention of researchers to func-
tionalize it on biomaterials for easy, inexpensive and standard compliance manufacturing
of bioimplants. Therefore, this article also demonstrates the utilization of the PMEDM
process for the machining and coating metallic biomaterials.

11. Summary

From the deliberations, the PMEDM method is recommended as an efficient emerging
manufacturing process that can perform concurrent coating and machining of biomaterials.
The performance parameters of the PMEDM process, such as MRR, TWR, surface roughness,
recast layer thickness, bonding/adhesion strength, microhardness, biocompatibility, and
resistance to wear and corrosion depend significantly on the correlated process factors
due to its stochastic behavioral mechanism. Consequently, appropriate formulation of the
process factors and the additive powders are required to achieve the significant performance
measures of this process before its industrialization.

This article reviews the PMEDM process, applicability, trend, and futuristic perspective
based on the current research study. It highlights the mechanism of the PMEDM process, the
impact of powder attributes and EDM process parameters on the performance parameters.
It also reviews the influence of tool electrodes and additive powders on the machined
and modified surface of commonly used biomaterials. Furthermore, the study represents
the most used methods for optimising the PMEDM process, futuristic research directions,
challenges, and research trends over the past decade.
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96. Tümer, D.; Güngörürler, M.; Havıtçıoğlu, H.; Arman, Y. Investigation of effective coating of the Ti–6Al–4V alloy and 316L stainless
steel with graphene or carbon nanotubes with finite element methods. J. Mater. Res. Technol. 2020, 9, 15880–15893. [CrossRef]

97. Jampana, V.N.R.; Rao, P.S.V.R.; Sampathkumar, A. Experimental and Thermal Investigation on Powder Mixed EDM Using FEM
and Artificial Neural Networks. Adv. Mater. Sci. Eng. 2021, 2021, 8138294. [CrossRef]

98. Bhattacharya, A.; Batish, A.; Singh, G.; Singla, V.K. Optimal parameter settings for rough and finish machining of die steels in
powder-mixed EDM. Int. J. Adv. Manuf. Technol. 2011, 61, 537–548. [CrossRef]

99. Mohri, N.; Saito, N.; Higashi, M.; Kinoshita, N. A New Process of Finish Machining on Free Surface by EDM Methods. CIRP Ann.
1991, 40, 207–210. [CrossRef]

100. Peças, P.; Henriques, E. Influence of silicon powder-mixed dielectric on conventional electrical discharge machining. Int. J. Mach.
Tools Manuf. 2003, 43, 1465–1471. [CrossRef]

101. Kibria, G.; Bhattacharyya, B. Investigation into micro-hole geometrical accuracy during micro-EDM of Ti-6Al-4V employing
different dielectrics. Int. J. Mach. Mach. Mater. 2011, 10, 310. [CrossRef]

102. Kibria, G.; Bhattacharyya, B.; Chinesta, F.; Chastel, Y.; El Mansori, M. Analysis on Geometrical Accuracy of Microhole during
Micro-EDM of Ti-6Al-4V using Different Dielectrics. AIP Conf. Proc. 2011, 1315, 155. [CrossRef]

103. Chen, S.-L.; Lin, M.-H.; Huang, G.-X.; Wang, C.-C. Research of the recast layer on implant surface modified by micro-current
electrical discharge machining using deionized water mixed with titanium powder as dielectric solvent. Appl. Surf. Sci. 2014, 311,
47–53. [CrossRef]

104. Bhattacharya, A.; Batish, A.; Kumar, N. Surface characterization and material migration during surface modification of die steels
with silicon, graphite and tungsten powder in EDM process. J. Mech. Sci. Technol. 2013, 27, 133–140. [CrossRef]

105. Kucukturk, G.; Cogun, C. A new method for machining of electrically nonconductive workpieces using electric discharge
machining technique. Mach. Sci. Technol. 2010, 14, 189–207. [CrossRef]

106. Srivastava, S.; Vishnoi, M.; Gangadhar, M.T.; Kukshal, V. An insight on Powder Mixed Electric Discharge Machining: A state of
the art review. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2022. [CrossRef]

107. Al-Amin, M.; Abdul-Rani, A.M.; Danish, M.; Rubaiee, S.; Mahfouz, A.B.; Thompson, H.M.; Ali, S.; Unune, D.R.; Sulaiman, M.H.
Investigation of Coatings, Corrosion and Wear Characteristics of Machined Biomaterials through Hydroxyapatite Mixed-EDM
Process: A Review. Materials 2021, 14, 3597. [CrossRef]

108. Philip, J.T.; Mathew, J.; Kuriachen, B. Transition from EDM to PMEDM—Impact of suspended particulates in the dielectric on
Ti6Al4V and other distinct material surfaces: A review. J. Manuf. Process. 2021, 64, 1105–1142. [CrossRef]

65



Machines 2023, 11, 381

109. Al Amin, M.; Rani, A.M.A.; Aliyu, A.A.A.; Bryant, M.G.; Danish, M.; Ahmad, A. Bio-ceramic coatings adhesion and roughness of
biomaterials through PM-EDM: A comprehensive review. Mater. Manuf. Process. 2020, 35, 1157–1180. [CrossRef]

110. Abdudeen, A.; Abu Qudeiri, J.E.; Kareem, A.; Ahammed, T.; Ziout, A. Recent Advances and Perceptive Insights into Powder-
Mixed Dielectric Fluid of EDM. Micromachines 2020, 11, 754. [CrossRef]

111. Aliyu, A.A.; Abdul-Rani, A.M.; Ginta, T.L.; Prakash, C.; Axinte, E.; Razak, M.A.; Ali, S. A Review of Additive Mixed-Electric
Discharge Machining: Current Status and Future Perspectives for Surface Modification of Biomedical Implants. Adv. Mater. Sci.
Eng. 2017, 2017, 8723239. [CrossRef]

112. Marashi, H.; Jafarlou, D.M.; Sarhan, A.A.; Hamdi, M. State of the art in powder mixed dielectric for EDM applications. Precis.
Eng. 2016, 46, 11–33. [CrossRef]

113. Bajaj, R.; Tiwari, A.K.; Dixit, A.R. Current Trends in Electric Discharge Machining Using Micro and Nano Powder Materials—A
Review. Mater. Today Proc. 2015, 2, 3302–3307. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

66



machines

Article

Enhancing Dimensional Accuracy in Budget-Friendly 3D
Printing through Solid Model Geometry Tuning and Its Use
in Rapid Casting

Barun Haldar

Mechanical Engineering Department, College of Engineering, Imam Mohammad Ibn Saud Islamic
University (IMSIU), Riyadh 11432, Saudi Arabia; bhaldar@imamu.edu.sa

Abstract: Achieving precise dimensional accuracy and improving surface quality are the primary
research and development objectives in the engineering and industrial applications of 3D printing
(3DP) technologies. This experimental study investigates the pivotal role of solid model geome-
try tuning in enhancing the dimensional accuracy of affordable 3D printing technologies, with a
specific focus on economical engineering applications. This experiment utilises low-cost Material
Extrusion/Fused Filament Fabrication (FFF) and Stereolithography (SLA)/Digital Light Processing
(DLP) 3D-printed patterns for the meticulous measurement of errors in the X, Y, and Z directions.
These errors are then used to refine subsequent solid models, resulting in a marked improvement
in dimensional accuracy (i.e., 0.15%, 0.33%, and 2.16% in the X, Y, and Z directions, respectively) in
the final DLP 3D-printed parts. The study also derives and experimentally validates a novel and
simple mathematical model for tuning the solid model based on the calculated linear directional
errors (ei, ej, and ek). The developed mathematical model offers a versatile approach for achieving
superior dimensional accuracy in other 3D printing processes. Medium-sized (4 to 10 cm) wax-made
DLP- and PLA-made patterns are used to test the ceramic mould-building capacity for rapid casting
(RC), where the FFF-based 3D-printed (hollow inside) pattern favours successful RC. This work
comprehensively addresses the critical challenges encountered in low-cost DLP and FFF processes
and their scopes in engineering applications. It provides novel suggestions and answers to improve
the effectiveness, quality, and accuracy of the FFF 3D printing process for future applications in RC.

Keywords: low-cost 3D printing; additive manufacturing; dimensional accuracy enhancing; rapid
casting; Industry 4.0

1. Introduction

1.1. The 3D Printing Technology and Its Industrial Significance

Basic 3D printing (3DP), a layer-by-layer generative manufacturing process, also
known as rapid prototyping (RP), began in the 1980s with the innovation of 3D Systems
Inc. CA [1]. Due to its accessibility, 3DP was initially utilised for prototyping by archi-
tects and designers. Its usage has now extended to schools, homes, offices, libraries, and
labs [2], primarily due to its affordability. The technological and material evaluation tends
to the direct manufacturing (DM) [2] of lightweight, strong, and safe products just-in-time
with cost benefits. To meet the demands of the ongoing industrial revolution, additive
manufacturing (AM)/3DP technologies are booming areas of research and enabling the
production of exotic industrial products and even artificial human organs directly from
the designed 3D model. The ability to manufacture integrated and complex geometries
(which are impossible to produce using conventional manufacturing processes) [3], with
high precision, material savings, and design flexibility [4], represents the key features of
this cutting-edge technology [5], making it a fundamental component of Industry 4.0 [6].
It offers the potential for mass customisation and personalisation, thereby providing an
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opportunity to eliminate high custom-tailored production costs [4]. Moreover, it enhances
response time, shortens supply chains, cuts storage and delivery costs, and reduces lead
times for crucial replacement parts in on-demand manufacturing [3] according to historical
global survey statistics and forecasts on yearly spending for final 3DP component man-
ufacturing provided by Hubs, Wohler’s Associates, and SmarTech [7–11] are depicted in
Figure 1.

Figure 1. Projection of additive manufacturing (AM) worldwide market values [7–11].

AM is rapidly expanding in today’s industrial sectors, and the demands of AM have
increased almost fourfold in the last five years. Out of the total parts manufactured by
3DP worldwide in 2020 (as plotted in Figure 2), 47% were prototypes, 21% were jigs and
fixtures, 29% were aesthetic and functional parts, and 3% were others (data source: Additive
manufacturing trend report 2021, Hubs) [8].

Figure 2. Worldwide applications of AM products [8].

The various AM methods’ in-built rate vs. machine cost are presented in Figure 3.
Among the various 3DP technologies available, four main additive manufacturing

methods stand out: fused deposition modelling (FDM)/material extrusion, binder jetting,
stereolithography(SLA), and selective laser sintering (SLS) [4]. In direct metal 3DP/AM
processes, the price of the laser and the cost of the raw ingredients (metal powders) make
the abovementioned methods expensive to invest in. Industrial-grade metal 3D printers
can range in price from several hundred thousand to a few million USD [12], while FDM or
SLA printers typically range from a few hundred to a few thousand USD. Figure 4 displays
the global share of metal-based AM technologies sold in 2020.
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Figure 3. Comparing AM processes in-built rate vs. machine cost [12].

Figure 4. The worldwide metal additive manufacturing market in 2020 [3].

On the verge of the growing popularity of low-cost 3DP technologies, FDM/FFF and
SLA are the two leading technologies in consideration. In addition, these two technologies
are promising for utilisation in the pattern making of RC to produce metallic industrial
products in an indirect route. The comparative characteristics of direct metal 3DP vs.
polymer and photo-polymer-based low cost (FFF/SLA) are tabulated in Table 1.

Table 1. Some comparative critical characteristics of direct 3DP and FFF or SLA cum ceramic casting.

Characteristics
Metallic Product Manufacturing Through:

FDM/FFF or SLA Patterns Direct 3DP

Advantages:

Low cost (polymer) of products, prototypes, and
patterns 3DP
Low- to medium-complexity metal products can
be manufactured by casting using 3D-printed
patterns
Customised product manufacturing
Flexible in metal, alloys, super alloys, product
making, etc.

Direct metal product 3DP
High-complexity product-building capacity
Customised product manufacturing
Wide range of metals and alloys using scopes
Scope for product weight reduction (by
producing internal mesh structure) for efficient
exotic applications like aerospace and medical
implants. . .
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Table 1. Cont.

Characteristics
Metallic Product Manufacturing Through:

FDM/FFF or SLA Patterns Direct 3DP

Limitations:

Costly setup, peripherals, and raw materials
High running and maintenance cost
Limited manufacturer of metal 3DP machines

Need skilled staffing
Higher production time (due to 3D printing and
ceramic/investment casting)
A metallic internal mesh structure is not possible

Research scope:

Dimensional accuracy and surface
topography [13]
Microstructure structure control and defects
Artificial intelligence (AI) integration for process
control and quality improvement
Atomic self-assembly [14] or area-selective
atomic layer deposition [15] for faster and quality
production
Use of difficult-to-machine exotic materials like
MMCs, super alloys and nano-materials
Quality improvement and cost minimisation [1]

Dimensional accuracy and surface topography [1]
Printing speed and size [1] improvement
Widening range of 3DP materials
Use of difficult-to-machine exotic materials like
MMCs, super alloys, etc.
Quality improvement and cost minimisation [1]

Note: Material extrusion/FFF technology is also under development for direct metal product manufacturing [16].

Advanced metal 3DP (Selective Laser Melting (SLM)) technologies, namely Direct
Metal Laser Sintering (DMLS), Selective Laser Sintering (SLS), Direct Metal Printing (DMP),
Laser Powder Bed Fusion (LPBF), and Selective Laser Melting (SLM) [17], use expensive
energy sources like laser, electron beam, and costly metal powder for obtaining an exotic
metal product through 3DP. This technology allows for free-form design with higher
complexity and enables the manufacture of items that no other manufacturing process can
produce. Shapes with lower to moderate complexity can be cost-effective through indirect
or alternative methods, such as RC. Continuous research and development in FMD/FFF
and SLA 3DP technologies are necessary for such benefits to be obtained in industrial
contexts. The global demand trends of using polymer and photopolymer in AM were
reported (2022) by Wohlers Association [18] and are plotted here in Figure 5.

Figure 5. Growth of the polymer and photopolymer market worldwide [18].

With the improved dimensional accuracy of low-cost FFF and SLA 3D printing pro-
cesses, these technologies could gain more popularity in the investment casting of exotic
materials and alloys, potentially facilitating cellular manufacturing and encouraging en-
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trepreneurship. To assist in selecting an affordable Fused Filament Fabrication (FFF) or
Stereolithography (SLA) process, the comparative characteristics of these processes are
provided in Table 2.

Table 2. The characteristics of FFF and SLA (DLP) 3DP.

Characteristics FDM/FFF process DLP 3DP

Cost:
Mostly available low-cost
printer Available low-cost printer

Consumable: Filament Vat resin, fluorinated ethylene
propylene (FEP) film

Running skills: User friendly The skilled operator is essential in
changing FEP film and VAT resin.

Health issue:
Safe in handling
No smell

VAT resin is toxic and detrimental
to respiratory and cardiovascular
[19] organs

Maintenance: Easier Relatively difficult

Running cost: Low Relatively high

Accuracy: Poor Poor

Surface quality:
Poor due to wavy surface and
stair-casing effects [Figure 6a]

Sooth horizontal and vertical
surfaces but sharp stair-casing
results in slanting characters
[Figure 6b].

Complexity:
Highly complex geometry
builds possible

Suitable for low- to
medium-complexity geometry

Material savings:

Inside mesh/honeycomb
structure [Figure 6a] can save
material, and it is favourable
to accommodate thermal stress
in RC ceramic shell burning

Inert [Figure 6b] and material
saving is not possible

The layer-by-layer material build mechanisms of FFF and DLP 3DP processes are
shown in Figure 6a,b, respectively.

The mesh/honeycomb building capacity of FFF 3DP under the surfaces of the work-
piece is adequate for material savings, while using it as a pattern in RC, it can also easily
accommodate thermal expansion due to burning of the ceramic mould for cavity making.
On the other hand, the SLA process is well established for minimal non-engineering prod-
uct RC, like, making of jewellery, dentistry [20–23], items where dimensional tolerance is
not mandatory.

The improvement in the dimensional accuracy of such low-cost FFF and SLA processes
and experimental investigations to use such patterns in RC may beget effective outcomes
for the successful engineering implementation of such technology. This may significantly
reduce the initial investment cost for manufacturing metallic products in the rapid casting
(RC) route, which is favourable for fostering entrepreneurship development and industrial
applications.
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Figure 6. The layer-by-layer material build mechanisms of (a) FFF and (b) DLP 3D printing processes.

1.2. Integration of 3DP in Rapid Casting in Industrial Contexts

The World Casting Census 2019, published by the American Foundry Society in 2021,
reported the existence of more than 45,377 [24] well-functioning metal casting plants world-
wide. Approximately 10% of these plants produce high-quality steel products through the
ceramic shell and/or investment casting processes. These processes are near-net-shaped
manufacturing methods that enable the production of complex metal shapes with a high
dimensional accuracy and excellent surface finish [25], often without the need for post-
processing. The main advantages of conventional IC are [26]:

Shape complexity: almost any degree of external complexity and a wide range of internal
complexity can be achieved;
Freedom of alloy selection: super alloys, MMC, advanced materials, etc.;
Close dimensional tolerances: consistent and repetitive close tolerances [27] and accu-
racy grade between CT4 and CT8 [28];
The availability of prototype and temporary tooling;
Reliability: demanding industries, including gas turbine engines, petroleum, chemicals,
military, and medicine, have long relied on investment casting [27];
Wide range of applications: few grams to more than 300 kg.

The ceramic shell mould can withstand high pouring temperatures (1500 ◦C to
1600 ◦C) [29], which makes the process compatible with casting high-temperature melting
point metals, such as Y2O3, CaZrO3, etc. Ceramic shells [30,31] enable the casting of metals
like titanium (with a melting point above 1600 ◦C) and superalloys.

The hybridisation of investment casting using a low-cost 3DP (FFF, SLA) pattern
can overcome the use of the high investment cost (varies from 100K to 2M USD) [12] of
metal 3DP.

Additionally, the hybridisation of cost-effective 3D printing (FFF, SLA) with invest-
ment casting has the potential to eliminate mutual limitations and yield combined ad-
vantages from both processes. The key characteristics of low-cost 3D printing (FFF, SLA),
investment casting (IC), and RC (hybrid) are summarised in Table 3.
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Table 3. The characteristics of low-cost 3D printing (FFF, SLA), investment casting (IC), and RC [1].

Characteristics
Low-Cost (FFF, SLA) 3DP

(AM) Technologies
Investment Casting

Rapid Investment
Casting/Rapid Casting

Cost: Low Metallic die price is affordable
in mass production only.

Profitable for job production
to batch production, reverse

engineering, just-in-time, and
cellular manufacturing

Material: Low melting points like PLA,
PVA, WAX, etc. Metals, alloys, super alloys Metals, alloys, super alloys

Production time: 1 to 7 days for a batch of
product

Significant time consumed
initially for making metallic dies 2-8 days for a batch of product

Geometry complexity:

FDM/FFF can make any
complex internal geometry, and

any externally connected
internal geometry can be made

using SLA 3DP

Any externally connected
internal geometry can be made

using SLA 3DP

Any externally linked internal
geometry can be made using

SLA 3DP

Just-in-time: Possible Not viable for small amounts
and quick delivery Possible

Cellular manufacturing: Possible NA Possible

Reverse engineering: Possible NA Possible

Finally, the augmentation of cost-effective metal products using RIC/RC (hybrid)
will reduce the initial investment cost and production cost in some production ranges.
Additionally, a wide variety of raw materials, including metals, alloys, superalloys, and
metal matrix composites, can be used, thereby opening up further research opportunities.
The expansion of metallic product manufacturing through rapid casting (RC) using Fused
Filament Fabrication (FFF) or Stereolithography (SLA) patterns may present the follow-
ing research and application opportunities, as depicted in the schematic gear diagram
in Figure 7.

Aircraft engines, robot parts, airframes, aerospace, missiles, fuel systems, automotive,
bicycles and motorcycles, materials handling equipment, ground support systems, agricul-
tural equipment, textile equipment, baling and strapping equipment, dentistry and dental
tools electrical equipment, cameras, electronics, radar, guns and small armaments, hand
tools jewellery, machine tools, metalworking equipment, pneumatic and hydraulic systems,
oil well drilling and auxiliary equipment, prosthetic appliances, high-pressure pumps,
sports items, turbines, and wire processing equipment/parts [26] could all be effectively
manufactured using the RC/RIC process.

The present state-of-the-art research status of hybrid 3DP and casting, i.e., RC, is
presented in Table 4.

Table 4. The research status of RC (hybrid) and IC.

Researcher/s
Details

Research Objectives Materials Results/Conclusion

(2021),
F. Li et al. [32]

SS impeller RC through
3DP of ceramic shell

Al2O3.2SiO2 (calcined
kaolin) suspension and
UV-curable resin binder,
sintered at 1200 ◦C

Shell work surface
roughness 4.51~4.82 μm
Post-treatment of the
ceramic shell with a fine
clay ceramic layer
improved the surface
quality of the parts
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Table 4. Cont.

Researcher/s
Details

Research Objectives Materials Results/Conclusion

(2020),
M. Mukhtarkhanov et al. [33]

RC through FEM and SLA
3DP Patterns: ABS, PLA, WAX

Surface finish 83%
enhanced due to the
post-treatment of ABS and
PLA patterns.
Wax pattern tolerance limit
up to 500 μm

(2019),
UE Klotz et al. [31]

IC of titanium alloys with

Silica and calcium
zirconate (CaZrO3) shell,
yttria face coat on
alumina-based crucibles,
CaZrO3 crucibles

CaZrO3 showed stability
as a shell and crucible in Ti
casting

(2019),
V. K. Tiwary et al. [34]

FDM-based pattern for
improving the surface
quality of medical implants

Pre- and post-processing of
acrylonitrile butadiene
styrene FDM pattern for IC
of low alloy carbon steel

Surface roughness
decreased from 23.37 to
0.68 μm, dimensional
divergence from 1 to 3%,
and lead time reduced
from one week to one day
Polystyrene/wax/ PLA as
FDM pattern materials
could be used for
comparative study

(2018),
D. Wang et al. [35]

Shorten the production
cycle time of the IC
impeller through
simulation and
optimisation of the gating
system

Wax patterns: high-impact
polystyrene (HIPS) and
photosensitive resin by SLS
and SL processes. Mould
shell: Silica and zircon clay

Rapid IC reduces
production lead time and
costs and improves
product quality
The photosensitive resin is
not suitable for IC

(2013),
Y. Chen et al. [30]

Thin-walled
high-temperature Ti alloy
IC

Wax patterns made using
an aluminium mould
Y2O3, ZrO2, and Al2O3
shell pre-heating at 300,
600, and 900 ◦C and filled,
mesh pattern used for
filling capacity evaluation

High pre-heating
temperature increases
interfacial reaction, Y2O3
shell performs better at 300
◦C pre-heating
Using a 3D-printed pattern
for making a Y2O3 shell
and a comparative study
could be performed in IC

(2012),
M. Macků and M.

Horáček [36]

Dimensional changes
study in FDM to IC of
AlSi7Mg0.6

FDM ABS pattern was
used in the silicon die of
the wax pattern making

Dimensional variation in
the final product is about 1
to 2%
The use of direct wax
pattern 3DP may further
improve dimensional
accuracy
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Table 4. Cont.

Researcher/s
Details

Research Objectives Materials Results/Conclusion

(2010),
S. Wang et al. [37]

Expandable plastic
patterns used in IC

The plastic pattern is burnt
at 1120 ◦C to obtain a
cavity in the ceramic shell

Successful metal IC
Plastic patterns burning
may cause
environment-related issues

(2011),
M. Vaezi et al., 2011 [38]

Reverse engineering using
RC of turbine blades

Wax patterns made by
MultiJet Modelling (MJM)
and CNC machined
aluminium die

MJM technology is cheaper
and has a shorter lead time
for job-shop production
CNC-machined aluminium
dies may be beneficial in
mass production

(2007),
E. Bassoli and A. Gatto [39]

Dimensional accuracy in
the cavity of light-alloys IC

Starch patterns and ZCast
process

ZCast shows satisfactory
results
The ZCast process leaves
parting line marks on the
product surface

Figure 7. Research and the application scopes of RC/RIC through 3DP.

Searches and reviews indicate that there has been limited research conducted on the
RC/hybridizing of 3DP and the precision casting process. The process has considerable
potential to reduce the production cost from job shop to batch production levels. Unless
the direct metal 3D printing process becomes cost-effective (which is challenging), the RC
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process may serve as an alternative, to some extent, for cost-effective production. Therefore,
the use of affordable 3D printers has the potential to significantly reduce overall production
costs if the dimensional accuracy of such 3D printing can be enhanced for engineering
and industrial applications. The author of this work employed solid model geometry
adjustments to enhance the dimensional accuracy of affordable FFF and SLA/DLP printing
patterns. These adjustments were experimentally applied in ceramic casting to explore the
potential for further development in this field. A schematic overview of the present work
is given in Figure 8.

Figure 8. The inherent target of the present investigation of solid model tuning.

1.3. Statement of the Research Objectives

This work aims to explore the potential application of affordable prototype-making
3D printers in engineering product manufacturing through a novel solid model tuning
technique and its implementation in rapid casting (RC). To achieve these aims, the following
objectives are set in this experimental investigation to improve the dimensional accuracy
and quality of the final product.

To develop a solid model (1st phase) and 3DP by FFF and SLA (DLP) technology and
measure the dimensional variations in X, Y, and Z directions.
Tuning/modifying first solid mode by adjusting dimensional variations (allowances)
in X, Y, and Z directions and developing a modified solid model (second) and 3DP for
dimensional accuracy improvement verification.
A modified solid model is used for pattern printing in the FFF and SLA (DLP) process
and tested to make the same metallic parts in rapid casting.
Exploring the technical issues and remedial measure findings as the future scope of
this work.

2. Materials and Methods

2.1. Three-Dimensional Printing Machine and Material Details

A budget-friendly DLP and an FFF 3DP machine are used in this investigation. The
machine and material details are as follows:

SLA 3D printer: JX215 (China make) DLP (light curing LCD) 3D printer with volume-
built rate (215 × 135 × 15) mm3 per hour, LCD screen spot size 0.0067 mm2, 405 nm light
wavelengths based wax photopolymer resin, layer thickness 0.025 mm. Slicer 2.4.0 software
supplied with the machine makes STL files from Auto CAD 3D models.

FFF 3D printer: Ultimaker S3(USA made) FFF 3D printer with built size (230 × 190
× 200) mm3, speed ~24 mm3/s, nozzle size 0.25 mm, PLA filament, nozzle temperature
220 ◦C.
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2.2. RC Mould Making and Material Details

Silica sand (180 to 300 microns) and gypsum, mixed in a 50:50 wt.% ratio with water,
are stirred to create clay. A small amount of acetone (1 to 2%) is added to reduce bubbles in
the clay. The patterns, which are fixed inside the mould box, are submerged in the ceramic
slurry and left for an hour. After solidification, the moulds are baked in a muffle furnace at
temperatures of 650 ◦C, 450 ◦C, and 350 ◦C for 2 h, 4 h, and 8 h, respectively. Brass is used
as the working material for casting tests.

2.3. Techniques for Solid Model Geometry Tuning

The technique and experimental procedure for the tuning of the solid model dimen-
sions are described with the process flow cycle in Figure 9. All the measured dimensions
are the average of three consecutive measurements.

Figure 9. The process cycle of solid model tuning for error compensation in dimensional accuracy
improvement.

The Error-Tuning Model

The model for calculating the dimensions for the tuning of the 3D model, aiming to
obtain the targeted dimensions, is as follows:

Assume that the 3D model 1 dimension, 3DM1 =

⎧⎨
⎩

Xi
Yj
Zk

;

which is used to make the 3D-printed parts. But, after 3DP, the measured 3D-printed
pattern1 dimensions are

3DPP1 =

⎧⎨
⎩

Xi + ei
Yj + ej
Zk + ek

;

and now the tuning of the 3D model dimensions is

3DM2 =

⎧⎨
⎩

X2
i /(Xi + ei)

Y2
j /

(
Yj + ej

)
Z2

k /(Zk + ek)

;
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i.e., 3DM2 will expectedly produce 3DPP2 with the dimensions of 3DM1

3DPP2 ≈
⎧⎨
⎩

Xi
Yj
Zk

;

so, ⎧⎨
⎩

Xi
Yj
Zk

→

⎧⎪⎨
⎪⎩

X2
i /(Xi + ei)

Y2
j /

(
Yj + ej

)
Z2

k /(Zk + ek)
Final product dimensions Tuned 3D model dimensions

where, Xi, Yj, and Zk are the actual 3D model dimensions in the X, Y, and Z directions,
respectively, and ei, ej, and ek are the measured errors on 3D-printed parts in the X, Y, and
Z directions, respectively, using the same 3D model.

2.4. Rapid Casting Test

The tuned 3D model is employed in 3D printing to generate an enhanced pattern.
This pattern is then attached to a wax gating system and placed beneath a layer of ceramic
clay, resulting in the solidification of a green ceramic mould, as depicted in Figure 10a. The
green ceramic mould is then subjected to baking inside a muffle furnace to sacrifice the wax
pattern assembly and form a mould cavity. The worked metal (brass) is melted and heated
up to 1100 ◦C and then poured into the ceramic mould cavity, as shown in Figure 10b.

Figure 10. Rapid casting (a) green mould making and (b) pouring of molten material in a ceramic
mould.

After the workpiece solidifies and cools down, the ceramic mould is broken, and the
excess impressions (gating system: sprue, runner, risers, etc.) are removed, and the surface
is cleaned with a metallic brush and shop water.

3. Results and Discussions

Material extrusion/FFF and SLA/DLP 3D printing technologies are among the re-
cent low-cost 3D printing machines available on the market. The improvement in the
dimensional accuracy of these 3D printing processes within engineering tolerances can
be effective for engineering applications, potentially reducing the overall investment cost
of final products. Such an improvement can encourage the growth of small-scale and
micro-industries, as illustrated in Figure 11 below.
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Figure 11. A job shop floor plan for a future RIC micro-industry.

The future RIC industry described above would have the capability to manufacture a
wide variety of advanced materials and products for testing and job production.

3.1. Presentation of Empirical Data Showcasing Dimensional Accuracy before and after
Geometry Tuning

A simple 3D model is made for the ease of validating the error tuning model, and the
measured (as in Figure 12) and calculated data are given in Table 5.

Figure 12. Three-dimensional-printed specimen made from tuned model and error measurement
(a) in X, (b) in Y, and (c) in Z directions.

Table 5. Three-dimensional-printed parts dimensions before and after 3D model tuning.

3D Object
Directions

1st Model
Dimension

(Actual
Target)

1st Printed
Object

Dimensions
(mm)

Tuned 2nd
Model

Dimensions
(mm)

3DP
Specimen
after Solid

Model
Tuning (mm)

Actual Error
(%)

(Before
Validation)

Error (%) in
3D-Printed
Specimen

after
Validation

Reduction in
Error (%)
after First
Validation

X 40 40.48 39.52 40.42 1.2% 1.05% 0.15%

Y 30 30.12 29.88 30.02 0.4% 0.07% 0.33%

Z 25 24.51 25.51 25.03 −2.04% 0.12% 2.16%

For validating the tuned model, the dimensions of the 3D-printed parts are measured
before and after 3D model tuning, and the improvement in the dimensional accuracy is
given in Table 5.

By applying the developed mathematical model here, the dimensional accuracy of
rapid casting could be significantly improved, as observed in Table 5.

3.2. Observations in Rapid Casting

The trial experiment was performed to realize the rapid casting (as in Figure 13) ability
using the FFF and SLA(DLP) wax patterns. The observations and results of the rapid
casting test are provided in Table 6.
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Figure 13. Rapid ceramic casting process sequence in reality in this investigation.

Table 6. Observations on applications of low-cost FFF and DLP 3DP in rapid casting.

Pattern-Making
Process and

Material

Observations

Pattern Surface
Quality

Pattern Burning
Effects

Mould Quality
Rapid Casting

Status

FFF/PLA:

Rough surface
(Ra ≈ 20 μm);
Staircasing in
slanting surfaces

Smell in PLA
burnin
Small ash formed
in the mould
cavity

Mould formed
successfully
Some ash stacked
mould on the
inner side

Casting
completed
successfully
Minute surface
defects made due
to ash
Stair casting
impression
observed

SLA(DLP)/
Wax:

Smooth surface
(Ra ≈ 5 μm);
Staircasing in
slanting surfaces

No smell
No ash formed

A large crack
formed in the
mould due to the
thermal
expansion of the
wax pattern

Failed (due to
mould damage)

From the above observation, RC was not successful using the SLA wax pattern, which
was generated using the UV photopolymer. The researcher D. Wang et al., in 2018 [35], also
reported that photosensitive resin is not suitable for IC. On the other hand, it could be said
that the FFF pattern is more effective in making medium-sized ceramic moulds. This might
be due to the honeycomb/net structure/vacant space inside the pattern body surfaces that
may easily accommodate thermal stress [34], as schematically shown in Figure 14. R. V.
Baier et al. [40] demonstrated that low-cost, in-house FFF printers can efficiently produce
porous structures comparable to those made by commercial, higher-cost FFF 3D printers.
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Figure 14. Nature of thermal stress compensation in (a) solid/inert pattern by SLA and (b) honey-
comb/net structured pattern by FFF method and their effect on ceramic shell.

However, the rough surface of the FFF pattern and ash PLA content hinder the RC
product’s quality. So, FFF wax filament (non-ash content and no smell in burning) may
be selected for pattern 3DP with a surface modification for RC. The FFF pattern can save
pattern material and it is easier to modify the surface to improve the surface quality.

A circular nozzle is used to extrude the filament for layer deposition, which is a
common practice. Surface roughness, height loss, gap between the layers, etc., hinder
the quality of FFF 3DP. To improve surface quality in FFF 3DP parts/patterns, chemical
treatment, vapour treatment, polishing [34], laser polishing [41], and micro-grit/sand
blasting [42] techniques are practised by some researchers. Laser polishing shows promise
in enhancing strength and sustainability. Additionally, the printing quality of low-cost 3D
printers can be improved by increasing machine stiffness and reducing chatter [43].

The present author proposes using a rectangular FFF nozzle with rounded corners
to extrude a filleted square cross-section filament for layer deposition, as illustrated in
Figure 15a. This approach is expected to mitigate internal gaps and reduce height loss
compared to circular filament deposition, as shown in Figure 15b.

Figure 15. Geometrically proven improvement in deposition quality in FFF 3DP using (a) filleted
square cross-section compared to (b) round cross-section filament.

It is clear from the above figure that the filleted square cross-section extrusion nozzle
may have an effect on reducing the internal gaps in FFF-made parts, which could be a
future area of investigation.

4. Conclusions

The research survey and experimental investigation conducted in this study aim
to develop and establish solid model tuning for improving dimensional accuracy and
implementing it in engineering and industrial applications. This work leads to the following
observations being made:
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Highly complex parts that cannot be manufactured using other manufacturing pro-
cesses can be effectively produced through direct metal 3D printing. For low- to
medium-complexity metal parts, cost-effective production can be achieved through
the RC/RIC process.
A substantial amount of research and investigation is crucial for the commercialisation
of the RC/RIC process.
Affordable 3D printing (3DP) technologies, such as FFF or DLP processes, can poten-
tially be leveraged for cost-effective engineering applications and the manufacturing
of metal products using the RC/RIC route in job shop production houses through
solid model tuning.
The proposed and experimentally tested mathematical model for solid model geome-
try tuning can be applied to other 3D printing methods to enhance the dimensional
accuracy of 3D-printed products, making them compliant with engineering tolerances
and suitable for various applications.
This study examines the ceramic mould-building capacity for rapid casting (RC) using
medium-sized (4 to 10 cm) wax-made DLP patterns and PLA-made FFF patterns. The
hollow interior of the FFF-based 3D-printed patterns facilitates successful RC.
The suggested filleted square shape extruder nozzle may deposit better build quality
products than the commonly used circular extruder in FFF 3DP.
Such low-cost process development could enable the establishment of a room-based
or micro-scale RC/RIC industry with a low initial investment cost.

Immense research scopes exist in this domain to improve product quality and min-
imize production costs. Hence, rapid casting is a solution to produce low- to medium-
complexity metallic products in job-to-batch production.
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Nomenclature

3DP 3D Printing
AI Artificial Intelligence
AM Additive Manufacturing
DLP Digital Light Processing
DLS Digital Light Synthesis
DM Direct Manufacturing
DMLS Direct Metal Laser Sintering
DMP Direct Metal Printing
EBM Electron Beam Melting
FDM Fused Deposition Modelling
FEP Fluorinated Ethylene Propylene
FFF Fused Filament Fabrication
IC Investment Casting
LPBF Laser Powder Bed Fusion
MJF Multi Jet Fusion
MMC Metal Matrix Composite
PLA Polylactic Acid
RC Rapid Casting
RP Rapid Prototyping
SLA Stereolithography
SLM Selective Laser Melting
SLS Selective Laser Sintering
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Abstract: Small-Scale Turbines (SSTs) are among the most important energy-extraction-enabling
technologies in domestic power production systems. However, owing to centrifugal forces, the high
rotating speed of SSTs causes excessive strains in the aerofoil portions of the turbine blades. In this
paper, a structural performance analysis is provided by combining Finite Element Methods (FEM)
with Computational Fluid Dynamics (CFD). The primary objective was to examine the mechanical
stresses of a Small-Scale Radial Turbine (SSRT) constructed utilizing 3D printing technology and
a novel plastic material, RGD 525, to construct a SSRT model experimentally. After introducing
a suitable turbine aerodynamics model, the turbine assembly and related loads were translated
to a structural model. Subsequently, a structural analysis was conducted under various loading
situations to determine the influence of different rotational speed values and blade shapes on the stress
distribution and displacement. Maximum von Mises and maximum main stresses are significantly
affected by both the rotor rotational speed and the working fluid input temperature, according to
the findings of this research. The maximum permitted deformation, on the other hand, was more
influenced by rotational speed, while the maximum allowable fatigue life was more influenced by
rotating speed and fluid intake temperature. Also, the region of the tip shroud in the rotor had greater
deflection values of 21% of the blade tip width.

Keywords: small-scale turbine; FEA; 3D printing; stress distribution; RGD 525

1. Introduction

The increasing request for electric power and, at the same time, the strict environ-
mental restrictions on thermal pollution have increased the necessity for clean energy
systems [1–3]. Small-scale turbines in Solar-Powered Brayton Cycle SPBC application offer
a wide range of out power values suitable for relatively small scales systems to large
scales [4]. Several authors [5,6] investigated in detail components like the thermal re-
ceiver and optimized the cycle performance, but they neglected the turbines’ performance.
Others [7,8] studied the cycle effect of wake on the performance of turbines. Aerodynam-
ically, several researchers [9,10] have improved the performance of SST; however, they
neglected the structural analysis. Also, an attempt to aerodynamically optimize the rotor
of an impulse axial turbine for oscillating water column was achieved by Gomes et al. [11].
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Recently some studies regarding the structural analysis were conducted by some other
researchers. Shanechi et al. [12] presented a CFD-FEM-coupled analysis of a relatively
high pressure ratio radial inflow turbine where it was designed with some emphasis on
blades geometry to enhance a turbine’s output power and efficiency. Their FEM analysis
focused on blade enhancements in terms of its stresses and deformation. Barsi et al. [13]
investigated enhancing the aerodynamic performance and reduction in thermal stresses
of a micro gas radial turbine employing a multidisciplinary optimization technique. The
camber and half thickness of the rotor blade were optimized to improve turbine efficiency
by about 5% while maintaining the allowable material stresses level. Nevertheless, me-
chanical fatigue and modal analysis were not included in the aforementioned research, as
well as the boundary conditions range and output power values being dissimilar to the
current study.

Similar research efforts have been carried out [14–17]. Both mechanical and thermal
loads, with their impact on the aerodynamic and deformation performance of the impeller
for a micro gas radial turbine, have been analysed [14]. It was shown that the maximum
deformation was achieved at the blade inducer tip, and that the aerodynamic performance
and structural reliability of the impeller blade tip were degraded by its fluctuated de-
formation. Optimizing the profile of the impeller hub section reduced the deformation
magnitude of the impeller; nonetheless, the aerodynamic performance was not under the
researchers’ spotlight. Similarly, Feng et al. [17] enhanced the strength of the impeller
hub by optimizing the blade shape of a 100 kW microturbine. It was shown that the
aerodynamic and structural performances were affected by the inlet relative flow incident
angle of the impeller with an optimum angle of −32◦. The optimization of the micro-radial
turbine was achieved using the inverse design method (via CFD and FEM) of two key
parameters—the blade profile and the blade thickness—which resulted in in an effective
improvement in the blade strength without a noticeable decrease in the turbine efficiency.
Fu et al. [15] evaluated improving the aerodynamic performance, strength and weight of
the wheel design of radial turbines, utilizing an integrated type of optimizing method. The
results indicated that turbine wheel weight was decreased by about 50% and, at the same
time, a satisfactory stress distribution and good aerodynamic performance were realized.

Aside from the current work linking the mean line, the 3D aerodynamic CFX, the
structural and the thermal analyses, it also uses 3D printing technology to experimentally
manufacture the designed SSRT with RGD 525 material. It is high-temperature opaque
brittle plastic material which has been recently used in 3D printer technology, and as a
model or support material as well [18]. Usually, this material needs to be treated thermally,
following a specific procedure [19], in order to improve its properties by alternating it from
orthotropic to isotropic material.

As a result, this work aims to optimize the performance of SSRT by taking into account
all of the aforementioned concerns and determining the SSRT geometry. The 1D Vista RTD
(part of ANSYS 2015) was used to determine the beginning dimensions and performance
of each type for the turbine preliminary design. After that, it was combined with ANSYS
CFX [20] to determine the 3D turbine shape and assess its performance. The baseline
design was originally optimized utilizing the same authors’ prior work’s ANSYS®15 Design
Exploration programme for 3D optimization purposes based on evolutionary algorithms.
Following the achievement of an aerodynamically optimum design, structural calculations
were carried out to determine the best structural specifications.

2. Methodology and Experimental Work

In the authors’ previous works [21,22], the aerodynamically optimum SSRT was
achieved and, in the current work, the structural analysis will be further analysed to ensure
a robust optimized turbine with a good performance for the required application. The
optimum design point for both the stator and the rotor was extracted as a complete model
and, then, by using the integrated CFX-FE Workbench in ANSYS®18, that optimum design
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was transferred in order to assess the stress values, the thermal analysis and the deflection
and the fatigue analysis.

Figure 1 expresses the followed procedure during the current analysis. From this
figure, it can be noticed that the object of this research is to concentrate on the last seven
sets of the blocks as the first seven sets were already achieved in the authors’ previous
publications regarding the SSRT. Once that was achieved, the complete design of all other
relevant parts was established using CAD software SOLIDWORKS in order to include all
of them in both the thermal and the structural analyses for the RGD 525 material. The
complete model of the SSRT is given in Figure 2.

Obtain the final results
Evaluate the overall results

Modify the material if needed
Evaluate the strength

Solve and obtain the results
Transfer the aerodynamic and the thermal loads for structural analysis

Couple the CFD model and structural analysis
Obtain the optimsed SSRT geometry

Determine the parameters, constraints and objectives
Import the geoemtry to the design of the experiments

CFX Simulation to obtain the SSRT's performance
Grid generation for 3D mesh

Blade generation for 3D geometry
Build the main line model of the SSRT

Figure 1. Overview process of the analyses’ procedure.

Figure 2. The complete model of the designed SSRT (left) and its cross-sectional view (right).

Using a programmable oven, and based on the requirement mentioned by the material
manufacturer [19], a thermal treatment for the RGD 525 was carried out using thermal
furnaces according to a specific cycle, as detailed in Figure 3. The tensile test results after
the material had been thermally treated are shown in Figure 4. The tensile test results
improved by roughly 37.5% at 35 ◦C, as can be seen in the first figure.
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(A)

(B)

Figure 3. Oven temperature over time (A) and (B) oven used in the heat treatment.

Fatigue tests were conducted using a servo hydraulic fatigue testing apparatus (IN-
STRON 8801) that was fitted with self-aligning hydraulic grips. The purpose of this test was
to determine the material properties in relation to fatigue analysis, as depicted in Figure 5.
The applied load exhibited a cyclic sine wave pattern with a loading ratio of 0.1 at a fre-
quency of 3 Hz. The maximum load for each sample varied between 1.733 kN and 0.473 kN.
Figure 6 displays the SSRT components that were produced using StraSys Alaris30 3D
printer (PolyJet technology, Holtzman St. Science Park, Israel) at 30 μm layer thickness.
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Figure 4. Tensile test results of the treated RGD 525; (a) 25 ◦C, (b) 35 ◦C and (c) 45 ◦C.
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Figure 5. Fatigue test carried out using ISTRON 8801 machine.

Figure 6. SSRT parts which are printed by 3D printing technology.

3. Governing Equations for Structural Analysis

3.1. Mechanical Stresses Analysis

The stresses that occur in the turbine structure are, in fact, a combination of the thermal
gradient effect, static stresses, results from the fluid pressure and vibratory stress, initially
from the centrifugal force as a result of rotor rotational velocity. The thermal stress (σ) can
be analysed as follows:

σ = D . ε (1)

The assessed material is anisotropic (see Table 1) and the elastic stress–strain relations
can be written in Cartesian coordinates as follows:

εx =
1
E
[
σx − νp

(
σy + σz

)]
+ αΔT(x, y, z) (2)

εy =
1
E
[
σy − νp(σx + σz)

]
+ αΔT(x, y, z) (3)
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εz =
1
E
[
σz − νp

(
σx + σy

)]
+ αΔT(x, y, z) (4)

The temperature gradient at a specific point, denoted by (x, y, z), is represented by
ΔT(x, y, z). The temperature fields were interpolated directly using the computational fluid
dynamics (CFD) results.

The steady mechanical stresses are generated by the fluid pressure acting on the blades
and the centrifugal force exerted on the rotor. An investigation of the alternating stresses
arising from turbulent fluid flow and resonance phenomena [21] is beyond the scope of
this study.

The centrifugal force (Fc f ) can be calculated as follows:

Fc f = mrωs
2 (5)

Nevertheless, the determination of the precise magnitude of the centrifugal force
was accomplished by taking into account a minute component of the blade section and
subsequently integrating it to encompass the entire blade structure, as depicted in the
illustration provided.

d f c f = dm.ωs
2(Rr + z) (6)

where;
dm = ρ.A(z)dz (7)

d f c f = ρωs
2.A(z).(Rr + z)dz (8)

Fc f (x) =
∫ lb

x
ρ.ωs

2.A(z).(Rr + Z)dz (9)

By considering the blade as a cantilever with variable cross section area [22], this leads to:

( A(z)

Ar

)lb

=

(
At

Ar

)z
(10)

A(z) = Ar.
(

At

Ar

)z/lb
(11)

The equation provided below can be utilized to ascertain the centrifugal force at any
given location on the blade:

Fc f (x) = ρωs
2

⎡
⎢⎣ Ar.

(
At
Ar

) z
lb .Rr.lb

ln
(

At
Ar

) +
Ar.

(
At
Ar

) z
lb .z.lb

ln
(

At
Ar

) −
Ar.

(
At
Ar

) z
lb .lb2

[
ln
(

At
Ar

)]2

⎤
⎥⎦

lb

x

(12)

Table 1. RGD525 material properties.

Properties Value

Young’s Modulus, MPa 2000
Poisson’s Ratio 0.3

Flexural Modulus, MPa 3300
Tensile Strength, MPa 75

Density, kg/m3 1175
Coefficient of Thermal Expansion, /C 0.000012

Specific Heat, J/kg ◦C 434
Thermal Conductivity, W/mm ◦C 0.0605

3.2. Fatigue Analysis

Fatigue is among the most significant phenomenon that must be carefully evaluated
in any rotating component. It refers to the failure of a material due to the repeated appli-
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cation of a load, even though the load is less than the material’s strength. In this part, a
comprehensive assessment for the fatigue study of the SSRT utilizing the FEM programme
ANSYS 18 was developed.

Figure 7 depicts a continuous, totally reversed loading cycle which is typically used
for fatigue testing. Equation (13) depicts the Goodman relation that governs the endurance
limit of a material as a function of the alternating stress, mean stress and ultimate tensile
strength of the material. The fatigue loading cycle may be described in a variety of ways,
with the most frequent being the usage of the alternating stress value σAlt and the stress
ratio R = σMin/σMax.

σAlt
σe

+
σMean

σu
= 1 (13)

Figure 7. Simultaneous mean and cyclic loading.

However, the relation between the maximum stress used in fatigue loading and the
number of cycles to failure can be described as follows [23,24]:

σMax

√
1 − R

2
= σf

′
(

2Nf

)b
(14)

For temperatures (T) different from room temperature T0, where the fatigue testing
is carried out, the maximum stress can be scaled for different temperatures based on the
ultimate strength ratio at the associated temperatures as follows [25]:

[σMax]@T = [σMax]@T0
.
[σu]@T
[σu]@T0

(15)

Equation (15) is in agreement with the data detailed in reference [26], where the ratio
of tensile strength at different temperatures is almost equal to the ratio of fatigue limits at
the same temperatures for ABS material.

The fatigue damage for the material can be estimated using the following equation:

Df =
ni
Nf

(16)

To setup the model, the defining of the new material RGD 525 and the characterizing
of the S-N curve obtained from experimental fatigue test were carried out.

4. Numerical Modelling

The structural, fatigue and modal analysis, together with the overall design assessment
for the rotor part of the SSRT, were correspondingly carried out, as shown next.
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4.1. CFD and Structural Modeling

The design of the blade’s shape was created utilizing the Blade-Gen software, and
subsequently meshed using the Turbo-Grid module found in ANSYS/Workbench. The
structured 3D mesh generation for the complete (stator and rotor) 3D model of the small-
scale radial turbine is shown in Figure 8. It should be noted that the grid was precisely
refined in the vicinity of the blade’s surface to accurately simulate the fluid behaviour,
including the viscous effects. The sensitivity analysis of the grid was based on the turbine
efficiency and is shown in Figure 9. The results show that there is no change in the predicted
efficiency with an increase in the number of elements above 75,000. This indicates that
the mesh is adequately fine-tuned to accurately simulate the blade’s performance. In
conclusion, the implemented grid sensitivity analysis proves that the mesh generated by
the Turbo-Grid module is effective and efficient in simulating the blade’s behaviour.

Figure 8. The 3D mesh generations for the stator and the rotor together.

Figure 9. Turbine model efficiency corresponding to element number.

The quality of the solution is one of the most important factors that directly affects
both the results accuracy on the one hand and computational costs on the other [27,28].
Using the ANSYS®-CFX solver, an aerodynamic analysis of 3D turbulent viscous flow
for the complete stator and rotor SSRT model was achieved. The utilized settings were
chosen to be steady-state 3D viscous, single phase and compressible flow as the compressed
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air was the working fluid. As suggested by the authors of reference [29], the first order
upwind advection scheme with topological equation was also selected during the settings
as this helps with gaining a high stability in the analysis. Moreover, the stage interface
was employed as the analysis and this study focused on the complete unit, stator and
rotor and the coupling of shear stress turbulence model; the Navier–Stokes equations were
selected. The CFX-Solver theory guide [6,30] recommended preserving the y+ average
value regarding unity. Regarding the boundary conditions, the total temperature, total
pressure, flow direction and the rotational speed were also selected and fed to the software
as inlet boundary conditions and, at the same time, the static pressure was nominated to
represent that of the output. Finally, a rotational and adiabatic wall were picked for the
blade’s surface and the hub, respectively.

Based on the transport equations of k-ω, as depicted in Equations (17) and (18), the
convergence conditions for the velocity and continuity were established at a magnitude of
10−5, whereas the energy equation was selected with an order of 10−6. Upon the fulfilment
of the aforementioned criteria, the requisite solutions were attained.

The transport equations for the k-ω model are presented below:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

(
Γk

∂k
∂xj

)
+ Gk − Yk + SK (17)

∂

∂t
(ρω) +

∂

∂xi
(ρωui) =

∂

∂xj

(
Γk

∂ω

∂xj

)
+ Gω − Yω + Sω (18)

Once the aerodynamic analysis was successfully achieved, the SSRT, including the
designed volute, the stator and the rotor, were modelled using the Mechanical Workbench
of ANSYS® in order to extract the solid model from their air domains. The second important
step was designing the other required turbine parts such as the shroud and the inlet and
exit flanges with the assistance of SOLIDWORKS (version 2016) software.

Then, the CFD model and the static-structural model were coupled with the purpose
of evaluating the turbine’s stress and deformation values. This could be achieved when the
aerodynamic pressure values, which were calculated in the CFD model, were transferred
through system coupling to the structural model. Also, the temperature value, which the
rotor design was initially based on, was coupled to the solid model to assess the turbine
thermal analysis using ANSYS/Steady State Thermal section. An adequate 3D solid
element distribution for the rotor blades and the hub was selected. In order to accurately
complete the structural analysis, some areas of interest needed fine meshing.

The other important issue at this stage was defining the related (Mechanical, Fatigue
and Thermal) properties of the new material, RGD 525, and inserting them into the soft-
ware [31]. Some of those properties were found in the supplier data sheet and others were
obtained using some experimental tests, such as the fatigue and the tensile test at various
temperature values. Another crucial factor is whether a complete mesh is needed for the
whole rigid body or merely the surface contact mesh. This is controllable by stiff body
behaviour. Clearly, the decision of a dimensionally decreased model has been made in this
investigation to reduce the computational time required. The second essential aspect in
mesh analysis pertains to the transition ratio, which can be defined as the governing factor
that dictates the rate of expansion of adjacent elements, encompassing a numerical range
from 0 to 1. The present investigation has chosen a value of 0.272, as stated by the authors
of reference [29]. The appropriate regions of the hub and blade surfaces were subsequently
chosen to prevent any displacement as the primary means of support for the structure.
Additionally, the pressure side of the rotor blade was selected to apply centrifugal forces,
taking into account the angular velocity derived from the initial aerodynamic analysis. It is
imperative to acknowledge presently that the temperature of the working fluid, specifically
the compressed air, was incorporated into the structural model. Table 2 provides the
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parameters for the specific structural mesh that was chosen, while Figure 10 depicts the
distribution of element density across the SSRT model assembly.

Table 2. Model mesh parameters.

Physics Preference Mechanical

Sizing:
Relevance Centre Medium
Initial Size Seed Active Assembly
Smoothing Medium
Transition Fast
Span Angle Centre Coarse
Minimum Edge Length 0.0546 mm
Inflation:
Inflation Option Smooth Transition
Transition Ratio 0.272
Maximum Layers 5
Growth Rate 1.2
Inflation Algorithm Pre
Patch Independent Options:
Topology Checking Yes
Advanced:
Shape Checking Standard Mechanical
Element Mid-side Nodes Program Controlled
Extra Retries for Assembly Yes
Rigid Body Behaviour Dimensionally Reduced

Figure 10. The cross-sectional view of the designed SSRT showing its mesh.

The utilization of time stepping was not implemented in the analysis due to its static
nature. However, the coupling setting procedure was enabled to facilitate the activation of
the two-way coupling analysis technique. The present analysis utilizes a Computational
Fluid Dynamics (CFD) model to evaluate the extraction of aerodynamic loads. This is
achieved through the implementation of fluid–solid interfaces, which facilitate the transfer
of these loads to the blades. The evaluation of the mechanical loads, deformations, material
strains and fatigue properties will be performed following the selection of the requisite
material attributes.

The following analysis, which needed to be evaluated, was the modal analysis utilizing
FEM through the ANSYS software [30] and using 3D 8-nodes solid elements with linear
interpolation [24]. The model had a total of 997,735 elements and 1,995,470 nodes. A
cantilevered support type was applied in order to idealize the boundary condition of the
model when the blade body was fixed on the rotor hub. In this type of analysis, the actual
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scales of the deformations and any resulting derived values, like strains and stresses, are
meaningless because the solution in a modal analysis consists of a deformed shape that is
arbitrarily scaled. So, only the relative magnitudes of such quantities will be measured as
meaningful values using this model. Understanding this analysis, and how the structure
will vibrate if it is excited, will, in fact, enable the designer to design better structures [24].
This occurs at or near the mode natural frequency when the overall vibration shape of a
structure has a tendency to be dominated by the resonance mode shape [30].

4.2. SSRT Multidisciplinary Optimization

Even if the aerodynamic optimization across all stages of the SSRT was successfully ac-
complished and concluded in the previous chapter, the SSRT must be concurrently analysed
from a structural viewpoint using the FEA approach in order to obtain its optimal design.
As previously stated, the optimized rotor shape underwent structural analysis, during
which several key parameters were parameterized to improve the structural integrity of
the rotor. This resulted in reduced stresses, vibrations and deflection. The proposed opti-
mization technique successfully combines computational fluid dynamics (CFD) modelling
and finite element analysis (FEA) to achieve optimal results in terms of turbine efficiency,
power output and stress and deflection limitations, without any compromise. The input
components for this study included the blade thickness along the blade, the solid mass
and the hub offset. The output parameters considered in the analysis were the turbine
output power and efficiency, as determined through aerodynamic research. Additionally,
the equivalent maximum stress and deflections were evaluated through structural analysis,
along with the turbine’s estimated lifespan. The achievement of the final turbine form
poses a significant challenge and necessitates a careful balance between the specified pa-
rameters. This can be effectively accomplished through the utilization of multi-objective
interdisciplinary optimization techniques [32].

5. Results and Discussion

5.1. Experimental Validation of the CFD Model of SSRT

By manufacturing the Small-Scale Radial Turbine, SSRT, the complete test rig became
ready to be used and investigates the model using a varied range of operating conditions,
inlet temperature, inlet pressure and mass flow rate of the compressed air as a working
fluid. To confirm the methodology employed to enhance SSRT performance, the complete
developed turbine was designed, manufactured, as shown in last section, and then tested.
With the aim of configuring a big map for the examined SSRT and taking into considerations
the material and the lab limitations, the test was established at various operating conditions,
inlet temperature, inlet pressure and flow rate values. The employed procedure in that test
can be summarized as follows:

1. The compressed air was allowed to flow from its storage tank, at atmospheric tem-
perature, to a pressure regulator, which is used to achieve the required value of the
inlet pressure.

2. During its journey to the turbine, the compressed air was heated by passing through
the thermal receiver. The required temperature value can be achieved using var-
ious levels between the light source and the thermal receiver, as shown in the
previous section.

3. By doing so, the compressed air now has both thermal and kinetic energy, and is
guided to the expander, representing by the SSRT, in order to extract that energy and
convert it into useful energy. As a result, the turbine performance can be examined at
different scenarios.

4. By changing the inlet total pressure and inlet mass flow rate, and keeping the inlet
temperature of the SSRT fixed, the first one was carried out at different values of
compressed air inlet temperature.
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5. The second scenario was established by fixing both the inlet mass flow rate and
pressure values and changing the SSRT inlet temperature. This was the case at different
values of compressed air mass flow rate and inlet pressure.

Also, using the same conditions found in the rig, a three-dimensional numerical
analysis, using ANSYS CFX, was simultaneously established to compare the two different
types of results.

The graphical representation in Figure 11 illustrates the comprehensive static efficiency
and power generation of the SSRT under specific operating conditions, namely with
an intake temperature of 40 ◦C, a maximum rotor speed of approximately 20,000 rpm
and various values of Pressure Ratio PR. A comparison is made between the theoretical
predictions and the corresponding experimental results. It is important to acknowledge
that the highest level of efficiency and power generation was achieved when the intake
pressure reached approximately 3 bar and the inlet turbine temperature was maintained at
40 ◦C, resulting in respective values of 45 percent efficiency and 1.05 kW power output. The
data presented in this figure suggest that the calculated efficiency and output power of the
SSRT were overestimated, with a maximum value of 16% and less than 15%, respectively,
in comparison to the results obtained from the testing process. This is relevant for the
following reasons:

• The numerical investigation was conducted under ideal boundary conditions, with
a steady-state flow and negligible heat dissipation through the turbine structure.
However, the real-world operating conditions differed significantly.

• The measurements in the experimental study encompassed the surface roughness of
the SSRT model, whereas the numerical analysis conducted with ANSYS CFX did not
account for this aspect.

Another justification pertains to the mechanical losses occurring in the rotor section,
which were not taken into consideration in the CFX analysis. This is because the existing
model solely accounted for the stator and rotor, neglecting these losses.

Figure 11. Cont.
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Figure 11. Validation of CFD modelling and experiment for SSRT: (a) efficiency and (b) developed
power at 40 ◦C.

5.2. Structural Analysis Results

Figure 12 shows the pressure distribution and the velocity stream in a blade-to-blade
view for the used blade-to-blade passage for the SSRT. It is clear from the figure how the
pressure value decreases through each component of the SSRT, starting from the stator
which has the highest value. As for Figure 13b, the velocity contours through the stator
and the rotor are presented. From this contour, the maximum value of the compressed air
velocity is located at the stator outlet when it is directed toward the rotor inlet, and then
decreased gradually when it passes through the rotor to reach its minimum value at the
rotor exit.

(a) (b)

Figure 12. Pressure contours (a) and velocity contours (b) for SSRT using blade-to-blade vision.

Figure 13 shows the imported pressure and temperature distribution. As shown in the
figures, the pressure side of the blade is where the incoming air flow, as an aerodynamic
load, is positioned in order to provide the requisite torque. The temperature profile on the
blades of the rotor begins at the tip of the blade/maximum temperature value (because
the incoming air flow rate has the highest temperature value), and then decreases as the
compressed air is distributed on the other blade’s surface, particularly at the leading-edge
side of the blades.
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Figure 13. Imported pressure (top) and temperature (bottom) from the CFD model to the FEA model.

Once these two parts are initiated, the next step is to design the required volute re-
quired for distributing the inlet compressed air annually, delivering uniform mass flowrate
and guiding it to the stator, ideally without pressure losses [33] and, serially, the rotor.

Turbines are one of the models that deal with high temperature analysis and, as
a result, a thermal analysis, which plays a significant role in the expanse of endurance
structural stresses, should be deeply evaluated. That which has been mentioned earlier
will be even more appreciated once one knows that the material which has been used in
manufacturing the turbine model is a plastic one. In this study, it was assumed that the
inlet of compressed air was initially heated using a small scale thermal receiver (see more
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details in references [5,34], as these work are interested in the small-scale solar powered
cycle applications).

Based on the experimental analysis carried out, the maximum compressed air tem-
perature reached up to 70 ◦C; however, for the sake of material ability to withstand values
such as these, the range with which this work deals was around 50 ◦C. This temperature
value represents the compressed air inlet temperature in the turbine.

In Figure 14, it can be observed that the air inlet temperature has a significant effect on
stress, strain and their distribution on the rotor. Based on the heat energy of the compressed
air, the flux amount applied on the turbine model’s surfaces was estimated. Also, the
convection, radiation and conduction locations were specified, depending on the model
configuration, as heat sinks.

Figure 14. The temperature distribution as a result of heated compressed air supplied through
the inlet.
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For example, the maximum temperature, around 48 ◦C, was located at the inlet flange
and determined as being the first part that the incoming compressed air faces when entering
the turbine model. By contrast, for the parts which are exposed to the atmosphere or those
which are located at a further point, their temperature values are lower because of heat loss.
Interestingly, the temperature value at the rotor exit is around 23 ◦C, which is almost the
atmospheric temperature as initially defined in the boundary conditions on the assumption
that the rotor is extracting most of the compressed air energy, including thermal energy.
Here, it is important to highlight that, at this stage, no deformation or stress analyses have
yet been established.

The other important consideration in this study is the structural analysis which in-
cludes the stress, the deformation and the safety factor values. So, by specifying the inlet
and the exit pressure values through aerodynamic analysis, using ANSYS CFX, accom-
panied by the thermal load along the turbine model, the previously mentioned factors
were determined at fixed rotational velocity at this stage. Figure 15 highlights the total
deformation that can occur in the SSRT parts. From this figure, it can be noticed that the
most influenced part was the rotor, especially the blade tip areas, as it is considered a
cantilever beam, while the other rotor’s areas were relatively high compared to other parts
of the turbine. By contrast, the latter experienced very low deformation because they were
fixed, either by another turbine’s parts, by bolt connections or to the basement. The other
important factor in this analysis is the equivalent stress initiated in the model, which is
shown in Figure 16. This stress was concentrated where the blades’ roots were located,
indicated that this stress was intensified in the previously mentioned area, as well as in the
bolt spaces as a result of the applied forces’ directions.

Figure 15. The total deformation distribution of the SSRT.
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Figure 16. The total equivalent stress distribution of the SSRT.

Figure 17 depicts the comprehensive fatigue assessments conducted on the rotating
component of the SSRT, considering the two most extreme input compressed air tempera-
ture values of 25 ◦C and 65 ◦C. The initial factor assessed pertained to the lifespan, which
reveals the notable influence of thermal occurrences on the overall efficacy of the rotor.
The design lifespan, initially estimated at approximately 115,000 cycles at a temperature
of 25 ◦C, diminishes to only about one-third of its previous value when subjected to a
temperature of 65 ◦C. In this mode of analysis, the assessment of life at a given moment is
conducted under the condition of constant amplitude. The evaluation is based on whether
the minimum alternating stress, as indicated by the S–N curve, exceeds the corresponding
alternating stress. In this study, the investigation also involved the calculation of fatigue
damage to the rotor over its operational lifespan. The findings of this analysis confirm
that the blade–hub connection area is the most vulnerable section of the rotor, irrespective
of temperature conditions. The highest level of damage observed at the temperature of
25 ◦C was approximately 56,908 while, at a temperature of 65 ◦C, it reached approximately
7,350,000. This indicates that the observed damage can be attributed solely to the 40 ◦C
difference in the temperature of the working fluid. In relation to the biaxiality factor, which
can be defined as the ratio between the highest principal stress and the lowest principal
stress, with the exclusion of the main stress when it is close to zero, the maximum biaxiality
was observed to be 0.95 at a temperature of 25 ◦C and 0.99 at a temperature of 65 ◦C.
Furthermore, the pertinent contour plot indicates that the highest degree of biaxiality was
concentrated at the point of intersection between the X and Z axes, as observed at both
tested temperatures (25 ◦C and 65 ◦C). The compressed air flow is perceived as entering
the SSRT through the radial X axis and exiting through the axial Z axis, as depicted in
the corresponding figure. The investigation of fatigue also considered the comparable
alternating stress, which is demonstrated in the fourth figure, as another important aspect.
This factor can be utilized for the identification of the type of fatigue S–N curve. In the
context of fatigue analysis, the evaluation of fatigue loading type, mean stress effects and
multiaxial effects is a crucial undertaking. Hence, the alternating stress that is equivalent
can be considered as the ultimate value computed prior to the computation of fatigue
life. The main advantage of this component is its ability to incorporate all fatigue-related
calculations regardless of the specific characteristics of the fatigue material. This sets it
apart from tensile strength, which is influenced by material properties and relies on other
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mean stress theories. The maximum values of this component have been observed to reach
approximately 54.7 MPa and 57.9 MPa at the two tested temperatures of compressed air,
specifically 25 ◦C and 65 ◦C, respectively. Finally, the fatigue safety factor, which differs
to some extent from the factor estimated under static load conditions due to the dynamic
nature of load variation over time, exhibits certain distinctions from the factor calculated
under static load conditions. Hence, this particular element is associated with the occur-
rence of fatigue failure within a designated design lifespan. At a temperature of 25 ◦C, the
minimum value observed was approximately 3.9, which subsequently decreased to below
0.1 as the compressed air progressed to a temperature of 65 ◦C. However, it is noteworthy
that the safety factor of the rotor’s other areas exhibited significant variation, ranging from
55 at 65 ◦C to 3 at 25 ◦C. In contrast, the highest safety factor was approximately twice as
high as that of the majority of these areas.

Figure 17. An example of fatigue life expectation in the rotor at two different values of inlet air
temperature; 25 ◦C (Left-Hand side) and (Right-Hand Side) 65 ◦C.

Figure 18a illustrates the maximum deformation observed at the blade tip in response
to an augmentation in the rotational velocity of the rotor. The aforementioned element
demonstrated a notable response to the escalation in rotor velocity. At a rotational speed
of 60,000 rpm, the most significant deformations were observed at approximately 0.401,
0.592 and 0.874 mm for fluid temperatures of 25, 45 and 65 ◦C, respectively. The recorded
values for the measurements were approximately 0.52 mm, 0.63 mm and 0.87 mm when
the rotational speed was set at 80,000 rpm. The relatively small displacement values ob-
served can be attributed to the turbine’s small dimensions. In analysing the impact of
fluid temperature on rotor displacement, it becomes apparent that this particular factor
had a negligible influence. This phenomenon could potentially be attributed to the ma-
terial’s capacity to maintain stable temperatures within the specified range. The fourth
parameter examined in this research pertains to the fatigue experienced in the rotating
component of the analysed SSRT. The relationship between the rotational speed of the
rotor and the three input air temperatures is depicted in Figure 18B. The presented graph
illustrates the correlation between rotational speed, temperature and the expected fatigue
life of the rotor. As an illustration, when the rotor rotational speed reached 60,000 rpm,
the number of cycles within the endurance limit was approximately 140,000, 88,000 and
71,000 at compressed air temperatures of 25, 45 and 65 ◦C, respectively. At a rotational
speed of 80,000 rpm, the corresponding values at temperatures of 25, 45 and 65 ◦C were
recorded as 97,000, 57,000, and 50,000 cycles, respectively. It is imperative to acknowledge
that the statistics provided herein represent the minimum quantity of cycles, and that
the location potentially susceptible to fatigue life is depicted in the preceding images.
The fatigue life values observed at a rotational speed of 70,000 rpm were found to be
approximately equidistant from the values observed at the other two temperatures. The
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values for compressed inlet temperatures of 25, 45 and 65 ◦C are approximately 109,000,
71,000 and 59,000, respectively. Figure 18C illustrates the comprehensive extent of damage
observed in the rotor section of the investigated SSRT, with respect to variations in both the
temperature of the working fluid and the rotational speed of the rotor. Significant damage
was primarily observed when the temperature and rotating speed reached their highest
levels. The phenomenon under consideration can be elucidated through an examination of
the interplay between thermal and mechanical stresses and their impact on the structure of
the rotor. The maximum damage values recorded at a rotational speed of 60,000 rpm were
approximately 51,400, 841,000 and 7,140,000 for working fluid temperatures of 25, 45 and
65 ◦C, respectively. In contrast, during the highest examined rotational speed of 80,000 rpm,
the corresponding damage values were approximately 260,000, 111,000 and 4,390,000 for
working fluid temperatures of 25, 45 and 65 ◦C, respectively. Furthermore, when the rotor
rotational speed reached 70,000 revolutions per minute, the observed damage values were
approximately 125,000, 952,000 and 4,100,000 for working fluid temperatures of 25, 45 and
65 ◦C, correspondingly.

Figure 18. Cont.
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Figure 18. The effect of both inlet air temperature and the rotor rotational speed on: (a) the maximum
deformation, (b) the rotor fatigue life and (c) the overall damage in the rotor’s body. Different
coloured columns represent variables at different temperatures.

5.3. Multidisciplinary Optimization Results

The final step in this work is to find the optimized turbine shape that is able to obtain
the highest values of both the turbine efficiency and power output and, at the same time,
able to withstand the stresses, deflections and fatigue. So, as previously mentioned, the
most important parameters, which directly affected the above-mentioned analyses, were
considered in order to structurally enhance the rotor performance and, at the same time,
conserve its aerodynamic behaviour, as it achieved the best results in this regards. Figure 19
depicts the chart of parallel parameters for the SSRT using multidisciplinary optimization,
while Figure 20 depicts the chart of design points with some of the selected parameters
for the SSRT utilizing multidisciplinary optimization. Figure 21 illustrates the sensitivity
of output parameters to each of the selected input factors in order to identify the most
influential parameters. The graph illustrates that the rotational speed of the rotor is a
significant determinant of the maximum equivalent stress and subsequent fatigue of the
turbine rotor. The rotor stagger angle emerged as a noteworthy input parameter, exerting a
substantial influence on both the efficiency of the turbine and the level of stress experienced
by the rotor. In relation to aerodynamic performance, it can be observed that the thickness
of the blade exerts a more significant influence on the stress value compared to other
outlet factors.

The proposed correlation between the rotor rotational speed and the minimum life is
presented in Figure 22. This shows the importance of having relatively low values of rota-
tional speed in order to achieve the highest level of rotor life, as a result of having lower
equivalent stress value. The linear correlation is imported as Y = −0.013072X + 374.84 and the
R2 = 99.165%. However, the quadratic trend line is Y = −3.1132 × 10−6X2 + 0.027424X + 243.59
and the R2 = 99.773% when the Y and X are the minimum required life and the rotor rota-
tional speed, respectively, where the proposed correlation is relatively high. The final step
in this section is to find the rotor blade shape which has the lowest stress and deflection
values and, at the same time, is able to withstand rotation for the longest time with as high a
turbine efficiency and output power as possible, preserving the aerodynamic performance.
The rotor exhibited a notable improvement in terms of the two most essential structural
analysis criteria, the maximum equivalent stress and the fatigue life, with the first output
parameter being lowered in order to achieve a greater number of cycles. Nonetheless, the
consequence was a drop in total turbine efficiency of around 2%.
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Figure 19. Parameters parallel chart for the SSRT using the multidisciplinary optimization. Each
coloured-line represents different design parameter.

Figure 20. Design points vs. chosen parameters chart for the SSRT using multidisciplinary optimization.
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Figure 21. The local sensitivity of the outlet parameters with respect to the inlet parameters.

Figure 22. The achieved correlation between the rotor speed and the minimum life.

Figures 23–25 show the values and distributions of equivalent stress, fatigue life and
displacement, respectively, for interdisciplinary optimization. Figure 26 details the trade-off
between the maximum equivalent stress, the fatigue life, the efficiency and the output
power for the SSRT.

107



Machines 2023, 11, 817

Figure 23. Maximum equivalent stress value for the multidisciplinary optimized rotor of the SSRD.

Figure 24. The fatigue life for the multidisciplinary optimized rotor of the SSRD.

Figure 25. The total deformation for the multidisciplinary optimized rotor of the SSRT.
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6. Conclusions

The present study extensively examines the impact of several significant boundary
conditions, namely the inlet temperature of the compressed air, the rotational speed of
the turbine’s rotor and the working pressure ratio, on the performance of the Small-Scale
Radial Turbine. This investigation was conducted using 3D analysis and focused on its
application in small-scale solar-powered Brayton cycle systems. The analysis builds upon
prior research conducted by the authors in order to improve the aerodynamics of the
turbine under study. The most significant consequences of this research can be summarized
as follows:

1. It was observed that the rotating speed of the rotor has a considerable influence on
the amount of stress and displacement, with a maximum increase of 69% in stress and
59% in deformation seen at the highest examined rotational speed of 65 ◦C.

2. The temperature of the fluid must also be carefully examined as a significant compo-
nent. It was shown that reducing the temperature of compressed air to 25 ◦C reduced
the aforementioned increases to about 27% and 7%, respectively.

3. In terms of stress region, the stress concentration was mostly in the region between
the hub and the blades; thus, this area must be strengthened to survive high stress
intensity in this position.

4. The region of the tip shroud in the rotor had greater deflection values at 21% of the
blade tip width. Consequently, this distance between the blade tip and the shroud, as
well as in between the blades, should be sufficient to accommodate the deflection.

5. According to the fatigue study, the increased input temperature of the fluid and
compressed air resulted in an 84% decrease in rotor fatigue life, particularly at higher
rotational speeds. The region where the rotor’s blades link to the hub had the lowest
fatigue life. This location sustained the most damage among the other rotor bodies.

6. A structural analysis needs to be carefully and simultaneously considered during
aerodynamic analysis in order to sustain what has been achieved in terms of aerody-
namic analysis. Consequently, multi-objective optimization should also include some
structural parameters and some of the objective function is needed in order to cover
the stresses in other structural analyses.
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Nomenclature

D Stiffness matrix
ε Mechanical strain
s Stress
E Modulus of elasticity
α Coefficient of thermal expansion
νp Poisson’s ratio
T Temperature
m Mass
r Radius of rotation (distance between the rotor center of gravity and its rotation centre)
ωs Rotor rotational speed
Fcf Centrifugal force
ρ Material density
A The blade cross sectional area
z The blade thickness
At Cross sectional area of blade at the tip
Ar Cross sectional area of blade at the root
lb The blade length
ωi ith natural circular frequency (radians per unit time)
t Time
fi ith natural frequency (cycles per unit time)
Nf The number of cycles to failure
σf

′ Fatigue strength parameter
b Fatigue life exponent
σu The ultimate strength of the material
σa The alternating stress
σm The mean stress
σe The endurance stress (endurance limit for completely reversed loading)
R Stress ratio
ni ith fatigue cycle
Df Material damage due to fatigue
k Turbulent flow kinetic energy
ω Specific dissipation rate
Yk Dissipation of k
Yω Dissipation of ω
S User-defined source term
Gk The generation of k due to mean velocity gradients
Gω The generation of ω
Γk The effective diffusivity of k
Γω The effective diffusivity of ω
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Abstract: The welding of foils, textiles, and textile composites made of thermoplastic polymer
materials using machines with an ultrasonic rotary sonotrode is a high-tech welding technique.
Many authors have dealt with only a few parameters in earlier papers, mainly mentioning the speed,
i.e., the welding time, and the power of the ultrasonic generator. In this paper, the acoustic model of
ultrasonic welding is defined. Based on the model, a group of 44 different parameters important for
ultrasonic welding of polymer materials has been summarised, namely 12 parameters of the polymer
material, 11 general acoustic and electroacoustic parameters, and 21 technical parameters depending
on the ultrasonic machine. Based on this, a comprehensive mathematical derivation was carried
out, linking parameter groups with other findings from acoustics, thermodynamics of polymers,
and technical and technological parameters of welding polymer materials. The most important
parameters are the power of the ultrasonic generator and the welding time, which in practice are
adjusted to produce a solid weld. The method of measuring the amplitude of the sonotrode using a
photonic sensor is presented in this paper. For 42 groups of welds done at various welding speeds
and ultrasonic generator powers, the breaking forces of ultrasonic welds were measured. There are
illustrations of power dependence and breaking forces. The accuracy of the mathematical model was
confirmed by comparison with the calculation results based on the findings of these measurements.

Keywords: ultrasonic welding; rotary sonotrode; process machine parameters; material parameters;
acoustic parameters; mathematical model

1. Introduction

Due to a number of beneficial characteristics, the ultrasonic welding of thermoplastic
polymer materials is growing in popularity. It is distinguished by its comparatively low
energy usage per welded joint, welding speed, high weld breaking force, simplicity of
use, and environmental friendliness, as there are no adverse effects on the health of the
employees or dangerous by-products for the environment. Airtight and watertight ultra-
sonic welds can also be permeable. Since the tightness of the welds is a crucial quality, the
manufacturing of protective clothing, disposable hospital gowns, face masks, shoe covers,
filters, bags, diapers, sails, heat-insulating air chambers, aerospace, automotive, marine,
transportation, sports, and many other applications [1,2] use the ultrasonic technique of
long welds in a continuous mode most frequently. The potential uses for this relatively new
method are growing every day. The power of the ultrasonic generator for the ultrasonic
sonotrode, the compression force of the sonotrode on the material, and the welding time are
the three parameters that are most frequently cited in articles discussing the welding tech-
nique of polymer materials. This, however, does not provide a comprehensive breakdown
of all the variables that come into play while welding using the modern approach indicated.

Under welding parameters, I. Jones [2] mentions amplitude, power welding mode
(including hold time in plunge welding), pressure and rotary sonotrode or anvil gap
(continuous welding).
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In the optimization of ultrasonic welding process parameters C.-C., Kuo et al. [3]
uses a flow diagram in which he specifies the parameters of amplitude, weld pressure,
and hold time. When analyzing the effect of the factors on ultrasonic seam tensile prop-
erties of nonwoven fabrics M. Kayar et al. [4] specify the parameters of the frequency
of ultrasonic vibrations, the compression force of the sonotrode and the welding speed.
A. Gomer et al. [5], in the research on the fabrication of fiber reinforced plastics by ultra-
sonic welding, mention the frequency, power, compression force and welding time as well
as the amplitude of sonotrode vibrations. In his research on polymer adhesion by ultra-
sonic welding E. Sancaktr [6] specifies the parameters of frequency, power, amplitude and
welding speed. In their research on mechanisms of ultrasonic welding of textile materials
W. Shi and T. Little [7] specify speed, compression force, welding time, amplitude and
power as process parameters. In their research on ultrasonic welding of all-polypropylene
composite, Z. Kiss et al. [8] mention welding time, amplitude, frequency and compression
force. In their research on effects of different roller profiles on the microstructure and peel
strength of the ultrasonic welded joints of nonwoven fabrics T.-h. Nguyen et al. [9] list
frequency, power, amplitude and welding speed as parameters. In their research related to
the development of textile-based transmission lines using conductive yarns and ultrasonic
welding technology for e-textile applications, O. Atalay et al. [10] mention only strength and
compression force as process parameters. Based on a literature review of ultrasonic welding
of thermoplastic material like most influential process parameters A. K. Makawana and
V. R. Patel [11] list amplitude, weld pressure and welding time. S. K. Bhudolia et al. [1]
reviewed advances in ultrasonic welding of thermoplastic composites and listed welding
time, frequency, amplitude and compression force as process parameters. G. Palardy and I.
Fernandez Villegas [12] study the effect of flat energy directors thickness on heat genera-
tion during ultrasonic welding of thermoplastic composites and specify fixed sonotrode
diameter, compression force, vibration amplitude and welding time as process parameters.
T. Chinnadurai et al. [13] deal with the prediction of process parameters of ultrasonically
welded joints and as parameters they investigate frequency, power, amplitude, compression
force and welding time as well as three mechanical parameters (tensile strength, compres-
sive strength and flexural strength), one physical (density) and four thermal parameters
(glass transition temperature, thermal conductivity, heat deflection temperature and maxi-
mal operating temperature). S. C. Petriceanu et al. [14] use the parameters welding time,
compression force, frequency and temperature when investigating the ultrasonic character-
ization of PVC welded materials. The best overview of the process and acoustic parameters
as well as the material parameters (especially from the aspect of thermal properties) for
the plunge method is given by V. N. Kmelev et al. [15], as shown in the available literature.
Most of the literature refers to research into the plunge method, while the rotary sonotrode
and continuous welding are poorly represented. Therefore, this paper considers the influ-
ence and interrelation of 44 parameters related to the technique of ultrasonic welding using
an ultrasonic rotary sonotrode and a mathematical model of connecting parameters was
established. The accuracy of the model was verified by measuring the breaking force of
ultrasonically welded joints and experimentally determined welding times and power of
the ultrasonic generator.2. Parameters of ultrasonic welding.

The ultrasonic welding parameters are broken down into four categories: technical
parameters pertaining to the characteristics of the ultrasonic welding machine; general
physical parameters pertaining to the physics of particle vibration; acoustics; and parame-
ters pertaining to the technological process of ultrasonic welding.

The ultrasonic welding parameters used are:

(a) Parameters of the polymer material to be ultrasonically welded:

• material thickness (d, mm)
• specific material density of the polymer material to be welded (ρ1, kgm−3)
• speed of ultrasound propagation in the polymer material to be welded (c1, ms−1)
• acoustic damping factor of the material (μA, m−1)
• acoustic impedance of the polymer material to be welded (Z1, kg/m2s)
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• heating the material from room temperature to melting temperature (QH, J)
• melting heat of the material (QL, J)
• (specific melting heat) latent heat of melting the material (L, J/kg)
• specific heat of the material to be welded (c, J/m3K)
• initial temperature of the material before welding ((T1, K)
• melting temperature of the material (T2, K)
• breaking force of ultrasonic welded joints (Fp, N)

(b) Acoustic parameters:

• intensity of ultrasonic oscillations (I, W/m2)
• coefficient of reflection of ultrasound pressures (r)
• ultrasound intensity absorption coefficient (α)
• ultrasound intensity reflection coefficient between the material to be welded and

the counter roller (R)
• ultrasound intensity reflection coefficient between the ultrasonic rotary sonotrode

and the material to be welded (R1)
• ultrasound intensity absorption coefficient on the discontinuity of the sonotrode/

material (α1)
• ultrasound intensity absorption coefficient on the material/counter roller discon-

tinuity (α2)
• functional dependence of the decrease in ultrasound pressure in the material to

be welded depending on the distance (thickness) of the material (p(x))
• ultrasound pressure (p, Pa)
• functional dependence of the decrease in ultrasound intensity in the material

with distance (thickness) of the material (I(x), W/m2)
• coefficient of reflection of ultrasound intensities on the discontinuity (R)

(c) Technological parameters (depending on the machine):

• frequency of ultrasonic vibrations of the sonotrode (f, Hz)
• declared electrical power of the machine’s ultrasonic generator (Pd, W)
• electrical power of the ultrasonic generator of the machine at which the maximum

breaking force of the ultrasonic welded joint appears (Pdmax, W)
• effective power of the ultrasonic rotary sonotrode (Pα, W)
• force with which rotary ultrasonic sonotrodes act on two layers of thermoplastic

polymer materials with total thickness (Ps, N)
• specific density of sonotrode material (ρ0, kg/m3)
• speed of ultrasound propagation in the sonotrode (c0, ms−1)
• sonotrode vibration amplitude (A0, m)
• acoustic impedance of the ultrasonic rotary sonotrode (Z0, kg/m2 s)
• specific material density from which the counter-roller is made (ρ2, kgm−3)
• speed of ultrasound propagation of the backing material for welding (c2, ms−1)
• acoustic impedance of the backing material (table) for welding (Z3, kg/m2s)
• sonotrode ultrasound intensity (I0, W/m2)
• radius of the ultrasonic rotary sonotrode (rs, m)
• width of the ultrasonic rotary sonotrode (ws, m)
• length of the imprint of the rotary sonotrode on the material (ls, m)
• angular velocity of the rotation of the ultrasonic sonotrode (ωs, rad/s). If

the linear velocity of the sonotrode edge and the radius of the rotary ultra-
sonic sonotrode are given, the angular velocity is calculated by the expression
ωs = vs/rs

• linear speed of the edge of the ultrasonic rotary sonotrode, i.e., speed of the
movement of the workpiece vs, cm/s). If the angular velocity and the radius of
the rotary ultrasonic sonotrode are given, the linear velocity is calculated by the
expression vs = ωs·rs.
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• ultrasonic welding time depending on the ratio of the length of the imprint of
the ultrasonic rotary sonotrode and the linear speed of the sonotrode edge, i.e.,
the speed of the workpiece movement (ts, s)

• ultrasonic welding time calculated according to the mathematical model (tm, s)
• delay time of the start of welding due to heating the beginning of the welded

joint (tdy, s).

2. Acoustic Mathematical Model of Ultrasonic Welding Time

Figure 1 shows a rotary ultrasonic sonotrode acting with force F when welding two lay-
ers of thermoplastic polymers with a total thickness of 2d. The ultrasonic rotary sonotrode
has a specific density of the material ρ0 from which it is made and the speed of sound
waves c0 in it. The polymer material has a specific material density ρ1 and the speed of
sound waves c1 in it. At the bottom of the welder there is a counter-roller that has a specific
density of the material ρ2 from which it is made and the speed of sound waves c2 within
it. Ultrasonic vibrations of intensity I0 occur in the rotary ultrasonic sonotrode, which
are intended to induce heat into the polymer material. Since reflection occurs on each
discontinuity of acoustic impedances encountered by an ultrasonic wave, an ultrasonic
wave of intensity I0 is also partially reflected on the discontinuity (sonotrode/material)
with an intensity Ir0, while a larger part penetrates the material with an intensity of I1.
Due to the absorption of the material and the conversion of the ultrasonic wave into heat,
the intensity of the wave weakens, so that it takes on the intensity of I12 at the contact
surface between the lower part of the material and the counter roller. Since it is the second
discontinuity (material/counter roller), there is a reflection of intensity Ir1, which returns
part of the ultrasonic energy into the material, while the other part with an intensity of I2
goes into the counter roller, representing a loss of ultrasonic energy.

A  = +
B  = +
C  = +
D  = +
E  = +
F  = + ,
.
.
. = + + +
(1) border area between sonotrode 
and material
(2) border area between material and 
anvil

Figure 1. Machine components and acoustic parameters used in the ultrasonic welding process
utilizing the rotary sonotrode ultrasonic welding machine.

Due to material absorption, the counter roller’s reflected ultrasonic wave, initially of
intensity Ir1, gradually becomes of intensity I21. Back-reflection of Ir2 on the discontinuity
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(material/sonotrode) causes a portion of the ultrasonic energy to return to the material and
a portion of the ultrasonic wave with an intensity of I3 to reach the sonotrode.

The intensity of the ultrasonic oscillations of the sonotrode I0, i.e., the average power
of the ultrasonic wave, as determined by E. Dieulasaint and D. Royer [16], can be expressed
by Equation (1):

I0 = 2·π2· f 2·A2
0·Z0 (1)

The acoustic impedance Z0 is defined as the product of the specific density of the
material ρ0 from which the ultrasonic rotary sonotrode is made and the speed of the sound
wave c0 in it in accordance with Equation (2):

Z0 = ρ0·c0 (2)

Similarly, the acoustic impedances of the polymer material to be welded Z1 and the
counter roller Z2 are defined according to equations:

Z1 = ρ1·c1 (3)

Z2 = ρ2·c2 (4)

The coefficient of reflection of ultrasound pressures (ratio of RMS values of reflected
pr and direct ultrasound pressure pd) is defined by Equation (5):

r =
pr

pd
(5)

The ultrasound intensity absorption coefficient (ratio of absorbed Iα and direct Id of
ultrasound intensity) is defined by Equation (6):

α =
Iα

Id
(6)

Equation (7) describes the relationship between the coefficient of absorption of ultra-
sound intensities and the coefficient of reflection of ultrasound pressures (7):

α = 1 − r2 (7)

The sound intensity reflection coefficient (ratio of reflected Ir and direct Id of ultrasound
intensity) is defined by Equation (8):

R =
Ir

Id
= r2 (8)

The functional dependence of a decrease in ultrasound pressure in a material depend-
ing on material distance is defined by Equation (9):

p(d) = p·e−μA ·d (9)

According to the relation (10), the ultrasound intensity is inversely proportional to the
ultrasonic pressure.

I ∼ p2 (10)

The functional dependence of a decrease in ultrasound intensity in a material with
distance (thickness) is defined by Equation (11):

I(d) = I·e−2·μA ·d (11)
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The coefficient of reflection of ultrasound intensities on the discontinuity sonotrode/
material, designated as (1) in Figure 2, taking into account the acoustic impedances of
sonotrode and material Z0 i and material Z1 is defined by Equation (12):

R1 =

(
Z0 − Z1

Z0 + Z1

)2
(12)

Figure 2. A symbolic author’s presentation of the intensity, propagation, reflection and absorption of
ultrasonic waves, suitable for production engineering.

The coefficients of reflection of ultrasound intensities on the discontinuity mate-
rial/counter roller, designated as (2) in Figure 1, taking into account the acoustic impedances
of the material Z1 and the counter roller Z2 is defined by Equation (13):

R2 =

(
Z1 − Z2

Z1 + Z2

)2
(13)

On discontinuities the ultrasound intensity absorption coefficient on discontinuity
designated (1) of acoustic impedances of sonotrode and material 1 (name of material) can
be expressed by Equation (14):

α1 = 1 − R1 (14)

and on the discontinuity designated as (2) in Figure 2 by Equation (15):

α2 = 1 − R2 (15)
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The ultrasound intensity that penetrates the polymer material can be defined by
equation:

I1 = α1·I0 = (1 − R1)·I0 (16)

Due to the absorption of the energy of the ultrasonic waves Iα1 in the thermoplastic
polymer material, the temperature of the material rises and the ultrasonic wave penetrating
through the material weakens in intensity, so that it drops from the initial I1 to the intensity
I12 at the bottom of the layer of the welded material. In this way, the absorption value of
the injected ultrasonic wave from the sonotrode can be calculated in the polymer material:

Iα1 = I1 − I12 (17)

The absorption of the energy of the ultrasonic waves Iα1, which is converted into heat,
is shown in Figure 1.

The intensity of the ultrasound wave on the bottom side of the layer of the material to
be welded takes the value:

I12 = I1·e−2·μA ·d (18)

by inserting the expressions (17) and (18), the following results:

Iα1 = I1 − I1·e−2·μA ·d (19)

Iα1 = I1

(
1 − e−2·μA ·d

)
(20)

The intensity of the reflected wave Ir1 on the discontinuity (2) (material/counter roller)
returning to the polymer material is defined by the equation:

Ir1 = R2·I12 (21)

The aforementioned reflected wave attenuates on its path between the discontinuity (2)
and the discontinuity (1) and has the amount I21 at the end of its path, near the top of the
material layer:

I21 = Ir1·e−2·μA ·d (22)

The following set of equations can be stated because the weakening of the reflected
ultrasonic wave is transformed into heat that further warms the polymer material:

Iα3 = Ir1 − I21

Iα3 = Ir1 − Ir1·e−2·μA ·d

Iα3 = R2·I12 − R2·I12·e−2·μA ·d

Iα3 = R2·I12·
(

1 − e−2·μA ·d
)

Iα3 = R2·I1·e−2·μA ·d·
(

1 − e−2·μA ·d
)

(23)

It can be deduced that the sum of the heat created by the advancing wave from the
sonotrode to the counter roller and the reflected wave from the counter roller back to the
sonotrode represents the total heat I1 developed in the polymer material:

Iα = Iα1+Iα3 (24)

Figure 2 illustrates the author’s symbolic representation of the ultrasonic wave’s
intensity, propagation, reflection, and absorption in order to highlight the many effects on
the thermoplastic polymer materials it is used to weld. The aforementioned presentation
aims to make it easier to comprehend the mathematical equations linking the dependencies
of the technical and technological parameters of polymer ultrasonic welding.
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Figure 2 shows the largest ultrasound wave generated in the sonotrode with intensity
I0, which is directed towards the thermoplastic polymer material according to its effect.
When the ultrasound wave reaches the discontinuity (1) at the boundary of the sonotrode
and the upper layer of the material being welded, a reflection occurs, whereby a part of
the ultrasonic wave Ir0 is reflected back into the sonotrode. The weakened ultrasonic wave
with intensity I1 continues to penetrate the polymer material. As the ultrasonic wave
penetrates the polymer material, the ultrasonic energy Iα1 is absorbed, causing the intensity
of the ultrasonic wave to decrease so that it assumes intensity I12 immediately adjacent to
the second discontinuity (2) at the boundary between the bottom layer of the material and
the counter roller. When the ultrasonic wave reaches the discontinuity (2), a back-reflection
occurs, where part of the ultrasonic wave of intensity Ir1 is reflected back into the polymer
material and the other part of intensity Iα2 is transferred to the counter roller, where part
of the energy of the ultrasonic wave2 is irreversibly lost. The ultrasonic wave reflected
from the discontinuity (2) propagates towards the sonotrode, where it weakens because it
returns a large part of its energy to the material Iα3. The weakened reflected wave finally
reaches the sonotrode, i.e., the discontinuity (1), so that part of the wave is reflected back
into the material with an intensity of Ir2, while a part is transmitted to the sonotrode Ir3.

The influence of the penetration of the ultrasonic waves into the counter roller I2 and
into the sonotrode I3 as well as the influence of the back reflection of the reflected wave Ir3
are neglected in this analysis, as their influence is small when the influence of the other
parameters is taken into account.

The following set of equations, which apply to a layer of material in the welding
process, are generated by entering Equations (20) and (23) into Equation (24), followed by
introducing expression (1) into expression (24):

Iα = I1·
(

1 − e−2·μA ·d
)
+ R2·I1·e−2·μA ·d·

(
1 − e−2·μA ·d

)

Iα = I1·
(

1 − e−2·μA ·d + R2·e−2·μA ·d − R2·e−4·μA ·d
)

Iα = (I1 − R1)·I0·
(

1 − e−2·μA ·d + R2·e−2·μA ·d − R2·e−4·μA ·d
)

Iα = I0·(I1 − R1)·
(

1 − e−2·μA ·d + R2·e−2·μA ·d − R2·e−4·μA ·d
)

Iα = 2·π2· f 2·A2
0·Z0·(I1 − R1)·

(
1 − e−2·μA ·d + R2·e−2·μA ·d − R2·e−4·μA ·d

)
(25)

However, as the overall thickness of the material is doubled during ultrasonic welding
of the two material layers, the following is applicable:

Iα = 2·π2· f 2·A2
0·Z0·(I1 − R1)·

(
1 − e−2·μA ·2·d + R2·e−2·μA ·2·d − R2·e−4·μA ·2·d

)

Iα = 2·π2· f 2·A2
0·Z0·(I1 − R1)·

(
1 − e−4·μA ·d + R·e−4·μA ·d − R·e−8·μA ·d

)
(26)

The ultrasonic power of Pα developed in the polymer material is calculated by the
product of the intensity of ultrasonic waves that are converted into the heat of the polymer
material and the area of action of the sonotrode consisting of the width of the sonotrode ws
and the length of the sonotrode imprint on the polymer material ls:

Pα = Iα·ws·ls (27)

The following equation is created if Equation (26) is inserted into Equation (27):

Pα = 2·π2· f 2 A2
0·Z0·ws·ls·(1 − R1)·

(
1 − e−4·μA ·d + R·e−4·μA ·d − R·e−8·μA ·d

)
(28)
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When ultrasonic energy is first injected into a polymer material, the temperature of
the substance starts to rise as the energy is used to raise the material’s temperature from
its initial temperature to the melting point. The density of the material ρ , the thickness of
the two material layers with individual material thickness d, the width of the sonotrode
ws, the length of the sonotrode imprint on the polymer material ls, the specific heat of the
material c, and the difference between the melting temperature and the initial temperature
are the factors that determine the energy needed to reach the melting temperature of the
ultrasonic material:

QH = 2·ρ·d·ws·ls·c·(T2 − T1) (29)

The latent melting heat of the welded polymer material QL is equal to the product of
the density of the material ρ, the thickness of the two layers of material with individual
thickness d, the width of the sonotrode ws, the length of the imprint of the sonotrode on
the polymer material ls and the latent heat of the material L:

QL = 2·ρ·d·ws·ls·L (30)

The total heat QT required for welding polymer materials is the sum of specific heating
and latent melting heat, so the addition of Equations (29) and (30) gives Equation (31):

QT = 2·ρ·ws·ls·[c·(T2 − T1) + L] (31)

If one takes into account the well-known physical equation that the energy QT = Pα·t,
then t = QT/Pα. Thus, if Equations (31) and (28) are inserted into this expression, an
equation is obtained for calculating the required welding time t during the action of
ultrasound on thermoplastic polymer materials:

t =
ρ·[c·(T2 − T1) + L]

π2· f 2 A2
0·Z0·(1 − R1)·

(
1 − e−4·μA ·d + R·e−4·μA ·d − R·e−8·μA ·d) (32)

By omitting some action parameters (lateral thermal expansion into a polymer material
that is insignificant given the poor thermal conductivity of polymer materials, neglecting
the thermal effect at the second reflection from the discontinuity of intensity Iα4, etc.),
Equation (32) is still of high accuracy in terms of practical application. Equation (32) has
a complicated structure that indicates there are many factors that affect how polymer
materials weld. The most important parameters are the welding times and the power of
the ultrasonic generator, expressed by the amplitudes of the ultrasonic rotary sonotrode.
These are also the most frequently set parameters in ultrasonic welding. The aforemen-
tioned equation and all of its derivations, which completely describe and reveal its origin,
very thoroughly reveal the intricate interdependencies of the technical and technological
parameters of the ultrasonic welding of polymer materials.

Based on experience and experiments, it was found that the most important parameters
of the comprehensive model are the declared power of the ultrasonic generator and the
welding times, while other parameters are required to achieve a certain accuracy of the
acoustic mathematical model of ultrasonic welding time.

3. Measuring Methods and Materials

From mathematical expression (32) it can be seen that for a certain material, which
is also welded for a certain machine, the amplitude of the ultrasonic rotary sonotrode A0
and the welding time are parameters that can change. Other parameters do not change
during joining in this case. The machine manufacturers do not specify the parameter
value for the amplitude, but allow that the power of the ultrasonic generator Pd can be
adjusted. Therefore, it is important to check the value of the amplitude of the ultrasonic
rotary sonotrode at the declared power of the ultrasonic generator.

The vibration amplitudes of the ultrasonic rotary sonotrode A0 and their dependence
on the indicated declared power of the ultrasonic generator, which is typically displayed
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on the microcomputer screen of the ultrasonic machine, were measured to verify the
mathematical model of ultrasonic welding time presented in Section 3 of this paper and in
mathematical expressions (1) to (32). The declared power of the ultrasonic generator have
been determined for Pfaff Model 8310 [17] ultrasonic machine with rotary sonotrode for
welding polymer materials, Figure 3. A rotary sonotrode, Figure 4, with a welding speed
of 0.6 to 13.6 m/min is a component of the ultrasonic machine. The ultrasonic generator
has an adjustable power range of 200 to 400 W and runs at a frequency of 35 kHz. It sends
the vibrations to a circular sonotrode with a 105 mm diameter and a 10 mm width.

Test of declared power of the ultrasonic generator and appropriate vibration ampli-
tudes for this power were made using an Agilent Technologies InfiniVisions MSO-X 3024A
oscilloscope [18] and an MTI-2100 photonic sensor device [19].

 

Figure 3. A measuring setup on the machine for welding polymer materials.

The photon sensor MTI-2100, a dual-channel optical measurement system that carries
out non-contact measurements of displacements and vibrations, was utilized in this work.
Because the MTI-2100 employs fiber optic technology, which implies that it does not subject
the object being measured to stress and is not impacted by magnetic and electric forces,
it was selected. At frequencies ranging from DC to more than 150 kHz, displacements in
the 0.25 nm to 5.08 mm range can be measured. The maximum linear range in normal
winning mode is in the order of 1 million (25 μm). The frequency response ranges from
DC to 100 kHz. The typical normal sensitivity of probes is to the order of 0.025 μm/mV.
Optically coupled neighboring pairs that send and receive fiber light are used by optical
fiber displacement sensors. The interplay between the field of light transmission, or
the original fibers, and the field of view of the receiving or detector fibers serves as the
foundation for the research. At contact or zero spacing, the majority of the light from the
original fibers is reflected back into the same fiber, sending just a little amount of light to
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the receiving fibers and resulting in a zero-power signal. With an output signal that has
the following characteristics: −10 V DC to 10 V DC, 51 output impedance, stability at 12 h
1 ◦C, displacement of less than 1.0% of full scope, and stability at a temperature between
16 ◦C and 35◦ [18], displacement tests are achievable.

Figure 4. A rotary sonotrode and counter roller for the ultrasonic welding of polymer materials.

The light source and light sensor are the two components of the displacement measure-
ment system that is based on the measurement of light intensity (detector). The relocation
results in a change in the optical power that reaches the detector in the most basic systems.
Infrared LEDs and LASERs with greater ranges are typically used as visible light source.
Such arrangements are advised for modest displacements because to their good linearity
and steep upstream wing curve. To prevent cross-consolidation between the transmitting
and receiving fibers, the fibers must be of the total internal reflection variety. The sensitivity
depends on where both fiber types are placed in the beam. Even though they are affected
by the shape of the beam-interrupting item, the cross-section of the detector, and the spatial
distribution of the intensity of the light emitted by the source, the relationship between the
light reaching the detector and the displacement is linear [20]. In this way, the diagram
dependence of the vibration amplitude of the rotary ultrasonic sonotrode on the declared
power of the ultrasonic generator is defined. The amplitude values determined in this way
are used to calculate the welding times according to the mathematical model.

In this paper, the quality of the welded joint was investigated in this paper by creating
42 groups of specimens welded at 7 welding speeds (i.e., joint times that depend on the
circumferential speed of the sonotrode) and 6 declared electrical power of the ultrasonic
generator. In this way, it is possible to determine the functional dependence of breaking
forces of the ultrasonically welded joint on the declared power for each circumferential
speed, i.e., welding time. From the diagram, the optimum welding parameters (generator
power and circumferential speed of the ultrasonic rotary sonotrode) can be determined
when the cutting force is maximum. The optimum parameter values can be useful for
checking the values of the joint parameters according to the model and experiment.

A Sauter tensile tester, model HF 500 [21], with a breaking strength of up to 500 N and a
resolution of 0.1 N, was used to explore the impact of ultrasonic welding parameters on the
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breaking force of ultrasonic welds, which is dependent on the quantity of ultrasonic energy
supplied. Figure 5a shows the Sauter Electrical Horizontal Test Stand THM 500N500N
with the tearing strength tester mounted on it [22]. The test stand includes an adjustable
elongation speed and automatic and manual control options. The strength tester’s test
clamps, which are used to determine the test specimen’s width, have a 15 mm width. The
test specimen was sandwiched between the strength tester’s movable clamp and the Test
Stand’s fixed clamp, as shown in Figure 5b.

(a) (b)

Figure 5. The measuring system for measuring breaking forces of an ultrasonic welded joint (a), test
clamps with a test specimen after tearing (b).

The test material is a PVC foil with a thickness of 20 μm. The specific heat of the tested
material c is 1 × 103 J/mm3K, at the melting temperature T2 of 485 K and the ambient
temperature T1 of 289 K. The specific melting heat L is 163 × 103 J/kg, and the specific
density of the polymer material ρ is 1.4 × 103 kg/m3.

PVC foil was used to create 15 × 50 mm2 measuring specimens. The aforementioned
ultrasonic machine, which has an adjustable electrical power of the ultrasonic generator of
50 to 100%, or converted to a power of 200 to 400 W, was used to weld the test specimens.
For this experiment, six power levels of 200 W, 244 W, 280 W, 320 W, 356 W, and 400 W were
chosen. Seven welding speeds were also used, including 0.077 m/s, 0.097 m/s, 0.113 m/s,
0.125 m/s, 0.147 m/s, 0.167 m/s, and 0.227 m/s. To calculate the breaking force of the
ultrasonic welds for each of the specified materials, 42 groups of 20 test specimens were
created in line with the aforementioned information and evaluated on a strength tester.

The acoustic impedance of the sonotrode Z0 was 4.1 × 107 kg/m2 s, the acoustic
impedance of the material to be welded (acoustic impedance of the material), Z1, was
3.2 × 106 kg/m2s. The acoustic damping factor of the material μA was 0.37 m−1.

The ultrasound intensity reflection coefficient between the material to be welded
and the counter roller R and the ultrasound intensity reflection coefficient between the
sonotrode and the material to be welded R1 amount to 0.73.

4. Results

This chapter includes results from measurements of the rotary ultrasonic sonotrode’s
vibration amplitude as a function of the ultrasonic generator’s declared electrical power,
the breaking force of ultrasonic welded joints for 42 groups of test specimens at various
strengths and welding speeds, the experimental data used to validate the mathematical
model, and an assessment of the model’s effectiveness.
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4.1. Results of Analysing the Rotary Sonotrode’s Vibration Amplitude in Relation to the Ultrasonic
Generator’s Set Electrical Power

The creation of a technique to detect the vibration amplitudes of the rotary sonotrode
using a photonic sensor device is one of the contributions of this work, which is covered in
Section 4 of this paper. Six specific powers of the ultrasonic generator were used to measure
the oscillation amplitude of the rotary sonotrode (200 W, 244 W, 280 W, 320 W, 356 W and
400 W). The outcomes are displayed in Figure 6.

Figure 6. Dependence of the vibration amplitude of the rotary ultrasonic sonotrode on the declared
power of the ultrasonic generator.

The best connection between functional dependencies is in the form of a straight line
with the equation A0 = 0.484 + 0.3383·Pd.

4.2. Results of Testing Specimens of Ultrasonic Welds for Breaking Forces

The breaking force measurements were carried out for 42 groups of specimens welded
at different welding speeds (0.077 m/s, 0.097 m/s, 0.113 m/s, 0.125 m/s, 0.147 m/s,
0.167 m/s, 0.227 m/s) and different declared powers of the ultrasonic generator (200 W,
244 W, 280 W, 320 W, 356 W and 400 W), Table 1.

Section 4 describes additional measuring circumstances. Table 1 displays the results of
the breaking force measurements and standard deviations of the ultrasonic weld specimens
for 42 groups of test specimens. Grades for visual observation of ultrasonic welds prior to
tearing are provided in Table 1.

A. Weld with a nice appearance, Figure 7a
B. Weld with scarcely noticeable damage symptoms, Figure 7b
C. Weld with substantial weld damage, Figure 7c.

Three visual observation grades of the ultrasonic weld following tearing are also
shown in Table 1:

D. Separation of the material layers at the weld
E. Material tearing inside the weld
F. Material tearing along the weld’s edge.

125



Machines 2022, 10, 845

Table 1. The results of breaking force values and standard deviations of specimens of ultrasonic
welds and visual observation grades of ultrasonic welds before and after tearing.

vs, m/s Testing Elements
Pd, W

200 244 280 320 356 400

0.077

Visual observation grades of ultrasonic welds before tearing A A A C C C
Breaking force of ultrasonic welded joint F [N] 33.80 30.80 23.90 - - -

Standard deviation 4.66 6.2 3.12 - - -
Visual observation grades of ultrasonic welds after tearing D, E E E - - -

0.097

Visual observation grades of ultrasonic welds before tearing A A A B C C
Breaking force of ultrasonic welded joint F [N] 28.24 32.24 31.21 27.75 - -

Standard deviation 1.46 4.02 4.09 3.01 - -
Visual observation grades of ultrasonic welds after tearing D D, E E E, F - -

0.113

Visual observation grades of ultrasonic welds before tearing A A A B C C
Breaking force of ultrasonic welded joint F [N] 23.14 31.00 32.34 26.00 - -

Standard deviation 2.95 3.00 3.95 2.10 - -
Visual observation grades of ultrasonic welds after tearing D D D, E E, F - -

0.125

Visual observation grades of ultrasonic welds before tearing A A A A C C
Breaking force of ultrasonic welded joint F [N] 21.20 30.15 33.50 24.14 - -

Standard deviation 5.49 2.41 2.63 3.07 - -
Visual observation grades of ultrasonic welds after tearing D D D, E F - -

0.147

Visual observation grades of ultrasonic welds before tearing A A A A C C
Breaking force of ultrasonic welded joint F [N] 15.32 24.66 28.48 30.94 - -

Standard deviation 2.87 2.05 3.12 2.64 - -
Visual observation grades of ultrasonic welds after tearing D D D D - -

0.167

Visual observation grades of ultrasonic welds before tearing A A A A C C
Breaking force of ultrasonic welded joint F [N] 12.30 22.12 26.00 28.60 - -

Standard deviation 1.38 1.62 2.93 4.01 - -
Visual observation grades of ultrasonic welds after tearing D D D D - -

0.227

Visual observation grades of ultrasonic welds before tearing - - A A A A
Breaking force of ultrasonic welded joint F [N] - - 5.40 14.33 21.40 26.30

Standard deviation - - 3.41 3.21 2.91 3.12
Visual observation grades of ultrasonic welds after tearing - - D D D D

(a) (b) (c)

Figure 7. Cont.
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(d) (e) (f)

Figure 7. The visual appearance of a weld with a nice appearance (a) and its cross-sectional view (d),
weld with scarcely noticeable damage symptoms (b) and its cross-sectional view (e), weld with
substantial weld damage (c) and and its cross-sectional view (f).

Based on the findings in Table 1, Figure 8 was constructed to show the functional
relationships between the breaking forces of ultrasonic welds and the declared electric
power of the ultrasonic generator and the speed at which the specimens were welded
using an ultrasonic rotary sonotrode.This picture is crucial for figuring out the maximum
breaking forces at which the supplied ultrasonic energy causes the weld to break most
violently.

Figure 8 shows that four maxima were reached:

• for a welding speed of 0.077 m/s for the declared power of the ultrasonic generator of
200 W

• for a welding speed of 0.097 m/s for the declared power of the ultrasonic generator of
250 W

• for a welding speed of 0.113 m/s for the declared power of the ultrasonic generator of
268 W

• for a welding speed of 0.125 m/s at the declared power of the ultrasonic generator of
272 W.

All maximum values reached range from 32 to 34 N breaking force.

Figure 8. A diagram showing the functional relationships between the breaking forces of ultrasonic
welds and the speed at which specimens are welded using a rotary ultrasonic sonotrode in relation to
the declared electrical power of the ultrasonic generator.
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4.3. Verification of Mathematical Model Results

The maximum breaking forces of the test specimens for four of the highest weld-
ing speeds—0.077 m/s, 0.097 m/s, 0.113 m/s, 0.125 m/s, 0.147 m/s, 0.167 m/s, and
0.227 m/s—are significant for the mathematical model’s validation. These results are pre-
sented in Fig. 6. For each maximum, the vibration amplitude must be read based on the
ultrasonic generator’s declared power, which is 200 W, 250 W, 268 W, or 272 W.

Using the expression according to Figure 6, A0 = 0.484 + 0.3383·Pd, for the declared
power of the ultrasonic generator of 200 W, the oscillation amplitude of the rotary ultrasonic
sonotrode was determined to be 68.1 μm, for a power of 250 W the amplitude was 85.1 μm,
for a power of 268 W the amplitude was 91.1 μm and for a power of 272 W the amplitude
was 92.5 μm.

In this way, the exact values of the vibrations attained by the ultrasonic rotary
sonotrode were determined as a function of the declared electrical power by the mea-
surement method used. From these data, the effective power of the rotary ultrasonic
sonotrode can be calculated using expression (28) of the mathematical model presented.
Thus, for the oscillation amplitude of the ultrasonic rotary sonotrode of 68.1 μm an effective
power of 126.5 W was determined, for an amplitude of 85.1 μm, an effective power of
197.5 W, for an amplitude of 91.1 μm, an effective power of 226.3 W, and for an amplitude
of 92.5 μm, an effective power of 233.4 W, Table 2.

Table 2. Values of the vibrations, effective power, speed and welding time achieved by the ultrasonic
rotary sonotrode depend on the specified electrical power.

Pdmax, W A0, μm Pα, W vs, m/s tm, s ts, s Δ (tm − ts), s

200 68.1 126.5 0.077 0.288 0.259 0.029
250 85.1 197.5 0.097 0.184 0.206 −0.022
268 91.1 226.3 0.113 0.161 0.177 −0.016
272 92.5 233.4 0.125 0.156 0.160 −0.004

The workpiece movement speed vs. and the calculated welding time s at various
speeds are shown in Table 2 in accordance with expression (32) of the mathematical model
tm that was introduced in the paper’s introduction. Additionally, the actual times ts are
displayed, which are derived from the linear speed of the rotary sonotrode circumference
(ts = ls/vs) and the 0.02 m imprint value of the rotary sonotrode.

5. Discussion

The article lists 44 crucial process variables for welding polymer materials. There are
three groups of parameters: parameters specific to the polymer material being ultrasonically
welded (12 parameters), general acoustic and electroacoustic parameters (11 parameters),
and technical parameters specific to the ultrasonic machine (21 parameters). Important
acoustic parameters are also shown, including reflections and absorptions between the
rotating counter roller, the polymer material, and the rotary ultrasonic sonotrode. This
presentation served as the basis for the methodical creation of a mathematical model that
may be utilized to determine several ultrasonic welding parameters. Additionally, in
developing the model, consideration is given to how ultrasonic wave strength, propagation,
reflections, and absorption relate to production engineering.

The approach described in this study uses a photon sensor to measure the vibration
amplitudes of a rotary ultrasonic sonotrode while it is operating. The aforementioned
measurement technique proved to be extremely accurate and well accepted during the
experimental portion of this work. Using this technique, the ultrasonic rotary sonotrode
vibration amplitudes can be modified on the ultrasound machine’s microcomputer screen
for six different values of the ultrasonic generator’s stated power (200 W, 244 W, 280 W,
320 W, 356 W, and 400 W). As a result, a calibrated diagram was created, as seen in Figure 6.
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As can be observed, the rotary ultrasonic rotary sonotrode’s vibration amplitude grows
linearly with the increase in the declared power of the ultrasonic generator.

The breaking forces of ultrasonic welds were then examined in relation to the stipu-
lated power and welding speed using 42 groups of test specimens. Seven different welding
speeds (0.077 m/s, 0.097 m/s, 0.113 m/s, 0.125 m/s, 0.147 m/s, 0.167 m/s, 0.227 m/s)
were employed in six groups of declared ultrasonic generator powers. The ultrasonic
weld breaking force measuring equipment, shown in Figure 3, was used to test the test
specimens’ breaking strength. The dimensions of the test specimens were ascertained
using its test clamps, Figure 5b. Table 1 shows the outcomes of calculating the breaking
forces. The designations of visual inspections of the ultrasonic welds before, Figure 7, and
after tearing on the strength tester are included in addition to these data. Based on the
collected data, functional relationships between the breaking forces of ultrasonic welds
and the declared electric power of the ultrasonic generator and the speed at which the
specimens were welded using the ultrasonic rotary sonotrode were formed (Figure 8). The
maximum breaking forces for various ultrasonic generator powers and welding speeds are
displayed very clearly in Figure 8. From the diagram, it can be deduced that an increase in
the ultrasonic energy injected causes greater melting of the material and a higher breaking
force of the weld. The breaking force of ultrasonic welds initially increases with an increase
in the declared power of the ultrasonic generator. The breaking force can be increased
until it reaches its limit, at which point the injected energy becomes excessive, causing
excessive melting of the polymer material, harm to the weld, as well as a sharp decrease in
breaking force. The plot in Figure 8 shows that the maximum breaking force for the utilized
polymer material ranges from 32 to 34 N for various declared powers of the ultrasonic
generator and welding speed. The largest breaking forces are attained at the four observed
maxima in Figure 8, which correspond to the welding parameters’ ideal values. These
maximum values served as a check on the mathematical model’s precision in accordance
with expressions (1) to (32). The highest values were found for the welding speed of
0.077 m/s at the 200 W maximum power of the ultrasonic generator, 0.097 m/s at 250 W,
0.113 m/s at 268 W, and 0.125 m/s at 272 W.

It is necessary to calculate the amplitude of the oscillations of the rotary ultrasonic
sonotrode using the calibrated diagram in Figure 6 or a mathematical expression that links
the amount of oscillation amplitude to the declared power of the ultrasonic generator
A0 = 0.484 + 0.3383 -Pd for each of the four determined declared powers of the ultrasonic
generator at which the maximum breaking force occurs. The sonotrode’s real vibration
amplitude can be found in values of 68.1, 85.1, 91.1, and 92.5 μm in Table 2 for the powers at
which the highest breaking force occurs (200 W, 250 W, 268 W, and 272 W). The mathematical
model’s expression (28) can then be used to determine the ultrasonic sonotrode’s effective
power, Pα (Table 2). The calculated effective power of the sonotrode is significantly lower
than the declared power when the declared power of the ultrasonic generator and the
effective power of the ultrasonic rotary sonotrode are compared. This discrepancy results
from the utilization coefficient of the ultrasonic circuit (eclectic losses of the piezoelectric
plates and other mechanical losses).

Using the mathematical model and the declared welding power, the necessary welding
periods were computed (tm and ts). Table 2 shows the small differences that were calculated
between the welding times actually accomplished and the required welding durations;
these deviations are fairly acceptable for practical application. The heating of the weld’s
starting point can be attributed to the mathematical model’s prediction of the delay time at
which welding will occur tdy.

This can be used to demonstrate that, despite certain small simplifications, the mathe-
matical model constructed is sound. Future scientific and applied research on ultrasonic
welding of polymer materials can be well-founded on the mathematical model developed,
in which 42 different factors are coupled by established mathematical interdependencies.
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6. Conclusions

This paper discusses the potential application of a novel measurement technique.
The complicated interconnectedness of the technological and technical parameters of
ultrasonic welding of polymer materials is presented for the first time and discussed in this
study. New accomplishments and novelty have also been made, which are reflected in the
following ways:

1. A list of 44 characteristics has been put together and separated into three subgroups
that are crucial for ultrasonic welding of polymer materials. There are 12 parameters
in the first subgroup that are dependent on the polymer material being ultrasonically
welded, 11 general acoustic and electroacoustic characteristics in the second subgroup,
and 21 technical parameters in the third subgroup that are dependent on the ultrasonic
welding equipment. Future research on ultrasonic welding of polymer materials may
benefit from the systematization and cataloguing of these characteristics.

2. The new creation of comprehensive a mathematical model and the associated drawings
are provided, further demonstrating the reliance of numerous significant parameters.

3. A suitable original measuring method and apparatus are described for calculating the
vibration amplitudes of an ultrasonic rotary sonotrode.

4. The laboratory determination of breaking forces of test specimens welded by the
ultrasonic welding method for polymer materials of various characteristics is de-
scribed, together with the necessary measuring equipment due to the verification of
the mathematical model.

5. The creation of calibration diagrams of the relationship between the ultrasonic rotary
sonotrode’s vibration amplitude and the declared power of the ultrasonic generator is
also explained in order to get pertinent and realistic data needed for the implementa-
tion of the mathematical model presented.

6. Breaking forces were examined for 42 sets of test specimens that were welded at
various welding speeds and welding powers on the basis of which the welding times
were determined for the compounds with the maximum braking force and compared
with the calculated ultrasonic welding times according to the mathematic model.

7. The area of the best welding parameters also was identified, along with typical
variations in the functional dependency of breaking forces on the ultrasonic energy
injected into the weld. The diagrams show areas where too little ultrasonic energy was
applied, resulting in low breaking forces, optimal areas with ultrasonic energy applied,
resulting in maximum joint breaking forces, and areas with too much ultrasonic energy
applied. This resulted in deterioration of the welds.

8. The new developed mathematical model and the experimental data showed good
agreement, with differences that are not important for practical application.

More extensive experiments on the presented model will be conducted in further re-
search and papers. The authors hope that the mathematical model, which, for the first time
combines such a large number of parameters, will serve as a basis for new comprehensive
research in the field of ultrasonic welding materials. Future research will focus on testing
mergers of different materials and comparability with other welding methods.
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Abstract: Remanufacturing has been gaining increasing attention in the last few years as a part of
green engineering. It is the process of restoring the original specifications of a given product utilizing
a combination of new, repaired, and old parts. The present study investigates non-destructive
disassembly of an interference fit pin-hub joint to enable the reuse of worn parts with the same
loading capacity. The aim is to reduce the disassembly force while preventing plastic deformation
and frictional damage on the contact surface to avoid fretting failure and enable further coating.
A finite element model of a shaft/hub interference fit was developed, taking into account two
cases of damage to the mating parts: deformation and corrosion. The results indicate that thermal
disassembly is effective in reducing breaking force by 50% in deformed joints, whereas vibration
waves are more suitable for corroded parts with increased friction. In addition, applying a low-
frequency oscillation force to the axis of disassembly reduces the pulling out force by 5% and plastic
deformation by 99% due to acoustic softening effects. Furthermore, using a heat flux simultaneously
with vibration decreases the breaking force by 85%, indicating the higher effectiveness of thermal-
aided disassembly and vibration-assisted disassembly in reducing the breaking force of corroded
parts with increased friction. This study provides remanufacturing designers with efficient tools to
weaken the interference fit and decrease the disconnecting force, ultimately reducing the cost and
time required for the disassembly process.

Keywords: interference fit; press-fit pin-hub; automated disassembly; remanufacturing; finite
element analysis

1. Introduction

In recent years, there has been growing interest in remanufacturing as a research topic,
especially in the context of sustainability and green engineering. Remanufacturing is the
process of restoring used products to a condition that is equal to or better than their original
state, thereby minimizing waste and reducing carbon footprints. The process involves
various steps, such as sorting, disassembly, cleaning, inspection, and rebuilding [1,2].
Disassembly of fitted components, particularly interference-fitted ones, is a critical step
in the remanufacturing process. Disassembly is essential for product recovery and is the
primary source of data related to remanufacturing operations. Interference fits, also referred

Machines 2023, 11, 538. https://doi.org/10.3390/machines11050538 https://www.mdpi.com/journal/machines132



Machines 2023, 11, 538

to as friction fits or press-fits, are commonly employed in mechanical joints due to their
cost-effectiveness and simple design. These joints are particularly useful for cylindrical
components in various mechanical systems because of their precise radial alignment [3].
Torque-transmitting bearings, which are widely used in heavy machinery, locomotives, and
electrical hardware systems [4], are some of the applications of press-fit joints. Disassembly
of interference joints is a crucial stage in the disassembly process. However, due to the
complexity of the mating parts, it can be challenging to remove them without causing
plastic deformation, scratches, and adhesion. These types of friction damage can adversely
affect the success of the remanufacturing process.

Remanufacturing, a process aimed at maintaining the original shape and/or output
of a component, is in contrast to recycling. Successful remanufacturing depends on the
integrity of the parts during disassembly, which is a crucial step. Unfortunately, disassem-
bly is mostly performed manually with hand tools, as automated tools are expensive [5],
leading to increased labor costs and limiting the applicability for complex products [6].
For example, disassembling shaft-and-hub joints often requires applying torque and axial
loading, which can cause deformations and increase separation difficulty. Additionally,
the loss of contact between the shaft and hub increases susceptibility to fretting wear [7].
Earlier research by Radi et al. developed a mathematical model validated by finite ele-
ment analysis (FEA) to investigate the bending moment of the detachment of shaft-hub
press-fits [8]. Hammond et al. demonstrated in another study that disassembly was a
significant concern for remanufacturers, with corrosion being the most serious concern
during disassembly [9]. Corrosion can cause sticking or bonding of the parts, making
disassembly difficult, particularly after prolonged storage of up to 30 years, which can
initiate adhesive and corrosion bonds. This increases the extraction force needed, as the
coefficient of friction (COF) increases [10]. The required disassembly power for rusted
joints could be twice that of non-corroded ones [11].

Permanent fastening is considered a significant challenge during disassembly pro-
cesses, second only to corrosion. Breaking up interference fits can be a difficult process that
often results in frictional damage and plastic deformation. The amount of force required for
removal is directly related to the extent of the damage caused [2]. To overcome this problem,
non-destructive disassembly (ND) methods have been proposed to prevent damage to
components [9]. A study by Mok et al. showed that minimal extraction force was one of
the most critical characteristics for easy disassembly of mechanical parts [12]. Reducing the
extraction force is crucial as it allows the application of simple tools and techniques and
minimizes frictional damage, thereby reducing refurbishing costs. However, interference
fits, also known as permanent or semi-permanent fittings, are often considered impossible-
to-disassemble [13]. When conducting non-destructive disassembly (ND), it is crucial to
maintain the loading capacity of interference fits while avoiding surface damage, such as
bulges or furrows. Disassembly should be carried out in a manner that avoids plastic and
thermal strains, as plastic strain can result in permanent deformation of the structure, which
can ultimately affect the strength and ductility of the part [14]. When a part is subjected to
plastic strain, it becomes more susceptible to necking, which significantly reduces the life
cycle of the remanufactured part [7]. Zhou et al. [2] analyzed plastic strains and found a
strong correlation between surface damages and extraction force. Consequently, significant
efforts have been made to reduce extraction forces during disassembly processes.

Currently, various methods are used to ease the extraction of interference fits, such
as cold contraction, thermal expansion, and injection of pressurized oil [14]. The pri-
mary goal of these methods is to minimize contact pressure and reduce the force required
for disassembly. Two primary approaches have been studied: thermal disassembly and
vibration-assisted disassembly. Thermal disassembly has several advantages, including
reducing surface damage, being highly effective for coatings in post-processing and re-
furbishing, and being suitable for automated disassembly. Wang et al. [15] explored the
use of liquid nitrogen to weaken a sleeved interference fit. The sleeved joints allowed the
liquid nitrogen to pass through and create radial shrinkage. Their findings showed that
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this technique significantly reduced the radial and hoop stresses, which, in turn, reduced
the disassembly force required. However, the study did not investigate thermal strains and
plastic deformation.

Shaheen et al. [16] conducted a study to investigate the thermal behavior of high-
strength stainless steel bolt assemblies at elevated temperatures. They observed that the
tensile strength of the assemblies gradually decreased with increasing temperature up
to 300 ◦C, followed by a much sharper drop. Beyond 300 ◦C, the assemblies could not
retain much of their original strength even after cooling. It is crucial to maintain the
original strength of the parts after thermal expansion to ensure acceptable performance
after remanufacturing. Sun et al. [17] also studied the behavior of S235 steel under an
elevated temperature and suggested that thermal plastic strains significantly increased at
temperatures above 200 ◦C. In another study, Bengeri et al. [18] investigated the thermal
assembly of a shrink fit and concluded that the residual stresses, particularly the interface
pressures, were not significantly affected by the drop in yield stress at high temperatures,
and hence could be considered approximately isothermal. However, this study cannot be
directly applied to thermal disassembly as it did not take into consideration the contact
area between the shaft and hub prior to assembly, where pretension and pressure at the
contact surfaces had not yet occurred. The changes in pressure might be weakened due to
the heat transfer between the contact zones.

By contrast, vibration-assisted disassembly, specifically using ultrasonic micro-vibrations,
has been utilized to aid in the disassembly of press-fit assemblies by employing low-frequency
oscillations. These vibration waves can decrease friction and extend the elastic–plastic range,
potentially avoiding damage during the disassembly process [15]. Studies have demon-
strated that vibration waves can reduce the force required to break up an interference fit
by up to 60% while preserving the properties of the parts. Furthermore, low-frequency
oscillation waves can improve and refine the surface texture by altering the microstructure
and removing weaker dirt, which can be further enhanced by combining vibration with
chemical fluids and abrasive tools, ultimately reducing the time and effort necessary for re-
furbishing parts after disassembly [19]. Thus, this type of wave is well-suited for corroded
surfaces with a higher coefficient of friction and loss of materials. Fridman et al. observed
a significant decrease in friction between sliding surfaces as a result of the application
of vibration, resulting in a significant weakening of the connection between assembled
parts [20]. The impact of vibration waves is highly dependent on tangential stiffness,
stresses, and surface roughness, as reported by Gutowski et al. [21]. Mikolainis and Bakšys
used an electromagnetic vibrator to apply vibration waves to an interference-fit assembly
and found that the force and duration required for disassembly could be reduced by adjust-
ing oscillation parameters, namely the amplitude (A) and frequency (f) of vibration [22].
The exposure and duration of oscillation waves were also found to impact the weakening of
connections. Several researchers have demonstrated an inverse effect of ultrasonic vibration
on the force required for disassembly [23]. The three widely recognized explanations for
the influence of ultrasonic vibration on metal plasticity are stress superposition, acoustic
softening, and reduced friction. Nonetheless, the underlying mechanism responsible for
this phenomenon is still unclear and remains a topic of debate to date [24].

While there has been extensive research on interference fit disassembly, particularly in
ideal conditions, limited attention has been given to the disassembly force of an interference
fit under normal wear conditions. The presence of corrosion, bonding, and deformation
between the mating parts can significantly increase the disassembly force required. The
identified knowledge gap served as the motivation for the current study, in which a finite
element analysis was utilized to model a press-fit shaft and hub. The study aimed to inves-
tigate potential methods for facilitating disassembly during remanufacturing, with a focus
on friction as a significant factor influencing the disassembly force. Our approach involved
comparing the forces required for disassembly before and after applying thermal expansion
and vibration techniques, with a focus on examining plastic strains. This study adds a
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novel contribution to the existing literature on interference fit disassembly by exploring
ways to address the practical challenges faced in real-world disassembly scenarios.

2. Methodology

This study focused on investigating two common problems that arise during the dis-
assembly process: deformation and corrosion of the mating components. To address these
issues, thermal expansion and vibration-assisted disassembly techniques were examined.
The research team developed a baseline model of an interference fit and validated it using
literature data. The model accounted for normal wear of the joint and considered two
scenarios: deformation caused by bending of the connected parts and an increase in COF
due to corrosion. The study explored various approaches to reduce the pull-out force,
minimize plastic strain in the parts, and prevent damage during and after disassembly.
Figure 1 provides a block diagram of the modelling sequence used in this study.

Figure 1. Workflow of the current study.

This study used a finite element model developed by Madej et al. [25], which simulated
the press-fit process of a simple pin-tube mechanical joint with different tolerances between
the mating shaft and hole. Madej et al. analyzed both pressing and withdrawal modes and
validated the model using experimental data from the same study and by comparing the
assembly force graphs with those from another study conducted by Croccolo et al. [26].
Based on the similar trends observed in the results, this model was selected as the baseline
model for the current study.

The finite element model for the press-fit joint was created using Ansys 2021, with
the dimensions and shape of the shaft/hub fit shown in Figure 2a. This fit corresponds
to the J10 (O = 0.022 mm) specification as per the reference literature [27]. The joint in
this study follows the H7/s6 standard, which is a medium drive fit used for permanent
assembly, commonly found in drive gears and sleeve bearings. Due to the difficulty in
disassembling this type of joint without causing damage, it was selected for the current
study. The material chosen for this study was S235 structural steel, which is a low-carbon
manganese steel. S235 steel was selected for its common use in manufacturing, particularly
in the automotive industry where remanufacturing is important. It has good weldability
and machinability and is relatively inexpensive, making it a cost-effective choice for reman-
ufacturing processes. Using this material allowed for a realistic and relevant analysis of the
challenges associated with disassembling parts for remanufacturing.

To model the pressing assembly process, finite element analysis (FEA) was utilized
as depicted in Figure 3, replicating the model developed by Madej et al. [25]. The shaft
was displaced by 15 mm in the Z-axis direction, with a step size of 0.5 mm. The material
properties and plasticity data of the S235 steel alloy presented in Tables 1 and 2 were applied
to the mating parts (shaft and hub) in the model. The contact surface was modelled using
the augmented Lagrange function with a COF of μ = 0.1. A support was fixed at the front
outer surface of the hub, as shown in green (see Figure 2b), following the method described
in the literature [25]. The maximum force over time was considered as the force required to
assemble the joint, whereas the force required to displace the shaft from the hub by 0.1 mm
was taken as the breaking force value. The baseline model was validated by comparing the
obtained results with those from the literature, as described below. Subsequently, it was
used to further analyze the interference fit disassembly. Section 2.1 considered a bending
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couple to study deformed interference fits, while Section 2.2 investigated corrosion, which
is classified as the most significant problem in ND.

Figure 2. (a) A sketch of the shaft/hub interference fit and (b) the CAD model. Dimensions are
in mm.

 
Figure 3. Case 1 transient thermal model setup.

Table 1. Chemical composition of S235 alloy.

Element C Mn P S N Cu Fe

% 0.17 1.4 0.035 0.035 0.12 0.55 Bal.

Table 2. S235 steel alloy mechanical properties.

Young’s Modulus (GPa) 200

Yield Strength (MPa) 235

Ultimate Tensile Strength (MPa) 360

2.1. Thermal Expansion-Assisted Disassembly

Interference fits can lead to bending and torsion of the mating components, which
increases their susceptibility to fretting and fatigue [13]. Peaking stress occurs when the
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shaft and hub are subjected to bending loads, resulting in relative motion between them.
Torsion only increases shear motion but may cause plastic deformation under high-stress
conditions when slipping is prevented. According to Radi et al. [8], the mating parts
experience increasing pressure at the concave side and vice versa. The detachment bending
couple is the moment needed to detach a hub from a shaft due to frictional forces at the
interface. A mathematical model has been derived to calculate the detachment couple C
of a shaft-hub interface fit as shown in Equation (1), where E is the Young’s modulus, I
is the diametrical interference, I1 is the moment of inertia, and a is the shaft radius. The
detachment couple is then applied to the shaft, as shown in Figure 3, while the other end of
the hub is fixed. The primary objective of this study is to prevent the increase in plastic
deformation at the shaft/hub interface during disassembly, which is crucial for ND.

C ≈ 0.4IEI1

a2 = 0.32IEa2 (1)

To facilitate disassembly through thermal expansion and reduce contact stress, an
even heating process was applied to the hub. This approach is similar to shrink fitting,
where a transient heat is applied to the hub during assembly, causing it to shrink while
cooling after assembly [28]. Since the hub has a significantly larger surface area than the
pin, the expansion of the hub would have a greater effect. To simulate actual heat transfer
during disassembly, a transient thermal analysis was performed using Ansys Workbench
2021, as illustrated in Figure 4. A heat flux was applied to the exterior of the hub, and both
ends were assumed to be at room temperature, with convection taken into account. The
initial temperature was maintained at 22 ◦C, and a displacement of 4.5 mm was applied to
the shaft. The Ansys model implemented the mechanical and thermal properties of S235
steel at different temperatures, obtained from the literature [29], and these are presented in
Figure 4. The study investigated the effect of thermal heating within a temperature range
of less than 300 ◦C, as both the yield strength and Young’s modulus of the alloy decreased
with increasing temperature. The elasticity was determined by Young’s modulus (E) and
the tangent modulus, with the model keeping the latter constant. Young’s modulus is
a measure of a material’s stiffness under axial tension or compression and is calculated
as the ratio of stress to strain within the proportional limit. It is a constant value for a
given material and is independent of the magnitude of the stress applied. By contrast, the
tangent modulus is a measure of the local stiffness of a material at a specific point on its
stress–strain curve and is calculated as the slope of the curve at that point. Unlike Young’s
modulus, the tangent modulus is not a constant value but varies depending on the level of
stress applied. It is worth noting from Figure 4 that the thermal conductivity decreased by
more than 13% after 300 ◦C, leading to less efficient heat transfer. Additionally, the tensile
strength also experienced a drastic decline after 300 ◦C. Therefore, a heat flux in the range
of 0.5 to 2 W/mm2 was applied to avoid violating this constraint and keeping the part’s
temperature below 300 ◦C, as shown in Figure 4. The study determined the plastic strain,
contact pressure, and disassembly force resulting from the transient thermal analysis.

2.2. Vibration-Assisted Disassembly

The S235 alloy, being a mild steel, is vulnerable to uniform corrosion when exposed
to humid air. Previous studies by Gassama et al. and Kocanda et al. have shown that the
coefficient of friction (COF) increases significantly when wear occurs in seawater [31,32].
These studies assumed that no anti-corrosion coatings were applied to the contact surfaces
of the joint. In line with these findings, a COF of 0.6 was used in the current study for
ANSYS static structural analysis. The selection of the coefficient of friction (COF) value
of 0.6 was carefully considered and based on a thorough literature review and common
industrial practices for similar applications. This value falls within the typical range
for metal-on-metal contacts, such as those found in automotive components, and has
been widely used in simulations and experiments related to remanufacturing processes.
The wear effect was considered a combination of mechanical, abrasive, and corrosive
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factors, while the effects of time-dependent corrosion and loss of material were neglected.
Previous studies by Dieudonné et al. and Gutowski et al. investigated the impact of
longitudinal vibrations on friction forces in sliding motions [15,21]. Both studies applied
oscillations of different frequencies to the support to simulate the acceleration force exerted
on the hub in the same axis of sliding motion (i.e., the z-axis in this FEM). In this study,
vibration waves were applied as sinusoidal forces described by two functions presented in
Equations (2) and (3). The force F varied with time t, and two different vibration amplitudes
(1000 N and 5000 N) were considered while the frequency remained constant.

1.6x10-5

1.5x10-5

1.4x10-5

1.3x10-5

1.2x10-5

1.1x10-5

1.0x10-5

0.9x10-6

Figure 4. Physical and mechanical properties of S235 alloy vs. temperature (a) The coefficient of
thermal expansion, (b) thermal conductivity, (c) specific heat capacity, ref. [30] (d) yield strength, (e)
tensile strength, and (f) Young’s modulus. Reprinted/adapted with permission from [18] 2023, Else-
vier.

F = −A sin2
(

2πt
0.0002

)
f ≈ 700 Hz (2)

F = −A sin2
(

2πt
0.0007

)
f ≈ 1500 Hz (3)
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To examine the impact of higher frequencies on the disassembly process, a threshold
of 1500 Hz was selected as a relatively high frequency [33]. This was performed to bridge
the gap between previous research conducted by Gutowski et al. [21], who studied high
frequency (4000 Hz), and Dieudonne’ et al. [3], who examined low frequency (4–60 Hz). To
further explore the impact of lower frequency, a frequency of 700 Hz was also included.
During the disassembly process, vibration waves were applied simultaneously, while
an extraction of 2 mm with a step of 0.2 mm was carried out. The breaking force was
determined as the total force required to move 0.1 mm of the shaft. All other settings
remained consistent with the baseline model described earlier.

3. Results and Discussion

In this section, the results of the study on the disassembly force using developed FEA
model are presented. The accuracy of the model is evaluated by comparing its results to
those reported in the literature. The disassembly force predicted by the model and those
reported in the literature [26] are compared in Figure 5a. The model estimates the breaking
and assembly forces to be 8986 N and 6002 N, respectively, which is slightly higher than the
literature-reported values of 8590 N and 5469 N. The model’s ability to accurately predict
the disassembly force under different conditions indicates its usefulness in optimizing
the design of bolted joints for specific applications. Additionally, the model predicts a
maximum surface pressure of 267 MPa, as shown in Figure 5b, which is slightly lower than
the literature-reported value of 277 MPa. The difference may be due to the assumptions
made in the model, such as the assumption of a perfectly flat contact surface between the
bolt and the nut, which may not hold in real-world scenarios. However, the margin of error
of approximately 5% indicates an acceptable level of accuracy in predicting the disassembly
force under different conditions in the current study. Figure 5b also shows that the inlet
experiences a significant stress concentration, consistent with the findings of Pedersen [13].
This stress concentration may be attributed to the geometric features of the inlet, such as
its sharp edges and corners, which can act as stress concentrators. The identification of
these stress concentrations can aid in the optimization of the bolted joint design to prevent
failure. As discussed, the predicted assembly force was initially higher than that in the
literature [25]. This discrepancy may be due to the relatively larger overlapping areas of the
shaft and hub in the current study. The model assumed an overlapping of 0.1 mm to set up
the contact area roughness, which may have resulted in a higher predicted assembly force.
However, this difference is not significant for the current study, as the primary objective
was to reduce the breaking forces of the joint.

To further validate the results of the FEA model, a convergence analysis of the max-
imum equivalent stress was conducted, as shown in Figure 5c. A mesh element size of
1 mm was selected, as the difference in the results was within 5%. This mesh element size
was applied to the two cases considered in this study.

3.1. Thermal-Assisted Disassembly

The results of the study on the decoupling process of a shaft-hub joint using numerical
simulation are presented in this section. Equation (1) was used to determine the decouple
moment, which was found to be approximately 25 kN mm. This value was then applied
to the shaft, as shown in Figure 6a. It is worth noting that the model used in this study
had a protruding shaft. Therefore, the shaft-hub contact force was not directly loaded, and
the shaft was only deformed compared to non-protruded ones [8]. Figure 6b shows that
plastic strain had developed around the edges of both the shaft and the hub. The goal of
the numerical decoupling (ND) process was to avoid increasing such deformation and
maintain the plastic strain as before disassembly.
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Figure 5. (a) Assembly force with marked breaking force comparisons [25], (b) surface pressure after
assembly, and (c) mesh convergence graph.
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Figure 6. (a) Maximum stress at a moment of 25 kN mm and (b) plastic strain after deformation in
the shaft and the hub.

Figure 6b illustrates that the plastic strain was confined to the edges of the shaft and
hub, indicating that the elastic deformation was mainly responsible for transmitting the
load. The model predicted that the maximum plastic strain was around 0.019, which is
within the acceptable range for many engineering applications. The results of this study
demonstrate that ND can effectively reduce the deformation and maintain the plastic strain
of a shaft-hub joint during disassembly. This approach can potentially reduce the risk of
joint failure and increase the lifespan of the joint. The model’s ability to accurately predict
the plastic strain and deformation can help optimize the design of shaft-hub joints for
specific applications.

The change in contact pressure with increasing applied heat flux is analyzed using
Figure 7a. The maximum and average pressures are observed to decrease significantly
as the heat flux is increased. Initially, with no heat applied, the maximum and average
pressures are approximately 680 MPa and 230 MPa, respectively. However, at a heat flux of
2 W/mm2, these values drop to approximately 250 MPa and 30 MPa, respectively. These
results are consistent with those reported by Sen et al. [29], who observed similar trends
in both radial and hoop stress under the application of thermal energy. The reduction in
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contact pressure can be attributed to the thermal expansion of the hub and shaft, which
reduces the compressive forces between the two components. Additionally, the local
increase in temperature causes a decrease in the modulus of elasticity and an increase in
the coefficient of thermal expansion, which further contributes to the reduction in contact
pressure. It is important to note that the reduction in contact pressure can have significant
implications for the structural integrity of the joint. In particular, it can increase the risk
of fatigue failure and reduce the lifespan of the joint. Therefore, it is essential to carefully
consider the effects of thermal loading when designing and analyzing mechanical joints.

Figure 7. (a) Change in contact pressure with heat flux and (b) temperature change along radial
distance from shaft surface to hub exterior at different heat fluxes.

The results showed that the applied heat flux had a significant effect on the temper-
ature, contact pressure, and disassembly force of interference shaft-hub connections. As
shown in Figure 7b, the temperature along the external surface increased consistently with
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an increase in the stance from the contact surface, with the highest occurring at a heat input
of (1 W/mm2).

The temperature rise shown in Figure 7b was found to be associated with a reduction
in the disassembly force. Figure 8a shows the lowest force required for disassembly was
shown the least for the highest heat input (1 W/mm2). Figure 8b illustrates the temperature
gradient through the joint at an applied heat flux of 2 W/mm2. Notably, the effect of the
applied heat flux is reduced at the interface between the shaft and hub, compared to the
external heating surface. This is because the Z-axis contact line, which is the most important
zone affecting heat transfer in an interference shaft-hub connection, experiences a reduction
in contact pressure due to the thermal expansion of the hub and shaft.

Figure 8. (a) Variation of disassembly force with displacement at different heat fluxes and (b) temper-
ature gradient at heat flux of 1 W/mm2.

Comparing the results to the baseline model, the disassembly force was found to be
reduced by approximately 18% and 50% at applied heat fluxes of 1 W/mm2 and 2 W/mm2,
respectively. This reduction in the disassembly force can be explained by the decrease
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in contact pressure along the Z-axis contact line, which is consistent with the findings
of Sen et al. [29]. These results have practical implications for the design and analysis
of interference shaft-hub connections subjected to thermal loading, particularly in high-
temperature applications. The reduction in the disassembly force observed in this study
suggests that applying heat to the connection before disassembly could be an effective
means of reducing the force required for disassembly. Additionally, the results highlight
the importance of considering the effect of thermal loading on interference shaft-hub
connections in the design and analysis process.

The values (both maximum and average) of plastic and thermal strains after disassem-
bly, at different amounts of the heat flux applied, are given in Table 3. The application of
heat flux resulted in a reduction of approximately 7% and 3% in average plastic strain for
heat fluxes of 0.5 and 1 W/mm2, respectively, compared to direct disassembly (without
heating). However, the maximum plastic strain remained constant with an increasing heat
flux up to 1 W/mm2 and then experienced a significant surge of about 140% when the
heat flux was increased to 2 W/mm2. This increase in the maximum plastic strain can
be attributed to the induced thermal strain. The observed thermal strain increased by
approximately 2500% as the heat flux was increased from 0.5 to 2 W/mm2, as shown in
Table 3. These results are consistent with previous experimental findings by Sun et al. [17],
who reported a substantial rise in thermal plastic strains with increasing temperature above
200 ◦C for alloy S235. The study also found that temperature effects may induce solid
plasticity and mechanical loads [34]. As the ultimate tensile strength and the Young’s
modulus of the alloy decreased after reaching 200 ◦C, as shown in Figure 4, strains devel-
oped at lower stress values, which could explain the increase in the overall average plastic
deformation to reach 1.73 × 10−4. It should be noted that the current work did not study
the cooling after thermal disassembly and the thermal strain-hardening effect. Further
experimental studies would be required to allow more accurate determination of the actual
plastic deformations and disassembly forces considering such influencers.

Table 3. Plastic and thermal strains after disassembly at different heat fluxes.

Heat Flux (W/mm2) Maximum Plastic Strain Average Plastic Strain Maximum Thermal Strain Average Thermal Strain

0 4.21 × 10−3 1.42 × 10−4 - -

0.5 4.21 × 10−3 1.32 × 10−4 3.60 × 10−5 2.47 × 10−5

1 4.21 × 10−3 1.38 × 10−4 3.36 × 10−4 2.31 × 10−4

2 1.00 × 10−2 1.37 × 10−4 9.35 × 10−4 6.43 × 10−4

3.2. Vibration-Assisted Disassembly

Figure 9 displays the baseline disassembly force versus displacement for both the
deformation and corrosion cases. The vibration waves were applied as sinusoidal forces
using Equations (2) and (3) as described earlier. From the figure, it is evident that increasing
the coefficient of friction (COF) to 0.6 resulted in a significant increase in the required
breaking force. Specifically, the breaking force increased by a factor of about 2.5, which
indicates an increase in the difficulty of disassembly. The use of vibration waves for
disassembling interference-fit assemblies can be further considered for future studies. In
particular, the contact response with cyclic micro-slips and frictional dissipation in the joint
to fully understand its feasibility and safety. The force amplitudes presented only refer to
excitation. Finite element analysis with a contact algorithm can simulate the interaction
between the shaft and hub, including friction and micro-slips, to determine the potential
for joint damage or failure during disassembly.
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Figure 9. Baseline disassembly force for the deformed and corroded joints; labelled breaking force at
0.1 mm displacement.

In this study, the motion graphs of different force amplitudes at frequencies of 700 and
1500 Hz were analyzed and presented in Figure 10a,b, respectively. The harmonic response
analysis was performed using Ansys to determine the natural frequency of the joint. It
was found that the natural frequency of the joint was significantly higher than that of the
applied vibrations. Therefore, the joint was not expected to achieve resonance, which could
cause irreversible damage. This indicates the feasibility and safety of the proposed method
for the disassembly of interference-fit assemblies through vibration waves.

Figure 11 presents the effect of oscillation waves with various amplitudes and fre-
quencies, as well as an increase in joint temperature, on the disassembly force. The results
related to the thermal effect are plotted with respect to a secondary axis to the right. The
baseline model required a disassembly force of approximately 25.4 kN. The application
of a vibration wave with an amplitude of 1000 N and a frequency of 700 Hz did not have
a significant effect. However, when either the amplitude or frequency was increased, the
driving force was shown to decrease, particularly with increased displacement. For exam-
ple, when a vibration wave with an amplitude of 5000 N and a frequency of 1500 Hz was
applied, the breaking force at a displacement of 2 mm was about 24.6 kN. These findings are
consistent with previous experimental studies that suggest that the driving force level can
be controlled by changing the vibration amplitude or frequency [3,21]. Higher frequencies
are thought to have a greater impact on elastoplastic deformation and surface roughness,
resulting in a reduced friction force and thus a decrease in the required disassembly force.

It should be noted that the maximum achieved reduction in the disassembly force
due to application of vibration was about 5%, which was significantly smaller than that
reported in the literature, which was about 60% [3]. This difference could be attributed to
variations in geometry, interference, and vibration parameters. For example, the diameter
of the cylindrical pin used in the current study was 8 mm, while in the literature, it was
less than 1 mm. Additionally, the contact area between the shaft and the hub was much
larger in the current study, which increased the force exerted due to friction and decreased
the effect of the applied oscillation waves.
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Figure 10. Oscillation force applied at (a) 700 Hz and (b) 1500 Hz.
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Figure 11. Disassembly force comparisons with low-frequency oscillations.

Further research could investigate the effect of higher frequency and an amplitude of
oscillation waves, which would exert a higher impact of energy. Additionally, researchers
could consider the thermal effect of oscillation waves, which could activate internal par-
ticles of the mating parts, enhance their relative motion, increase the temperature of the
joint, and result in thermal softening, thereby decreasing the entire dynamic deformation
resistance [24]. With the reduction in contact stress, the reduction in the disassembly force
would be more drastic.

Regarding plastic strain, the maximum plastic strain was decreased from 1.57 × 10−2

to 1.83 × 10−3, 1.72 × 10−4, and 1.56 × 10−4, respectively, when vibration waves of
(frequency 700 Hz and amplitude 1000 N), (frequency 700 Hz and amplitude 5000 N), and
(frequency 1500 Hz and amplitude 5000 N) were applied, which was equivalent to about
an 88%, an 89%, and a 99% reduction in the maximum plastic strain. The average plastic
stain also exhibited comparable lessening due to the application of the vibration waves.
This softening effect of oscillation waves on plastic strain was previously suggested in the
literature [24]. Moreover, the study showed that increasing both the amplitude and/or the
frequency of the vibrations applied had a positive effect on the softening effect, which was
confirmed by the current results.

Table 4 shows the plastic and thermal strains after disassembly at different amplitudes
and frequencies of the oscillation waves applied. The table shows that applying vibration
only does not reduce the plastic strain. The current study noted that the strain hardening
effect was not taken into account in the model, which could lead to an overestimation of
the reduction in the plastic strain after applying the vibration waves. Additionally, the
plastic deformation at the micro-surfaces requires further investigation. Nevertheless, the
results indicated that ND could still be implemented effectively with the aid of oscillation
waves, even though the force reduction due to vibration was not significant. The effect of
different vibration parameters needs to be investigated further.
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Table 4. Plastic and thermal strains after disassembly at different amplitudes and frequencies of the
oscillation waves applied.

Condition
Max. Plastic

Strain
Average Plastic

Strain
Max. Thermal

Strain
Avg. Thermal

StrainVibration Frequency (Hz)
and Amplitude (N)

Thermal Flux
(W/mm2)

Baseline 1.57 × 10−2 1.42 × 10−3 - -

f = 700, A = 1000 - 1.83 × 10−3 8.98 × 10−6 - -

f = 700, A = 5000 - 1.72 × 10−3 6.33 × 10−6 - -

f = 1500, A = 5000 - 1.56 × 10−4 8.30 × 10−6 - -

f = 700, A = 1000 1 1.59 × 10−4 3.01 × 10−7 3.39 × 10−4 2.33 × 10−4

f = 1500, A = 5000 1 1.42 × 10−4 2.57 × 10−7 3.39 × 10−4 2.33 × 10−4

Figure 11 and Table 4 showed that applying a heat flux of 1 W/mm2 simultaneously
with the oscillation waves resulted in a higher reduction in both plastic strain and breaking
up force. This was suggested to be due to the decreased contact pressure. For instance,
when a 1 W/mm2 heat flux was applied concurrently with an oscillation wave of an
amplitude of 5000 N and a frequency of 1500 Hz, the average plastic deformation and
disassembly force (at a 2 mm displacement) were reduced to 2.57 × 10−7 and 3700 N,
respectively. This reduction was equivalent to about 99% and 85%, respectively, compared
to the case when the vibration wave of the same amplitude and frequency was applied
alone (without thermal heating). These findings indicate that thermal disassembly could
be more efficient than low-frequency oscillations with a suitable temperature increase.

4. Conclusions

This study aimed to explore strategies for improving the disassembly of parts for
remanufacturing, with a focus on reducing disassembly force and frictional damage. An
FEM model of an interference fit shaft-hub joint made from S235 steel was developed and
validated, and potential solutions were investigated for dealing with deformation and
corrosion wear. Thermal disassembly and vibration waves were identified as promising
strategies for addressing these challenges. The key findings of the study are:

1. Plastic strain was found around the edges of the mating parts after applying a decou-
pling moment to the FEM. An application of a 1 W/mm2 heat flux caused an 18%
reduction in the breaking force, alongside a 3% decrease in plastic strain.

2. At a 2 W/mm2 heat flux, the maximum temperature reached 220 ◦C, the breaking
force reduced by 50%, but the plastic strain experienced a drastic boost as a result of
the thermal strain.

3. Increasing the COF of S235 steel to 0.6 caused the disassembly force to increase by
more than 250%.

4. An application of oscillation waves to the joint did not significantly affect the dis-
assembly force, especially at the early stages of application. The maximum re-
duction obtained was about 5% with a vibration wave of 5000 N amplitude and
1500 Hz frequency.

5. The maximum plastic strain decreased by 99% when a vibration force of 1500 Hz and
5000 N amplitude was applied to the joint, possibly due to the softening effect of
oscillation waves.

6. Simultaneously applying a heat flux of 1 W/mm2 and vibration waves of 1500 Hz and
5000 N amplitude further decreased the breaking force by 85%, indicating the greater
effectiveness of thermal-aided disassembly compared to vibration-assisted disassembly.

These findings provide valuable insights and tools for remanufacturing designers to
facilitate disassembly, decrease disconnecting force, and ultimately reduce costs and the
time required for the process. The results suggest that a combination of thermal disassembly
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and vibration waves can effectively reduce disassembly force and plastic strain, making it a
promising approach for the remanufacturing industry. Further research is needed to explore
the feasibility and safety of these methods on a larger scale and with different materials.
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28. İrsel, G. Study of the microstructure and mechanical property relationships of shielded metal arc and TIG welded S235JR steel

joints. Mater. Sci. Eng. 2022, 830, 142320. [CrossRef]
29. Sen, S.; Aksakal, B. Stress analysis of interference fitted shaft–hub system under transient heat transfer conditions. J. Strain Anal.

Eng. Des. 2004, 39, 407–417. [CrossRef]
30. En 10025-2 Grade S235JR As-Rolled Condition (+ar)- Low Carbon Steel. Available online: https://matmatch.com/materials/

minfm33118-en-10025-2-grade-s235jr-as-rolled-condition-ar- (accessed on 11 August 2022).
31. Gassama, D.; Diagne, A.A.; Yade, I.; Fall, M.; Faty, S. Investigations on the corrosion of constructional steels in different aqueous

and simulated atmospheric environments. Bull. Chem. Soc. Ethiop. 2015, 1, 99–109. [CrossRef]
32. Kocanda, D.; Jurczak, W.; Lunarska, E.; Swiatek, K. Effect of frictional-mechanical treatment of the low alloy steels on some

exploitation properties in sea water simulated solution. Solid State Phenom. Trans. Tech. Publ. 2016, 250, 56–60. [CrossRef]
33. Chu, N.; Ning, Y.; Yu, L.; Huang, Q.; Wu, D. A high-resolution and low-frequency acoustic beamforming based on Bayesian

inference and non-synchronous measurements. IEEE Access 2020, 8, 82500–82513. [CrossRef]
34. Antoni, N. Contact separation and failure analysis of a rotating thermo-elastoplastic shrink-fit assembly. Appl. Math. Model. 2013,

37, 2352–2363. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

150



machines

Article

Parametric Modeling of Curvic Couplings and Analysis of the
Effect of Coupling Geometry on Contact Stresses in High-Speed
Rotation Applications

Chara Efstathiou *, Ioanna Tsormpatzoglou and Nikolaos Tapoglou

Department of Industrial Engineering & Management, International Hellenic University, Sindos Campus,
57400 Thessaloniki, Greece
* Correspondence: efhara@gmail.com

Abstract: Curvic couplings are used in applications demanding high positional accuracy and high
torque transmission; therefore, improving their design and enhancing their load-carrying capacity
is crucial. This study introduced the kinematic model Curvic3D, which was developed to produce
the accurate geometry of both members of a curvic coupling using a CAD system. The model
enabled the complete parametrization and customization of the coupling design using important
geometric parameters. The couplings produced using Curvic3D were then imported into a finite
element analysis model also developed as part of this study. A detailed analysis of the stresses
developed on the teeth of the concave and convex parts provided information about the behavior of
the coupling under different loading conditions. Finally, a series of geometric parameters, such as the
number of teeth, the number of half pitches, the root fillet radius, and gable angle were examined as
to their influence on the load-carrying capacity of the curvic coupling. The study concluded that all
the examined parameters have a significant effect on the tooth flank and root area stresses.

Keywords: curvic coupling; CAD; manufacturing modeling; simulation; FEA

1. Introduction

1.1. Curvic Coupling Applications

Curvic couplings are important components used in many industrial applications
and especially in joining two shafts or two sections of a shaft. They are well-suited to
applications demanding high precision, reliability, and high torque transmission capabil-
ities. Curvic couplings are commonly used in the following sectors: 1. The aerospace
industry, in jet engines, gas turbine power plants, and helicopter rotor systems. 2. Power
generation, in gas and steam turbines, enabling the transmission of torque from the turbine
to the generator. 3. Marine propulsion, in ship propulsion shafts and propellers. 4. Heavy
machinery, such as mining equipment, industrial compressors and large-scale machine
tools. 5. The defense industry, including military aircraft, armored vehicles and naval
vessels. 6. The oil and gas industry, in oil and gas drilling and production machinery.
They enable torque transmission in drilling rigs, pumps and compressors. 7. Robotics
and automation, where precise motion control is necessary. They also find applications in
robotic arms, CNC machines, and other automated equipment.

1.2. Curvic Coupling Geometry and Manufacturing

Curvic couplings are mechanical connections utilized for the connection of two rotat-
ing components and transmitting torque between them. They are designed to provide rigid
connection, ensuring the accurate alignment of the shafts and high torque transmission.
Additionally, a curvic coupling is advantageous in that its positional accuracy in both axes
actually improves over time as opposed to degrading [1]. A curvic coupling is ring-shaped
and consists of two members: the convex and the concave part. In most cases, the two
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members are clamped together with bolted connections. Both components have curved
teeth placed circumferentially on the face of the part. This curvature is formed as a result
of the machining process kinematics and tool geometry. Curvic couplings are most com-
monly machined with face-mill cutters or cup-type grinding wheels [2]. One member of
the coupling is machined with the outer edge of the cutter, resulting in a concave tooth
form, whereas the other member is machined with the inner edge of the cutter, forming a
convex tooth, as shown in Figure 1. The kinematics of the process is relatively simple and is
realized in the following steps. Firstly, the cutter engages with the left and right tooth flank
feeding into the coupling until the final depth of the coupling slot is reached. The cutter is
then retracted from the workpiece and remains at a certain distance until the workpiece
rotates one pitch around its axis. Finally, the first step is repeated and the cutter is fed into
the work gear at the next indexing position to machine the next slot of the coupling. This
manufacturing process is a single-indexing process; thus, the slots are cut two at a time,
and the manufacturing of a complete part of the curvic coupling is completed when all
slots of the part are formed.

 

Figure 1. Curvic coupling manufacturing principle.

Figure 2 presents the basic geometry of the curvic coupling cutting tooth profile. The
main geometric parameters affecting the geometry of the coupling teeth include the tooth
addendum ha, tooth dedendum hd, normal pressure angle an, chamfer height hc, chamfer
angle ac, gable angle ag, and tooth root radius rt.

 

Figure 2. Curvic coupling cutting tooth profile.

2. State of the Art and Contribution of the Present Study

Research on curvic couplings and specifically curvic coupling manufacturing is rela-
tively limited to the industrial sector. In their article, Gleason Works [2] provided funda-
mental knowledge on curvic couplings’ design. The basic types of curvic couplings were
listed, and brief descriptions of the respective manufacturing processes were provided.
The authors also made useful suggestions for the geometry of fixed curvic couplings. The
most important contribution of their work was the description of the complete design
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procedure to determine the necessary geometry of a curvic coupling to transmit a certain
load. Richardson et al. [3] developed a three-dimensional and a two-dimensional finite
element model for the simulation of the contact behavior of curvic couplings. The study
aimed to compare the two simulation approaches and determine whether two-dimensional
modeling is sufficient to analyze the contact of curvic couplings. A study to validate the
three-dimensional finite element contact developed by Richardson et al. was presented
in [4]. The finite element method results were evaluated in comparison with the results
obtained from a photoelastic test. Rensis et al. [5] developed a three-dimensional axisym-
metric curvic contact model to predict the maximum stresses in three loading cases. In
his work on gas turbine engines, Boyce [1] described the role of couplings in power trans-
mission between two shafts of an engine. Among others, the author discussed the use of
curvic couplings in such setups. A three-dimensional finite element model was developed
by Jiang et al. [6] to analyze the contact stresses of the curvic coupling in a gas turbine
under a blade-off load condition. A methodology for the design of Hirth ring couplings
which are used in the machine tool industry was provided by Croccolo et al. [7]. First, the
standard formulas currently used in the industry were listed. Then, the forces generated
in Hirth couplings were calculated with a new analytical method taking into account the
role of friction. The proposed equations were also experimentally validated on a machine
tool rotary table. Zhang et al. [8] presented a modified analytical method to calculate the
equivalent stress on the double-row curvic coupling teeth, taking the deep beam bending
effect into account. A finite element model was also presented to analyze the contact stress
of the curvic couplings under different loads. The study concluded that the bolt preload
has the greatest impact on the contact stress, while the rotating speed of the shaft reduces
the contact stress. A new type of large curvic coupling gear consisting of a large gear and
a curvic coupling was presented by Jung et al. [9]. Finite element analysis simulations
were conducted to determine the maximum Von Mises stress developed on the model
under two different external loads. Nielson [10] studied the potential of using CMM as
a means of investigating the contact pattern of curvic couplings. In the field of the simu-
lation of manufacturing processes, a series of studies have shown the potential of using
CAD-based simulation models in complex manufacturing processes [11,12]. Li et al. [13]
proposed a curvic coupling design with a double circular arc root fillet to improve the
stress concentration on the tooth root. Huang et al. [14] proposed a method to calculate
the machine setting parameters for curvic coupling manufacturing on a spiral bevel gear
grinding machine. Pisani et al. [15] investigated the behavior of curvic couplings using
two- and three-dimensional boundary finite element models. The two approaches were
compared as to the required effort for the model generation, the results’ accuracy levels,
and the post-processing capability. A method for the calculation of the contact and bending
stiffness of a curvic coupling was developed by Yu et al. [16]. Kim et al. [17] presented a
novel approach in curvic coupling modeling combining a Greenwood–Williamson contact
model with a 3D solid element model. A study was also performed to investigate the effect
of several parameters on vibration and stress. Yang et al. [18] investigated the stiffness of
curvic couplings in order to determine the tensile–compressive stiffness of the coupling. In
their investigation, they considered the stiffness characteristics of the coupling with uni-
form and non-uniform load distribution. A novel mechanical model considering the curvic
coupling stiffness weakening in various loading conditions, such as shearing, compression,
bending, and torsion, was developed by Liu et al. [19].

The present study introduces the first model for the kinematic simulation of curvic
couplings’ manufacturing that accurately produces the convex and concave tooth geometry.
Moreover, finite element analysis is utilized for the investigation of the effects of several
geometric features of the two members on the load-carrying capacity of the coupling. A
complete platform for the design, analysis of in-use performance, and manufacturing
has been developed, allowing the end user to optimize the design and performance of
curvic couplings.
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3. CAD Model

Curvic3D is a CAD-based simulation model developed as part of this study. The
algorithm simulates the process kinematics so the curvic tooth flank solid geometries are
produced as output. This simulation approach aims to enable the accurate parametric
modeling of curvic couplings. Figure 3 shows a flowchart of the simulation process.
Modeling and simulation procedures are implemented in the following steps:

I: Calculation and modeling of the blank curvic coupling geometries.

 

Figure 3. CAD-based simulation model flowchart.

The calculation process begins with the modeling of the two blank geometries for
the convex and the concave component of the coupling. The blank geometries consist of
two simple rings, the inner diameter of which is the inner diameter of the curvic coupling,
while the outer diameter is the outer diameter of the curvic coupling. The area between
the inner and outer diameter forms the face width of the curvic coupling tooth. As stated
in [2], the inner diameter of the coupling should be equal to or greater than 75% of the
outer diameter.

II: Tool profile and cutter geometry calculation.

Afterwards, the tooth profile geometry is calculated and drawn according to DIN 3972
standard [20]. The cutter radius and cutter center distance are calculated and considered in
the modeling process.

III: Simulation of the process kinematics. Tool trajectory creation.

In order to obtain the solid geometry of the cutting tool, the process kinematics must
be integrated with the tooth profile and cutter geometry. The kinematics of the process
consists of a rotation of the cutter around its axis and feed of the cutter towards the
workpiece. Parameters such as the cutter radius and cutter center distance are taken into
consideration, and the solid geometry of the cutting tool is formed, as shown in the upper
right part of Figure 3, as a result of the combination of process kinematics, tooth profile,
and cutter geometry.
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IV: Calculation of the convex and concave components’ geometry.

The final step of the simulation includes the interaction of the cutting tool and the
two workpieces. Two subassemblies are formed; the first one consists of the cutting tool
and the concave component, and the second one includes the cutting tool and the convex
component. Using Boolean operations, such as Boolean subtraction, the simulated curvic
tooth surface can be obtained. The algorithm is configured so that the final finishing pass
of the machining operation is implemented; therefore, the cutting tool is placed directly at
the final depth of the curvic slot. Nonetheless, the algorithm supports rough machining
operation with the tool performing multiple passes until the final slot depth. This way, the
undeformed chip geometries can also be obtained, enabling the calculation and analysis of
the cutting forces.

4. Finite Element Analysis and Simulation Model

Aiming to achieve the analysis of the contact behavior and developed stresses of curvic
couplings with variable geometries under various loading conditions, a finite element sim-
ulation model was developed. The solid models of the couplings were obtained using the
CAD model Curvic3D. Three-dimensional modeling was preferred over two-dimensional
as the complex geometry of a curvic coupling can be represented more accurately. The
model aims to simulate the contact conditions and contact stresses for a curvic coupling
in high-rotating speed applications such as high-pressure turbine shafts. The primary
loads that couplings withstand in such applications are considered in the model, and all
necessary assumptions are made, as described in the following paragraphs.

4.1. Solid Models and Materials

Figure 4 shows two indicative solid models of the two members of a curvic coupling
used in the simulation. The assembled coupling is obtained from Curvic3D, and it can be
used directly as is. A specific material has to be assigned to both members of the coupling.
In the present investigation, AISI 4340 annealed steel was assigned to the curvic coupling
throughout the study.

 

Figure 4. Curvic coupling solid models.

AISI 4340 is a nickel–chromium–molybdenum alloy steel, known for its toughness and
strength, and it is used, among other applications, in gear manufacturing. Table 1 shows
the specific material properties.
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Table 1. Material properties of AISI 4340 annealed steel.

Property Value Units

Density 7850 kg/m3

Elastic modulus 205 GPa
Yield strength 470 MPa
Specific heat 475 J/Kg·K

4.2. Global Mesh and Local Mesh Controls

The selected element type for both global and local mesh is the ten-node tetrahedral
solid element. Two regions of mesh were assigned to both parts. The local mesh control
with a 0.4 mm element size was applied to the coupling tooth surface to provide more
accurate results since this was the region of interest. The global mesh applied to the rest of
the solid bodies of both members in order to control the computational time had a 1.5 mm
element size. Figure 5 shows the two types of mesh applied to each member.

 

Figure 5. Global mesh and tooth surface mesh control on the concave part.

4.3. Boundary Conditions

Figure 6 presents the final boundary conditions of the model. The displacements and
loads were defined based on the literature [8,9] as well as a series of simulations.

Figure 6. Finite element model boundary conditions.

4.3.1. Loads

Centrifugal force: The centrifugal force applied on the curvic coupling results from
the rotating speed of the shaft, which equals 10,000 rpm.

Torque: Equation (1) gives the separating force Fs acting on the curvic coupling as a
result of the torque. Equation (2) provides the minimum clamping force Fc to counterbal-
ance the action of separating force Fs. Equations (3) and (4) provide the stresses σt and σc
developed due to the act of clamping force and torque. The allowable torque is calculated
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according to Equation (5), which gives the equivalent stress on the coupling teeth caused
when the coupling is subjected to the bolt preload (clamping force) Fc and the torque T.

Fs =
T
A

× tan an (1)

Fc = 1.5 × T
A

× tan an (2)

σt =
T

A × Z × w × h0
(3)

σc =
Fc

2 × Z × w × h0 × tan an
(4)

σeq =
Fc

2 × Z × w × h0 × tan an
+

T
A × Z × w × h0

(5)

According to Equation (5), setting the maximum allowable stress on the teeth at
σa = σy/sf = 156.7 MPa with the safety factor at sf = 3, the maximum allowable torque value
is calculated to be T = 4642 N·m. This torque is applied to the model for all the simulations
performed in this study.

Clamping force: To define the displacement boundary conditions of the convex gear, a
series of simulations was conducted to determine the necessary preload force to compensate
for all the separating forces acting on the curvic coupling. The minimum preload clamping
force to prevent the separation of the two members should exceed the sum of all the
separating forces acting on the coupling. According to Gleason Works [2], the clamping
force should be at least 1.5–2 times the sum of all separating forces acting on the curvic
coupling teeth. In this study, several simulations were performed to determine the necessary
clamping force so the curvic coupling was not disassembled. For a given centrifugal
force resulting from the rotational speed N = 10,000 rpm and torque T = 4642 N·m, the
minimum clamping force was defined as Fc = 42 kN. Applying this clamping force to the
coupling, the distance between the two members during simulation was not increased by
more than 15 μm.

4.3.2. Displacements

As shown in Figure 6, the axial and angular displacements at the back face of the
concave member are constrained to 0 (fixed face), a necessary assumption made to avoid
the excessive displacement of the model and prevent the simulation from failing. In
operating conditions, the displacements’ constraints would be shared between the convex
and the concave part. The displacements of the convex member are only controlled via the
clamping force and are not subject to any other constraints. Furthermore, an investigation
to determine the suitable displacement boundary conditions was carried out, examining
the behavior of the model under different displacements’ constraints. The above described
displacements were selected because they better represent the actual curvic coupling
operation and have also been used by other researchers in the literature [8,9].

4.4. Interaction Conditions

The no-penetration contact condition was applied globally to the model. Under this
contact condition, the two parts/models of the curvic assembly behave as two separate
solid bodies that interact but cannot penetrate each other. The friction coefficient between
the two parts was set to μ = 0.15.

4.5. Results

An analysis of the coupling behavior under different loading conditions was carried
out prior to determining the final loading state that would be applied on the curvic coupling.
Two loading cases were examined: 1. assembly, where only the clamping force is applied
to the model, and 2. operation, where preload force, centrifugal force, and torque are
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loading the coupling as in normal operation. The results showed that loading the curvic
coupling with only the clamping force was the most demanding case with respect to the
developed stresses as the maximum Von Mises stress reached σv,max = 469 MPa, which
is practically the yield strength of the material. In the second loading case of operation
where the coupling was subjected to all three loads, the maximum Von Mises stress did not
exceed σv,max = 357 MPa.

A baseline finite element simulation was performed using the boundary conditions
presented above and was used as a reference for the subsequent parameters investigation.
The solid model of the curvic coupling was obtained from Curvic3D, and the geometric
features of the coupling are shown in Figure 7. As can be seen in the figure, the stresses
are distributed evenly on the loaded tooth surface of both concave and convex members.
The maximum Von Mises stress occurred along the tooth root of the convex gear. While the
opposite tooth surface was not loaded, the opposite root area carried some load but the
stress remained at low levels.

 

Figure 7. Von Mises stress plot.

Since the maximum Von Mises stress of σv,max = 357 MPa is lower than the yield
strength of the material (σy = 470 MPa) and the minimum factor of safety is FOS = 1.316, the
results were reasonable and could be used as a reference for the subsequent investigation.
Figure 8 presents the factor of safety plot for the convex member of the coupling. As
can be observed, the stresses developed for the most part of the curvic correspond to an
FOS = 3, except for a narrow region at the root of the loaded flank of the tooth where the
safety factor drops at lower values. These results verify the calculation procedure using
Equations (1)–(5), considering that these equations are only used as an approximation of
the actual loading conditions; hence, many assumptions and simplifications are made.
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Figure 8. Factor of safety plot.

Figure 9 shows the displacement plot of the curvic coupling. As mentioned above,
the displacements of the back face of the concave part are constrained to 0, and this is also
noticeable in the figure. The maximum displacements are observed on the convex member
and stay below 12 μm due to the adjustment at the clamping load, which was determined
in order to counterbalance the separating forces acting on the coupling.

 

Figure 9. Displacement plot.

5. Investigation of the Effect of Geometric Parameters on the Contact Stresses

Following the development of the FEA simulation model and the initial assessment of
the simulation results, a series of simulations was carried out to investigate the effect of
several coupling geometric parameters on the developed Von Mises stresses. For each simu-
lation case, a separate curvic coupling was modeled using Curvic3D and was subsequently
embedded in the finite element model.

5.1. Effect of the Number of Teeth

For the examination of the effect of the number of teeth, three simulation cases with
varying numbers of teeth—Z = 21, 24 and 27—showed that the maximum developed Von
Mises stress decreases from σv,max = 394 MPa to σv,max = 330 MPa as the number of teeth
increases. Figure 10 shows the values of maximum Von Mises stress obtained from the
three simulation cases. All of the maximum stress values were developed at the tooth root
of the convex gear. The dramatic effect of the number of teeth on the Von Mises stress is
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explained by the fact that as the number of teeth increases, the load is distributed amongst
more teeth, leading to a decrease in overall stresses.

 

Figure 10. Effect of the number of teeth (Z) on the developed Von Mises stress.

5.2. Effect of the Number of Half Pitches

The number of half pitches included between the two tooth flanks that the cutter
machines is also an important parameter affecting the geometry and therefore the strength
of the curvic couplings. As shown in Figure 11, the increase in half pitches decreases the
maximum developed Von Mises stress from σv,max = 363 MPa to σv,max = 319 MPa. This
can be explained due to the fact that the maximum stress in all simulation cases develops
at the convex gear tooth root, the tooth thickness of which increases with the increase in
half pitches.

 

Figure 11. Effect of the number of half pitches (hp) on the developed Von Mises stress.

5.3. Effect of Tooth Root Radius

Analyzing the effect of tooth root radius on the development of Von Mises stresses,
three cases were examined in which the tooth radius was rt = 0.235, 0.435, and 0.635 mm. In
all three cases, the maximum stress occurred on the root of the convex member; therefore,
the change in root radius had a great impact on the maximum Von Mises stress which
dropped from σv,max = 388 MPa to σv,max = 303 MPa, as shown in Figure 12. The increase
in the root radius enhanced the strength of the coupling; thereby, the maximum stress
decreased dramatically.
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Figure 12. Effect of the tooth root radius (rt) on the developed Von Mises stress.

5.4. Effect of the Gable Angle

A useful parameter that many curvic coupling manufacturers take into consideration
is the gable angle. A total of seven simulations were executed to determine the effect of
gable angle on the development of Von Mises stress on the coupling. The results revealed an
interesting relation between the increase in gable angle and maximum Von Mises equivalent
stress. As can be seen in Figure 13, the maximum Von Mises stress remains constant at
about 360 MPa from ag = 0◦ until the gable angle reaches 1.5◦ and then slightly increases to
reach σv,max = 376 MPa at ag = 3.5◦. At ag = 4◦, the maximum Von Mises stress value drops
abruptly close to σv,max = 305 MPa and remains constant for the rest of the simulation cases.
Hence, it can be concluded that, for this particular curvic coupling geometry, values of the
gable angle between ag = 4◦ and 5◦ are optimum as they would result in reduced stresses.
Values of the gable angle above 5◦ were not examined since the produced geometry would
not lead to an allowable assembly.

 

Figure 13. Effect of the gable angle (ag) on the developed Von Mises stress.

6. Conclusions

The CAD model Curvic3D for the parametric three-dimensional modeling of curvic
couplings was developed as part of this study. The model simulates the manufacturing
process kinematics achieving the automatic modeling of the solid geometries of both convex
and concave members of the coupling, using custom-defined parameters. A finite element
analysis was also carried out to study the stresses developed on the tooth contact surface
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during operation at high rotating speed. Several case studies were simulated to investigate
the influence of different geometric parameters on the developed Von Mises stress. The
solid geometries of the curvic couplings were obtained from Curvic3D and examined with
FEA for their load-carrying capacity. The number of teeth, the number of half pitches, the
tooth root radius, and the gable angle were analyzed as to their effect on the load-carrying
capacity of the curvic coupling. All of these parameters were found to have a great impact
on the strength of the coupling, and the results were discussed in detail. The tooth root
radius had the strongest impact on the developed stresses, followed by the number of teeth
and the gable angle. All of the parameters showed a standard trend of the maximum Von
Mises stress except for the gable angle. More specifically, the maximum stress decreased
with the increase in the number of teeth, the increase in the root radius, and the increase in
half pitches. On the contrary, maximum stress slightly increased with the increase in the
gable angle before dropping abruptly above ag = 3.5◦.
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Nomenclature

Di Inner curvic diameter mm
Do Outer curvic diameter mm
Z Number of teeth -
hp Number of half pitches -
w Face width mm
Rw Grinding wheel radius mm
ha Tooth addendum mm
hd Tooth dedendum mm
an Normal pressure angle ◦
ac Chafmer angle ◦
hc Chafmer height mm
ag Gable angle ◦
rt Tooth root radius mm
Fs Separating force N
T Torque N·mm
A Mean radius of the coupling mm
Fc Clamping force N
σt Stress due to torque MPa
h0 Contact height mm
σc Stress due to clamping force MPa
σeq Equivalent stress MPa
σv,max Maximum Von Mises stress MPa
σy Yield strength MPa

References

1. Boyce, M.P. (Ed.) 18—Couplings and Alignment. In Gas Turbine Engineering Handbook, 4th ed.; Butterworth-Heinemann: Oxford,
UK, 2012; pp. 693–719. [CrossRef]

2. Gleason Works. Curvic Coupling Design. Gear Technol. November/December 1986, 34–48. Available online: https://www.
geartechnology.com/ext/resources/issues/1186x/Back-to-Basics.pdf (accessed on 11 July 2023).

3. Richardson, I.J.; Hyde, T.H.; Becker, A.A.; Taylor, J.W. A comparison of two and three dimensional finite element contact analysis
of Curvic couplings. Trans. Eng. Sci. 1999, 24, 11.

162



Machines 2023, 11, 822

4. Richardson, I.; Hyde, T.; Becker, A.A.; Taylor, J. A validation of the three-dimensional finite element contact method for use with
Curvic couplings. Proc. Inst. Mech. Eng. Part G J. Aerosp. Eng. 2002, 216, 63–75. [CrossRef]

5. Rencis, J.J.; Pisani, S.R. Using three-dimensional CURVIC®contact models to predict stress concentration effects in an axisymmetric
model. WIT Trans. Model. Simul. 2005, 39, 10.

6. Jiang, X.-J.; Zhang, Y.-Y.; Yuan, S.-X. Analysis of the contact stresses in curvic couplings of gas turbine in a blade-off event. Strength
Mater. 2012, 44, 539–550. [CrossRef]

7. Croccolo, D.; Agostinis, M.; Fini, S.; Olmi, G.; Robusto, F.; Vincenzi, N. On Hirth Ring Couplings: Design Principles Including the
Effect of Friction. Actuators 2018, 7, 79. [CrossRef]

8. Zhang, D.; Yang, C.; He, T.; Liu, J.; Hong, J. Modelling and stress analysis for double-row curvic couplings. Proc. Inst. Mech. Eng.
Part C J. Mech. Eng. Sci. 2020, 235, 4231–4243. [CrossRef]

9. Jung, Y.-S.; Gao, J.-C.; Lee, G.-I.; Jung, K.-R.; Kim, J.-Y. Large Curvic Coupling Gear for Ultraprecision Angle Division Using FEM.
Int. J. Precis. Eng. Manuf. 2021, 22, 495–503. [CrossRef]

10. Nielson, B.J. Digital Inspection of Fixed Curvic Coupling Contact Pattern. Master’s Thesis, Faculty of California Polytechnic State
University, San Luis Obispo, CA, USA, 2012.

11. Efstathiou, C.; Tapoglou, N. Simulation of spiral bevel gear manufacturing by face hobbing and prediction of the cutting forces
using a novel CAD-based model. Int. J. Adv. Manuf. Technol. 2022, 122, 3789–3813. [CrossRef]

12. Tapoglou, N. Calculation of non-deformed chip and gear geometry in power skiving using a CAD-based simulation. Int. J. Adv.
Manuf. Technol. 2019, 100, 1779–1785. [CrossRef]

13. Li, A.-M.; Cui, H.-T.; Wen, W.-D.; Huang, F. Design and optimization of curvic coupling with double circular-arc root fillet in
aero-engine. J. Propuls. Technol. 2016, 37, 146–155.

14. Huang, D.; Wang, Z.; Zeng, T. Manufacturing method for fixed curvic coupling. China Mech. Eng. 2013, 24, 1877–1880+1885.
15. Pisani, S.R.; Rencis, J.J. Investigating CURVIC coupling behavior by utilizing two- and three-dimensional boundary and finite

element methods. Eng. Anal. Bound. Elem. 2000, 24, 271–275. [CrossRef]
16. Yu, Y.; Lee, B.; Cho, Y. Analysis of contact and bending stiffness for Curvic couplings considering contact angle and surface

roughness. Proc. Inst. Mech. Eng. Part E J. Process Mech. Eng. 2019, 233, 1257–1267. [CrossRef]
17. Kim, B.J.; Oh, J.; Palazzolo, A. An improved preloaded Curvic coupling model for rotordynamic analyses. J. Sound. Vib. 2023,

544, 117391. [CrossRef]
18. Yang, C.; Zhang, D.; Dou, Y.; Hong, J. Stiffness Modelling for One Curvic Coupling Considering Contact Details. In Proceedings

of the 14th International Conference on Vibration Problems, Crete, Greece, 1–4 September 2019; Sapountzakis, E.J., Banerjee, M.,
Biswas, P., Inan, E., Eds.; Springer Nature Singapore: Singapore, 2021; pp. 593–613.

19. Liu, H.; Hong, J.; Ruan, S.; Li, Z.; Cheng, G. A Model accounting for Stiffness Weakening of Curvic Couplings under Various
Loading Conditions. Math. Probl. Eng. 2020, 2020, 1042375. [CrossRef]

20. DIN3972; Bezugsprofile von Verzahnwerkzeugen für Evolventenverzahnung nach DIN 867. Köln Beuth: Berlin, Germany, 1952.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

163



machines

Article

Selection of Constitutive Material Model for the Finite
Element Simulation of Pressure-Assisted Single-Point
Incremental Forming

Ali Abdelhafeez Hassan 1,*, Gökhan Küçüktürk 2, Hurcan Volkan Yazgin 3, Hakan Gürün 4 and Duran Kaya 5

1 Department of Engineering, School of Computing, Engineering and Digital Technologies, Teesside University,
Middlesbrough TS1 3BX, UK

2 Department of Mechanical Engineering, Faculty of Engineering, Gazi University, Ankara 06560, Türkiye
3 Pi Makina, Gaziosmanpasa Mah. 97, 1 Sokak No: 6, Golbasi, Ankara 06830, Türkiye
4 Department of Manufacturing Engineering, Faculty of Technology, Gazi University, Ankara 06560, Türkiye
5 Department of Mechanical Engineering, Graduate School of Natural and Applied Sciences, Gazi University,

Ankara 06560, Türkiye
* Correspondence: a.hassan@tees.ac.uk

Abstract: Pressure-assisted single-point incremental forming (PA-SPIF) is one of the emerging
forming techniques for sheet metals that have been the subject of rigorous research over the past
two decades. Understanding of its forming mechanisms and capabilities is growing as a result.
Open gaps are still present in material constitutive modelling for accurate numerical predictions
and finite-element simulations as the characteristics of localised deformation behaviour in SPIF
are different from those of conventional sheet metal forming. The current investigation focused
on the comparison of three different material models for the finite-element analysis of PA-SPIF of
cold-rolled, dual-phase steel DP600. Experimental trials using different fluid pressures showed
good agreement with simulation results with discrepancies in deformed blank thickness and shape
geometry predictions of 3–11% and 10–21%, respectively. Within the tested materials and range
of parameters, the fracture-forming-limit diagram (FFLD) material model was identified to be of
superior accord with experiments.

Keywords: incremental forming; finite element; sheet metal; damage model; pressure assisted;
hybrid manufacturing

1. Introduction

Single-point incremental forming (SPIF) is a near-net-shape manufacturing process in
which a simple tool follows a specific tool path to deform sheet metal into complex proto-
type parts with sufficient precision. It is considered as one of the hybrid manufacturing
techniques that use CNC machine tools to deform metal sheet. The process has a high po-
tential economic payoff for the production of complex sheet metal parts in small quantities
while using simple tooling. SPIF is characterised by its high formability compared with con-
ventional sheet-metal-forming techniques. The enhanced formability is mainly attributed
to the localised forming, which changes the damage and fracture behaviours of metal sheet
compared with conventional processes such as stamping and deep drawing [1]. While
enhanced formability was reported for high-speed forming techniques such as electromag-
netic forming [2–4], the superiority of SPIF lies in the precise control of deformed shape
with simple tooling. Due to the lengthy manufacturing time per part, the SPIF method
is best suited for prototypes or limited production runs. In the last 20 years, specifically,
the SPIF approach has been a fascinating area of study for shaping lightweight materials
in the aerospace and automotive sectors [5–9]. Different domains prefer SPIF procedures,
notably in the automobile industry. Important biological uses, such as cranial implants,
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have grown in recent years. The form of the human body must be taken into consideration
when individually manufacturing medical implants for patients, which can be considered
by utilising the advancement in medical imaging and CAD/CAM technologies. As a result,
one of the SPIF applications that have received the greatest investigation is the creation
of specialised medical implants such as skull plates, knee prostheses, face implants, and
palate prostheses [10–14].

SPIF approaches have been extensively studied as the process shapes ferrous and
nonferrous metals without dies. With SPIF, excessive thinning, geometry deviation, and
surface-quality deterioration occur when shaping light, high-strength materials. To employ
a technology that offers such flexible manufacturing in the industry, it is vital to research
numerous parameters and properly understand the boundaries of the shape. Different sheet
materials are shaped with single-point, two-point, and kinematic ISF methods, according
to the findings. Due to their microstructure, which consists of dispersion of hard martensite
particles in a soft and formable ferrite matrix, dual-phase (DP) steels are of tremendous
importance to the automobile industry. This construction offers improved durability
without sacrificing formability; however, because of their complex failure behaviour, their
applications are limited [15].

Ham et al. [16] established the ISF shaping and effect ratio parameters. The study
employed AA 3003 aluminium sheeting. The wall angle, form depth, spindle speed, and
step-down size affected shaping. The depth and diameter did not affect the shape. The
material thickness and tool diameter affected the wall angle more than the step-down size
did. Afonso et al. [17] shaped tunnel portions (full and half-tunnel forms) with ISF. Two-
millimetre-thick 1050-H111 aluminium was used. The feed rate was 1500 mm/min, and
the tool diameter was 10 mm. The form correctness and greatest wall angle were tested. Up
to 68◦ wall angle might be achieved within 5 mm. Moayedfar et al. [18] studied the effect of
forming parameters during incremental sheet forming of 316 stainless steel. The findings
indicated that as the spindle speed and feed rate grew, so did the sheet stretch, until the
sheet could no longer stretch and the process shifted from forming to shear thinning. At
greater spindle speed and feed rates, the surface quality suffered. Manco et al. [19] studied
the impact of SPIF parameters on 6082-T6 aluminium alloy sheets formability. Using
design of experiments and statistical analysis, they created a model to predict the final wall
thickness based on the initial sheet thickness, wall angle, tool diameter, and step-down size.
Mugendiran et al. [20] evaluated the formability and wall-thickness variation of the AA5052
aluminium alloy during SPIF, and it was demonstrated that the conical component is more
formable than the truncated pyramid part. Bastos et al. [21] studied the effects of the tool
feed rate on the SPIF of AA 1050, DP600, DP780, and DP1000. The size, tool diameter, initial
wall thickness, and lubrication were constant. According to their experiments, increasing
the feed rate reduced the formability and surface quality of dual-phase materials, while
aluminium blanks were not affected. Azevedo et al. [22] studied the lubrication’s effect
on the SPIF of AA 1050 and DP780. It was concluded that SAE 30 and AL-M grease oils
had a beneficial effect on aluminium 1050 surface quality, whereas Finarol B5746 and
AS-40 oils are better for DP780. They reported that the greater the hardness of the material
to deform, the lower the necessary lubricant viscosity required. Ham et al. [23] studied
SPIF dimensional accuracy based on the material type, thickness, form type, tool diameter,
and step-down size. Conical, pyramidal, and dome-shaped aluminium 5754, 6451, and
5182 were used. Laser-scanned parts were compared with CAD designs for geometric
accuracy. It was shown that the accuracy of the deformed final geometry is a function of
the wall angle in addition to process parameters. Zhu et al. [24] proposed an algorithm for
producing flat-walled parts that cannot be produced with conventional SPIF via adapting
the tool path and sheet posture. The algorithm was reported to enhance the thickness
uniformity of the final deformed parts [25]. Zhan et al. [26] introduced a new numerical–
analytical model to disclose the thickness fracture mechanism and estimate the fracture
limit during incremental forming. It was concluded that the fracture-forming limit with
increased speed tool rotation is higher compared with that of the cases without tool rotation.
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Mirnia et al. [27] used the modified Mohr–Coulomb (MMC3) ductile fracture criterion to
numerically study single-point incremental forming and found that fracture begins at the
surface via microcracks. It was deduced that the deformation strategy (e.g., multistage
or multipaths) is vital for delaying the damage evolution in the process. Chang et al. [28]
developed three-sheet incremental forming (TSIF) where the surface quality and forming
limit were superior to those of the conventional process for aluminium alloys AA2024 and
AA7075 sheet materials.

One of the early investigations on the FEA of incremental forming was carried out
by Eyckens et al. [29]. They studied the straining behaviour in the process using various
material models of AA3003-O and digital image correlation. It was concluded that process
parameters dictate the way the plastic deformation occurs, i.e., by through-thickness shear
or rather by bending. Henrard et al. [30] demonstrated that the type of finite element,
constitutive law, and identification procedure for the material parameters influenced force
prediction in FEA. Essa and Hartely [31] numerically and experimentally investigated SPIF,
and it was deduced that using a backing plate reduced the unintended sheet bending near
the top of the outer cone location. In addition, usage of an additional kinematic support tool
and modified end tool path lessened springback and decreased the pillow effect, respec-
tively. Esmaeilpour et al. [32] confirmed that, in FEA, choosing the suitable material model
was the utmost critical parameter when modelling the process. Yan et al. [33] numerically
investigated multistage SPIF optimisation of aluminium AA3003-O. It was shown that the
two-stage forming technique could significantly reduce the geometrical deviation, thick-
ness variation, and forming time. Li et al. [34] investigated the tool path optimisation of
induction heating-assisted SPIF using machine learning. Material formability and surface
quality were improved following the optimisation of the tool path and using machine
learning; however, noticeable oxidation and alpha layer of the sheet material at heating
temperature ~1040 ◦C were reported, and they were eliminated at ~950 ◦C. Frikha et al. [35]
explored incremental forming of grade 2 α titanium for biomedical application (hip cup
prostheses). The research suggested a novel multistep process in which a deep drawing
was used for the spherical cup part, whereas incremental forming was used for the outer
flange part. The low material formability was enhanced, and geometric accuracy has been
improved. Wang et al. [36] proposed a novel algorithm for thickness prediction in SPIF
using shape geometry and surface spline (NURBS). It was presented that the proposed
algorithm is robust for predicting the thickness of formed parts when compared with
experimental results and FE simulated ones. The algorithm was superior to the sine law
when predicting the thicknesses of variable curvature surfaces. Pepelnjak et al. [37] de-
picted that reducing the computational time and effort is possible through optimising mass
scaling of the material and element size of the FE mesh. The optimisation was achieved via
artificial neural networks applied to the results obtained from FEA and compared with the
experimental results for incremental forming of the DC04 steel.

Numerical simulation is the main tool for better understanding of the process while
reducing the amount of experimental trials and the associated cost. The literature on FE
analysis of pressure-assisted single-point incremental forming (PA-SPIF) is limited with
none devoted for the identification of the suitable and most accurate material damage
model to predict material failure during the process. Hence the current investigation
focused on FE analysis of the PA-SPIF of the DP600 steel by comparing the performance
of different material models in predicating workpiece deformation when contrasted to
experimental trials. Combined with the material tensile stress–strain empirical relation,
three damage models were compared, namely the Gurson–Tvergaard–Needleman, ductile,
and fracture-forming-limit damage models. Then the material model with the highest
accuracy to predict deformation was reported.
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2. Materials and Methods

2.1. Experimental Work

In order to investigate the influence that the PA-SPIF process has on the formation of
sheet metal, an experimental setup was created. Fluid pressure is applied in the opposite
direction of the surface that is being formed by the sheet material. Through the use of this
apparatus, it is possible to conduct experiments both with and without the application of
pressure to the fluid. The experimental arrangement allows for the fluid pressure that is
applied to the sheet material to be changed in a number of different ways. Figure 1 depicts
the experimental setup that has been used and the process parameters. A MICROCUT
Challenger 2412 CNC machine (maximum spindle speed of 8000 rpm and spindle power
of 7.5 kW) was used for the trials. Experiments involving incremental sheet forming were
conducted by utilising three different pressure settings: no pressure, 0.2 bar, and 0.4 bar.
The fluid used for the trials was a mixture of water and Quakercool 7101 BFF lubricant (the
ratio of water to lubricant volume was 20:1).

Figure 1. Experimental setup (a), detailed schematic of the setup (b), and process parameters (c).

Using Computer Aided Manufacturing (CAM), the processing G-codes were extracted
and sent to the CNC machine in order to deform the sheet material into the desired shape. A
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three-axis CNC vertical milling machine was utilised to mount the experimental equipment.
The tool rotation direction is clockwise, speed is 800 rpm, machining direction is counter-
clockwise, step-down size is Δz = 0.5 mm, and feed rate is 1000 mm/min. The forming tool
is an SAE 430B manganese bronze alloy with a 16 mm diameter and a spherical end. For
sheet material with a thickness of ti = 0.7 mm and a diameter of D = 285 mm, the forming
diameter is d = 180 mm, form height is h = 50 mm, and forming angle is α = 45◦. To assure
accuracy, all experiments and measurements were repeated three times, and the average of
the results was calculated. Due to the high manganese content of this tool, its resistance to
wear is exceptional. Figure 2 depicts the utilised forming tool, whereas Table 1 outlines its
elemental composition.

Figure 2. SAE 430B forming tools.

Table 1. Composition of forming tool and workpiece as well as properties of oil used.

Tool elemental composition (wt.%)
Al Fe Ni Mn Cu Zn Pb Sn

5.0 2.0 1.0 2.5 60 22 0.20 0.20

Oil physical Properties
Density (gr/cm3) Viscosity (mm2/s)at 40 ◦C Flash point (◦C)

0.92 6 310

Workpiece elemental composition (wt.%)
C Mn Si Cr Al Ni P Cu

0.116 1.545 0.289 0.634 0.042 0.041 0.029 0.019

Lubrication is required in the SPIF process to reduce friction-induced wear, enhance
formability, and prolong tool life [38]. Before the experimental research, trial studies with
various oil materials were conducted. According to studies on lubrication found in the
scientific literature, the oils recommended for DP series materials have a low viscosity [39].
For this reason, research was pursued using a less viscous ester-based metal cutting oil.
The oil of the brand CONDAT Condalu 200 was selected as the lubricant. In order to
maintain consistent conditions, roughly 100 cm3 of this oil was utilised in each experiment.
Table 1 provides the physical properties of the used oil. Dual-phase DP600 sheet material,
which has recently become popular in the automotive industry, has been selected as a sheet
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material due to its high strength and superior formability. Figure 3 depicts the results of
the tensile test conducted on the sheet material (thickness of 0.7 mm) used in the studies,
whereas Table 1 details its chemical composition. A laser 3D scanner with the associated
software used to scan the deformed sheet geometry is depicted in Figure 4 and obtains
digital cloud surfaces of the workpiece. The laser scanning approach yields precise values
with a resolution of 0.01 mm. The software Geomagic Verify™ was used to process the
cloud surfaces and compare with the CAD of intended geometry.

Figure 3. Experimental tensile stress–strain relation of DP600 steel (workpiece material).

Figure 4. Laser 3D scanner with its associated software.

2.2. FE Modelling Work

Finite-element analysis of PA-SPIF of DP600 steel blanks was carried out to understand
various material models’ effects on deformation prediction accuracy at three fluid pressure
settings. The forming tool was developed as an analytical rigid body, with only the tool
hemispherical tip and 10 mm of the tool shank considered. The blank was modelled as
a deformable 3D continuum homogenous shell with a thickness of 0.7 mm. Simpson’s
integration rule was used during the analysis with 9 integration points over the thickness
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to calculate the cross-sectional behaviour of the shell. The blank was meshed with S4R
elements (4-node doubly curved, thin, reduced integration shell element) of 3 mm average
size totalling 6820 elements. Figure 5 details the tool geometry, model assembly, and
undeformed mesh of the blank.

Figure 5. Model assembly and undeformed mesh.

Surface-to-surface contact was used to model the contact behaviour between the tool
and blank. The friction coefficient between the tool and blank during SPIF is a function of
process parameters as well as forming depth. Friction coefficient values ranging between
0.1 and 0.3 were reported during SPIF of the DP780 steel using various lubricants [22].
Therefore, an average friction coefficient value of 0.2 was considered for the tangential
contact behaviour between the tool and blank in the model. The tool path used for experi-
mental trials was inputted to the model as a displacement boundary condition of the tool
to deform the blank to the required geometry. The outer perimeter of the blank was fixed,
and the bottom outer surface (ring-shaped) of the blank was restricted from moving in
the Z direction to represent the die and clamp plate restrictions on the blank. The fluid
pressure was applied as a pressure load on the bottom surface of the blank. A dynamic
explicit integration scheme was used with automatic time-increment calculation. The step
total time period was 160 s, and no mass or time scaling was used. The blank material
density is 7870 kg/m3, while its Poisson’s ratio and modulus of elasticity are 0.29 and 207
GPa, respectively. The material plastic behaviour obtained from experimental tensile tests
was inputted to the model as tabulated values of plastic stress–strain paired values. Three
material damage models were considered, namely the Gurson–Tvergaard–Needleman
(GTN) damage model, ductile damage model, and fracture-forming-limit damage (FFLD)
model. The GTN yield function is defined as in Equation (1).
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where σeq and σm are the equivalent von Mises stress and hydrostatic stress, respectively. q1,
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volume void fraction is modified to f ∗ due to the accelerating effects of the void coalescence
as follows:

f ∗ =

⎧⎨
⎩

f , f ≤ fc

fc +
1

q3

(
q1+

√
q2

1−q3

)
− fc

f f − fc
( f − fc) , fc < f < f f

(2)

where fc and ff are the critical void volume fraction at the onset of voids coalescence and
the critical void volume fraction at the onset of failure, respectively. The change in the
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void volume fraction is due to the enlargement of existing voids and the nucleation of new
voids. Thus, the rate of change in the void volume fraction is expressed as a sum of the rate
of growth of existing voids (fG) and the rate of void nucleation (fN) and can be defined as in
Equations (3) and (4).

.
f G = (1 − f ∗).

.
ε

p
kk (3)

.
f N =

fN

SN
√

2π
exp

(
−1

2

(
ε

p
e f f − εN

SN

))
.
.
ε

p
e f f (4)

where
.
ε

p
kk and

.
ε

p
e f f are the plastic hydrostatic strain rate and effective plastic strain rate,

respectively. εN represents the mean nucleation strain with a standard deviation of SN, and
fN is the void volume fraction of the nucleating voids. The DP600 steel parameters for the
GTN model were collected from the literature [40] as detailed in Table 2.

Table 2. GTN model parameters [40].

q1 q2 q3 f0 fc ff fN SN εN

1.5 1 2.25 0.008 0.15 0.25 0.00062 0.1283 0.5421

The ductile damage (DD) criterion is a phenomenological model for predicting the
onset of damage due to nucleation, growth, and coalescence of voids. The ductile damage
model assumes that the fracture strain is a function of stress triaxiality (η), strain rate, and
temperature. Stress triaxiality is a function of the hydrostatic stress (σh) and the equivalent
von Mises stress (σeq) as defined by equation 5. The experimentally measured values
of the fracture initiation strain at different triaxialities [41] are depicted in Figure 6; the
associated data were inputted to the model as tabulated values, and a strain rate of 1 s−1

was considered to be a suitable average value for incremental-forming processes [42]. The
aforementioned fracture strain represents the start or onset of material damage (strain at
the start of fracture), which is followed by material damage evolution. A generalised model
that relates triaxiality to equivalent initial fracture strain (εpl

0 ) is depicted in Equation (6),
with C1 and C2 as the material constants, and η0 is generally approximated to be 0.333 [43].

η =
σh
σeq

=
1
3 (σ1 + σ2 + σ3)√

1
2

(
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2
) (5)

ε
pl
0 =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

∞ , η ≤ − 1
3

C1
1+3η ,− 1

3 ≤ η ≤ 0

C1 + (C2 − C1)
(

η
η0

)2
, 0 ≤ η ≤ η0

C2
η0
η , η0 ≤ η

(6)

In the damage evolution stage, the yield stress softens and elasticity degradation
occurs until the material reaches a complete fracture when the material damage parameter
(D) reaches 1 (see Figure 7). The material damage (D) in such a stage can be modelled as a
function of the material fracture energy (Gf), effective plastic displacement (upl), and yield
stress (σy) as detailed in Equation (7). The fracture energy for the DP600 steel was reported
as 106 MJ/m2. Compared with the extrapolated stress–strain relation following damage
initiation, stresses during the damage evolution are softened or reduced by a factor of 1-D.
To capture the residual load-carrying capability of a cracked ductile material, a postpeak
softening component of the stress–strain curve is usually included in the modelling work.

D = 1 − exp

(
−

∫ upl

0

(
σy

.
upl

Gf

))
(7)
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Figure 6. Fracture strain and triaxiality relation for DP600 steel.

Figure 7. Typical stress–strain curve showing strain hardening and softening post damage initiation.

The basic necessity in every sheet-metal-forming operation is to evaluate the material’s
formability in order to achieve the desired shape without failure or fracture. Normally,
the thickness of the sheet is much smaller than the other dimensions of the sheet that
are responsible for selecting the plane stress condition. As a result, minor and major
strains are employed to assess the formability of the material. The major and minor
stresses in the necking zone are typically represented on a graph as a V-shape curve under
different loading trajectories. This curve, known as the forming-limit diagram, defines the
formability limit of sheet material without necking (FLD). When there is evident necking
in the material during forming, FLD is applied. FLD is constructed around the strains in
the necking zone. Some materials undergo instantaneous fracture without evident necking
during processing; in such circumstances, formability is determined by assessing fracture
strains at different loading trajectories and constructing the fracture-forming-limit diagram
(FFLD). Following experimental trials, the fracture-forming-limit diagram for the DP600
sheet steel was reported by Habibi et al. [15]. The FFLD data used are depicted in Figure 8
and were entered to the model as tabulated FLD values. The damage evolution criterion
(Equation (7)) was used in combination with FFLD to model the material behaviour during
damage initiation and evolution.
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Figure 8. FFLD of DP600 steel.

3. Results and Discussion

Using laser scanning, changes in wall thickness and deviations from CAD data were
measured on shaped sheet materials produced from experimental research with a resolution
of 0.01 mm. Wall-thickness change and deviation readings from CAD data were measured
at 10 mm intervals over the truncated cone height (from top to bottom). As demonstrated in
Figure 9, PA-SPIF resulted in higher thinning than SPIF with the thinning increased when
the pressure values grew. The fluid pressure acted as flexible die under the blank while it
was being deformed. Therefore, the fluid pressure contributed to the squeezing or thinning
of the metal sheet under the tool loading above and the fluid pressure below. This increased
thinning of the blank thickness helped to reduce the springback effects by fully plasticising
the sheet thickness. The springback of sheet metals in forming operations usually happens
due to the residual elastic region across the sheet thickness after deformation [44]. The more
plastic deformation delivered to the blank, the less springback was measured, and, thus,
the less deviation from the intended final deformed geometry (CAD) of the blank. Figure 10
depicts the deviation from CAD of the final deformed blanks under different pressure
settings. It is evident that, for higher pressure, the deviation is lower, which, as detailed
earlier, could be attributed to higher plastic deformation across the sheet thickness with
higher pressure and thus less springback or deviation. This increased plastic deformation
effect was evident from the higher thinning of the blank with higher pressure.

Figure 11 depicts the deformed mesh of the model at different stages of deformation
with no visible element shape distortion, which usually indicates a meshing problem by
choosing the wrong element size, shape, and/or distribution. Figures 12–14 depict the
von Mises stress distribution at the end of the process for different pressure settings and
different material models. The material fracture (or element deletion) at the bottom or end
bend of the cone, marked with a red arrow in Figure 13, was predicted by simulations that
utilised a GTN material model, which was in contrast to an experimental work where no
fracture was reported. However, in general, fractures usually occur near or at the bottom
bend where the sidewall meets the bottom surface when forming truncated cones using
SPIF. In addition, all the three material models predicted the maximum stress to be at the
bottom bend. This can be attributed to the increased blank stretching and thickness thinning
with tool advancement to the bottom surface to form the required shape. The predicted
von Mises stress distribution and extremes for the three material models were dissimilar
for different material models with discrepancies up to 100 MPa as shown in Figures 12–14.
This highlights the importance of not only the plastic stress–strain relation but also the
material damage model when simulating metal-forming processes and specially SPIF.
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Figure 9. Thickness variation of deformed blank at different pressure settings.

Figure 10. Deviation from CAD of deformed blanks.

Figure 11. Blank deformation and deformed mesh over various stages (initial stage on left and final
stage on right) of PA-SPIF.
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Figure 12. von Mises stress distribution for FFLD material model at (a) no fluid pressure, (b) pressure
0.2 bar, and (c) pressure 0.4 bar.

Figure 13. von Mises stress distribution for GTN material model at (a) no fluid pressure, (b) pressure
0.2 bar, and (c) pressure 0.4 bar. Predicted fracture regions are marked with red arrow.
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Figure 14. von Mises stress distribution for DD material model at (a) no fluid pressure, (b) pressure
0.2 bar and (c) pressure 0.4 bar.

Figure 15 shows the predicted final thickness of the deformed blank at different
pressures and using the three material models. The data appeared to follow the same trend
with experimental measured thickness where the thickness is reduced for the sidewalls of
the cone compared with the top or bottom parts. The FFLD material model showed the
least discrepancy from experimental work (up to 3%), whereas the GTN model showed
the highest variation from measured thickness (up to 11%). This could be attributed to the
drawbacks of the GTN model since it ignores fracture mechanisms brought on by shear,
which might by an essential damage mechanism during SPIF [42]. Figure 16 illustrates
the deviation from CAD for predicted blank deformation using the three material models,
whereas Table 3 details the numerical and experimental values for each of the selected
points at various cases.

Figure 15. Thickness spatial variation at end of process as predicted by simulation using (a) GTN
material model, (b) FFLD model, and (c) DD material model for different pressure settings.
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Figure 16. Variation from CAD at end of process as predicted by simulation using (a) GTN material
model, (b) FFLD model, and (c) DD model for different pressure settings.

Table 3. Comparison of experimental and numerical results of various material models at different
pressure settings.

Axial Depth
(mm)

Experimental
Results

FFLD GTN DD

0.0 bar 0.2 bar 0.4 bar
0.0
bar

0.2
bar

0.4
bar

0.0
bar

0.2
bar

0.4
bar

0.0
bar

0.2
bar

0.4
bar

Variation from CAD (mm)

20 1.4 1.11 1.03 1.39 1.12 1.01 1.42 1.21 1.05 1.38 1.06 0.99
30 1.1 0.96 0.88 1.16 0.95 0.86 1.17 1.04 0.89 1.13 0.93 0.86
40 1.01 0.88 0.83 0.99 0.86 0.81 1.10 0.92 0.84 0.94 0.86 0.83

Thickness (mm)

10 0.56 0.52 0.47 0.56 0.51 0.46 0.51 0.50 0.44 0.53 0.50 0.44
20 0.48 0.44 0.38 0.47 0.43 0.37 0.44 0.41 0.36 0.46 0.41 0.36
30 0.47 0.44 0.39 0.46 0.43 0.38 0.45 0.40 0.37 0.47 0.42 0.39
40 0.47 0.46 0.41 0.47 0.45 0.40 0.46 0.44 0.37 0.45 0.43 0.38

The FFLD material model showed the least variation with CAD, and it was within
90% agreement with experimental work, whereas the GTN and DD models agreed by
79% and 84%, respectively. The aforementioned results, which are summarised in Table 4,
confirmed that the FFLD material model was the most accurate one for predicting material
deformation and damage in the PA-SPIF process for DP600 steel metal sheets within the
tested range of values.

Table 4. Summary of findings.

Material Model
Characteristics FFLD DD GTN

No-fracture prediction Yes Yes No
Thickness discrepancy up to (%) 3 6 10
Variation from CAD up to (%) 10 16 21

4. Conclusions

The current investigation compared three different material models for the finite-
element analysis of pressure-assisted single-point incremental forming of the cold-rolled,
dual-phase steel DP600. Experimental trials using 0.2 bar and 0.4 bar fluid pressures
besides no fluid pressure (0 bar) showed good agreement with the simulation results
with errors in deformed blank thickness and deformed geometry predictions of 3–11%
and 10–21%, respectively. Based on the tested range of parameters and materials, the
FFLD material model showed the least discrepancy with experiments, whereas the GTN
model depicted the highest discrepancy in predicting thickness, geometry, and material
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nonfracture condition. The GTN model ignores damage mechanisms due to shear, which
might be vital in SPIF. The current investigation revealed the importance of a damage model
in predicting deformation during SPIF using finite-element analysis; however, the plastic
stress–strain constitutive model is of equal importance. Experimental uniaxial tension data
were used in the current investigation for the constitutive stress–strain model; however,
further testing at different temperatures, strain rates, and strain configurations (e.g., biaxial
stretching) is needed for further improvements in modelling work.
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